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This supplement to the 1976 edition of “Review of particle properties”, Particle Data Group [Rev. Mod. Phys.
48, No. 2, Part 11 (1976)], contains tabulations of experimental data bearing on the ‘“‘new particles” and related top-

ics; categories covered include charmed particles, ¢ ’s and their decay products, and heavy leptons. Errata to the pre-
vious edition are also given.

Asin 1975, we have decided this year to publish This supplement consists primarily of a Table and
only a supplement to the previous edition of the Data card listings giving results relating to charmed
“Review of Particle Properties”, rather than a com- particles, Y’s and their decay products, heavy leptons,
plete update; the latter will appear instead in April quarks, magnetic monopoles, intermediate bosons,
1978 in Physics Letters B. and other proposed states. Several mini-reviews in the
1 . L Listings discuss various aspects of these particles. Also

The Berkeley Particle Data Center is jointly supported by i o

the U.S. Energy Research and Development Administration, presented are some cross section plots for e”e™ and
the Office of Standard Reference Data of the National vN scattering, which were not included in the 1976
Bureau of Standards, and the National Science Foundation. edition. Finally, errata to the 1976 edition are given.
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Charmed Particle Table

April 1977
(Approximate closing date for data: February 1, 1977)

Our normal policy to include only well established results in the Tables has been temporarily relaxed
for the Charmed Particle Table. This is because many important results are preliminary or unconfirmed.
We have put some such results into the Table but have parenthesized them. The more speculative results
have not been included in the Table at all, but are described in the Data Card Listings which follow.
The charmonium results, on the other hand, are not as new and are treated in the Charmonium Table in
the traditional manner.

Partial Decay Mode

Full p or
Particl P (Mr';1 SVS) v&dsl)] Mod Fraesen Pmax
article I(J°) e e ode (%) (MeV/c)
CHARMED_MESONS?
p*(1870) 5 )° 1876 + 15 <40 . Kontwt 849
o ¢ d § -+
D" (1870) L ) 1865 + 12 <2.4 od Km 861
§ Kntatn 813
> (K§1T+1T')e 842
IO e 46,0 o.16
ro® - Km)
o*t(2010) ( )¢ 2010 *12 <2.4 p°rt ~ 307
o*n? ~1307
Moad ™ mDo = 145.3%0.5 MeV
e
D*° (2010) (¢ (2005 £ 3)° (< 5)° (0°7°%) (~55-65)¢ ~ 39"
)¢ (~45-35)° ~136"

(Mo = Mo = 141%5 Mev)®

CHARMED BARYONS? (TENTATIVE ENTRY — SEE DISCUSSION IN REVIEW BELOW)

e + + -

A:(zzeo) () 2260+ 10 <75 An'w 789

+ —
AC and AC states observed

I, (2430) ( H)° 2426 £ 12 A:n ~g7f

++,+,0

Zt+ and Ez states observed. ZC expected from SU(4).

For single decays into more than two particles, Prax is the maximum momentum that any
particle can have.

bFor antiparticle, charge conjugate all particles; e.g., p° K_ﬂ+ becomes D° -+ K+ﬂ_.

®The quantum numbers expected from charm are: I(JP) = %(0") for D states, %(17) for D* states,
005" for A¥, and 105 for I .

dA more precise but preliminary result is given in the Data Card Listings.
®Parentheses indicate a preliminary result.

f&hese decay momenta are sensitive to the mass differences.
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L]
Charmonium Table
April 1977
(Approximate closing date for data: February 1, 1977)
Partial Decay Mode
p or
G, P Full
LS )cn Mass width Fraction pmaxi
Particle estab. (MeV) (MeV) Mode (%) (MeV/c)
-
J/y(3100) 0 (1= 3098 £ 3 0.067 £0.012 e+e_ 7+1 1549
pty” 71 1545
hadrons 86 £2
ffidentified A
hadron modes ~15
T[identified 1
radiative modes ~ 0.4
+ o+
X(3415) 0 (0)+ 3413 £ 5 ™ 1701
KK 1634
41 (including 7wmp) Pt 1678
om
TIKK (incl. TKR*) 1579
Y J/%(3100) 300
>
P or o+ 3510 * 4 4% (incl. Tmp) 1727
X(3510) 3>0 6T _ _ q
TWKK (incl. TKK*) 1632
Y J/Y(3100) dominant 388
+
X(3550) 0 (NM+ 3554 5 T 1772
K
150 K 1707
41 (incl. wmp) q 1750
6m
7KK (incl. mKK*) 1655
$(3685) 0-(1_)- 3684 4 0.228 +0.056 e+e_ 0.9+0.2 1842
phm 0.8+0.2 1839
hadrons 98.1+0.3
I/ v 3133 ] 474
T3y 7o 17£3] 478
TlI/Wn 4.2+0.7] 189
other identified q
hadron modes ~0.6
Ty X(3415) 7+%2 1 261
tly x(3510) 72 170
t [y X(3550) 7+2] 128
>
P(4415) - 4414 £ 7 33+ 10 ete” 0.0013 +0.0003 2207
hadrons dominant

+ Indicates entries in the
omitted from this Table.

9 See Charmonium Data Card

¥ Square brackets indicate

Charmonium Data Card Listings [X(2830), X(3455), and {(4030)]
We do not regard these as established resonances.

Listings.

a subreaction of the previous (unbracketed) decay mode(s).

} For decays into more than two particles, Plax is the maximum momentum that any

particle can have.
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CHARMED PARTICLES Data Card Listings

[CHARMED PARTICLE§| and right-handed weak isosinglets. Here

d' = d cosf + s sinh

A prime motivation for the publication of this s' = s cosB - d sin6,
supplement has been the discovery of charm in where 6 is the Cabibbo mixing angle
May 1976 (GOLDHABER 76 in the D° section of the (sin9 = 0.055)
Data Card Listings) shortly after the regular Then, following Jackson's (ref. 1) shorthand
biannual editon of the "Review of Particle notation, the weak interaction has a current-
Properties"” was published in April 1976. The current structure
analogous situation occurred two years earlier H = 7§='J Jf with d=J +J .

A NE C N

with the discovery of the J/Y (AUBERT 74 and
where the charged and neutral currents are

AUGUSTIN 74 in the Charmonium section). We plan
to continue our biannual publication policy with JC = Ve + SUU +u (4 cosb + s sind)
e
the next regular edition scheduled for April —
+ ¢ (s cos® - d sinB)
1978.
This charm review and the Table and Data Card g = VeV VUVU‘ ee - YUY + uu + cc - dd - ss

Listings on the D, D¥, A+, and £ and on charm

c c ignoring the Lorentz group structure. Thus only
searches are intended to summarize the experimental
the charged current has terms which change charm,
evidence on charmed particles. There are many
and the Cabibbo-favored transition is to a
excellent reviews of charm, a few of which are
strange quark (c»s), giving AC=AS.
listed in references 1 and 2. Others, related
) i . . The experiments related to charm are
to specific particles or searches, are listed in
. . divided below into four sections:
the appropriate reference sections below.

In the discussions of charm expectations 1) Charmed Mesons — the D and D* states.
which follow, we mean charm as in the standard 2) Charmed Baryons — the Ac and Zc states.
GIM model3 with four spin-1/2, fractionally- 3} Charm Searches and Evidence — charm
charged, baryon number B=1/3 quarks with quantum information not relatable to a given
number assignments as follows: state.

Symbol 0 13 s c 4) Charmonium — the J/Y states.
2/3 1/2 0 o} References

d -1/3 ~1/2 0 0 1 Proceedings of Summer Institute on Particle

S -1/3 0 -1 0 Physics, Aug.2-13, 1976, Report No. SLAC~198

¢ 2/3 0 0 1 (Nov. 1976), especially: J.D. Bjorken, p.l;

where the charge is related to the third S.G. Wojcicki, p. 43; J.D. Jackson, p. 147

component of the isospin, baryon number, strange- (also available separately as LBL-5500);

ness, and charm by D. Hitlin, p. 203; G. Goldhaber, p. 379
Q= Iy H(B+S+O) (also available separately as LBL-5534);

The conventional model for describing the S.L. Glashow, p. 473; A. De Rujula (a

weak interactions involving these quarks and pictorial review), p. 483; also F.J.

. . 4 .
leptons is a Weinberg-salam theory with left- Gilman, 1976 Particles and Fields Conference
handed weak isodoublets at Brookhaven National Lab, SLAC-PUB-1833,
Ve Vu u c Nov. 1976.

- - 2. M.KX. Gaillard, B.W. Lee, and J.L. Rosner,
e u q s/

Rev. Mod. Phys. 47, 277 (1975).
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Data Card Listings

3. S.L. Glashow, J.Iliopoulos, and L. Maiani,
Phys. Rev. D2, 1285 (1970); also B.J.
Bjorken and S.L. Glashow, Phys. Lett. 11,
255 (1964).

4. S. Weinberg, Phys. Rev. Lett. 19, 1264

(1967) and A. Salam, in Elementary Particle

Theory, ed. N. Svartholm (Almgvist and
Wiksell, Stockholm, 1968), p. 367.

[CHARMED MESONS]|

Note that D and D* are used throughout this
review to mean the apparently charmed states

at ~1870 MeV and ~2010 MeV, respectively, and

should not be confused with the uncharmed

D(1285) meson.

There is very strong evidence for the
charm interpretation of the narrow Kmw, K2,

K3T states observed in e+e_ collisions at SPEAR.

In agreement with the expectations for charmed

mesons,l_3 the following are observed (GOLDHABER

76, PERUZZI 76, WISS 76, GOLDHABER2 76, FELDMAN

77, and GOLDHABER 77 - see data cards and comments

in the D and D* sections below):

a) The D state appears to be produced only
in association with equal (~1870 MeV)
or higher mass states. Electromagnetic
production of charm via a massive virtual
photon would produce charm—anticharm
pairs.

b) The Dt decays via the exotic charge mode
K_W+W+ and not K+W+W-. A charmed charge-
plus (c@) meson decays weakly to an
uncharmed negative strangeness state as
expected for AC=AS.

c) The observed decay modes of the D are
Cabibbo-favored (strange). The
Cabibbo-suppressed modes (c+d, AS=0) are
not observed within present statistics.

d) An excited state appears at ~2010 MeV in
agreement with mass predictions.4

e) The masses suggest that the D states and

*

D" states are isospin multiplets. There

PHYSICS LETTERS
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state outside ete~ collisions.

9 May 1977

CHARMED PARTICLES, CHARMED MESONS

are two distinct neutral states as is

known from the °-p° mixing studies
(see p° branching ratio R5 section),
suggesting the isodoublet structure
(D+, p°) and (0, I°) as expected for
charmed nonstrange mesons (ca) cG) and
(Eﬁ, Eh).

f) Parity violation indicates that the
ground state decays weakly. Charm
conservation prevents strong decay.

g) There is evidence that semileptonic
decay modes exist as would be expected
from elementary processes such as
c—*se*4ve. In e*e- collisions at
DESY, BRAUNSCHWEIG 76 (DASP) see single
electrons with hadrons and BURMESTER
76 (PLUTO) see a correlated e+Kg signal
(see Charm Searches and Evidence
section of the Data Card Listings,
subsection CE, below). Identification

with a particular charm state is not

possible, but the threshold and cross

section are compatible with D

production.

There is evidence for the existence of the

KNAPP 76 report

. . o + - + - .
a weak signal in K, T ™ ® T in Fermilab

rhotoproduction data at the p° mass.

S
Their

current experiment with better acceptance should

be able to make a more definitive statement.

The data are listed in the Data Card

Listings and summarized in the Table at the

beginning of this report.

Preliminary results

of which we are aware are included but are

parenthesized.

References

M.K. Gaillard, B.W. Lee, and J.L. Rosner,

Rev. Mod. Phys. 47, 277 (1975).

M.B. Einhorn and C. Quigg, Phys. Rev. D12,

2015 (1975).

A. De Rujula, H. Georgi, and S.L. Glashow,
Phys. Rev. Lett. 37, 398 (1976).

A. De Rujula, H. Georgi, and S.L. Glashow,
Phys. Rev. D12, 147 (1975). 5
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D*(1870), D°(1870), D**(2010), D*°(2010)

Flease note that the meaning of the columns and
the various abbreviations appearing below can be
found in the 1976 edition of the Review [Rev. Mod.
phys. 48, No. 2, Part II (1976) ].

(.0t EVENTS QUANTLTY FRi.CRe  ERRCK- REFERENCE YR TECN SIGN CUMMENTS Nare
at v VYNCHID
CALKCRLURND
veR: twereser £4 Se dwmtREeAa KEEmtraex FEAYKELE
+
1870 31 (HARGED DU1870,JP= H
31 (HARGED D MASS (MEV)
L 32 187¢c. 15, PERUZZT T6 SMAG +—  K+=Pl+-Pl+— 1/77%
31 CHAFGED D WIDTH FRUM MASS SPECTRUM (MEV]
" Pob 40. Q8 LESS CL=.G0  PERUZZI 76 SMAG #— K—+PI4=Pl4- LTTr
" o PLRUZZI T6 WIDTH 15 CUNSISTENT WITH THEIR EXPERIMENTAL RESOLUTION,  1/77%
31 EVICENCF FCR WEAK CECAY CF O
wr 70 Wiss 76 1/77%
WK WISS 76, USING A SAMPLE CF ABGUT 70 C#- ~=> k=+ PI+= Pl+- 1/77%
e EVENTS wHICH INCLUDE THE PERUZZI T6 EVENTS, FINDS THAT THIS FiNaL 1/77*
wK STATE IS INCCMPATIBLE WITH NATURAL SPIN AND PARITY., THE NATURAL 1777+
WK SPIN PARITY FINAL STATE I[N DO --> K= PI+ (GCLDHABER T6) INDICATES 1177
hr PARITY VICLATIGN IN THE O+- AND DO DECAYS IF 2NTH ARE MEMBERS OF 1777
K THE SAME ISGMULTIPLET AS SUGGESTEC BY THEIR SIMILAR MASSES. 1777%
1N THIS SUGGESTS & WEAK DECAY AND CONSEQUENTLY A NARROW WIDTH DF ORDER L1/77%
WK 10**13 SEC-1 OR 10**-8 MEV. 1777*
41 CHARGED D PARTIAL CECAY MODES
DECAY MASSES
Fl D+- INTO Ké= Ple=~ P+~ 493+ 139+ 139
EREEIE TARETREAN AEREXRAAE BIREREIE ARNEVEEES - .
REFERENCES FOR CHARGED D
GOLCHABE 76 PRL 37 255 GOLOHABER, PIERRE ( ABRAMS JALAN+ {LBL+SLAC)
PERUZZI T6 PAL 37 569 +PICCOLOY FELDMAN, NGUYEN , WISS+ (SLAC+LBLE
WISS 76 PRL 37 1531 +GOLDHABER, ABRAMS, ALAM, BOYARSK i+ {LBL45LAC)
CEEaEh REARRRARE KREKRSAEE ko mskERRbeE RER CRERRERRR AEEKRKER
REEREE REEAMEEES CBRLIEREEL KBRS RRA KRERARERE * *
(1870) 32 NEUTRAL D{1870,4P= )
32 NEUTRAL D MASS (MEV)
" 234 18e5. 15. GOLDHMABER 76 SMAG CHGO K PT AND K 3P1 1/77%
B (18041 (5.4) GOLOHABZ 76 SMAG K+PI-/ RECCIL INFO  3/77%
B e e
M FIT 18¢€5. 12. FROM 1T (ERRCR INCLUDES SCALE FACTOR OF 1.0) &/77%*
32 NEUTRAL D WIDTH FROM MASS SPECTRUM (MEV)
w 234 40, OR LESS GOLOHABER 76 SMAG CHGD K PI AND K 3P1 1/77+
w 5.0 OR LESS GOLDHAB2 76 SMAG K+PI-/ RECOIL INFO  3/77%
" 30 2.4 CR LESS FELCMAN 77 SMAG D#+ TO DO Pl+ 3777
" WIDTHS ARE CONSISTENT WITH EXPERIMENTAL RESOLUTION. SEF NOTE ON 3/77%
N WEAK CECAY IN CHARGED D SECTION ABOVE. 377
32 NEUTRAL C PARTIAL DECAY MCDES
DECAY MASSES
Pl 00 INTO K= PI+ 493+ 139
P2 DO INTC K- PI+ Ple PI- 493+ 139+ 139+ 139
P2 DO INTO KS PI+ PI- 497+« 139+ 139
Py DO INTO KS Pl+ PI- PI+ PI-
PS5 00 INTO PI- PI+ 139+ 139
Pé DO INTO K+ Pl- {VIA DOBAR) 493+ 139
DOBAR MGDES ARE CHARGE CONJUGATES OF ABOVE MCDES
32 NEUTRAL D BRANCHING RATICS
Rl DO INTG (K= PLel/TOTAL *r1)
Rl 110 SEEN GOLDHABER 76 SMAG E+E- 3.9-4.6 GEV 3/77%
RZ 00 INTC {K- PI+ Pl+ PI-}/TOTAL (P2}
®e 124 SEEN GOLDHABER 76 SMAG E+F— 3.9-4.6 GEV 3/77%
R3 DO INTO {PI- PI+]/(K- PI+} (PS31/(P1)
R3 24 {G.065}) 10.04) GOLDHAB2 76 SMAG CONSIS.WITH ZERO 3/77%
e 00 INTC (KS PI+ PI-)/TOTAL 31
ta SEEN SCHW!ITTER 76 SMAG E+E- 4.03GEV ECM 3/77»
RS DO INTD (kS Pl+ PI- PI+ PI-1/70TAL P&l
R5 POSSIBLY SEEN KNAPP 76 SPEC PHOTOPRGDUC TION 3777
R6 DO INTD (K¢ PI- VIA DOBARJI/LK PI) (P5}/(PL+PS)
R6 THIS IS THE DO-DOBAR MIXING LIMIT
Ro (0.17) DR LESS CL=.90  GOLDHABER 77 SMAG 3/77%
R6 0.16 OR LESS CL=.90 FELOMAN 77 SMAG 0%+ TO DO PI+ 377

EERAAE DL KKERREERY KB ARENER

SEEEEE KRKEREURK KEE RN

6
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Data Card Listings

REFERENCES FUR NEUTRAL O

GOLLARBE 7o PRL 37 255
GULDHAB2 76 SLAC CONF. 379

GOLDHABER (PTERRE yABRAMS JALAM+ (LBL#SLAC)
G.GLLDHABER (AVAIL. AS LBL-5534) (L8L+SLAC)

KNAPP 7o BNL CONF. B.KNAPP o)
SCHWITTE 76 BNL CONF. R.F.SCHWITTERS (SLAC-PUB-1871,1977) (SLAC)
FELDMAN 77 SUBMITTED TO PRL +PERUZZI,PICCOLC,ABRAMS, ALAM+ tSLAC+LBL)
GOLDHABE 77 CHICAGD APS G.GOLDHABER (LBL+SLAC)
EeaEs ERERKEAEE KEXREEEEE %k * FEEARRLS

BrEARE KESRAKEFE RXCEEFHER

*
D i(2010) 62 CHARGED D#(2010,JP= )

EEEERARE AREERBARD EARDREET

&2 CHARGEC D*(2010) MASS (MEV)

M 18 2010. 20, PERUZIL 76 SMAG #- E+E- RECOIL L/77#
M F 30(2010.) (15.) FELDMAN 77 SMAG +- E+E- DIRECT DEC 3/77*
M F FELOMAN 77 MASS IS NOT INDEPENDENT CF MASS OIFFERENCE BELOW AND THE 3777
~ £ GOLDHABER 76 OC MASS. /7T
“ c e e e e e e e
Mo FIT 2010. 12. FROM FIT (ERRCR INCLUDES SCALE FACTOR OF 1.0) 4/77%
62 (D*+) - (DO} MASS DIFFERENCE (MEV}
oM 30 145.3 0.5 FELDMAN 77 SMAG O+ TC 00 PI+ 377>
DM e e PR
CM FIT 145.3 0.5 FRCM FIT (ERRCR INCLUDES SCALE FACTOR OF 1.0} 4£77%
62 CHARGED 0*(2010) wIDTH (MEV)
W 18 (20.0) OR LESS PERUZZI 76 SMAG +—~ E¢E—,PSI[(4030) /1>
Ll 30 2.4 OR LESS FELCMAN 7T SMAG D*+ TO DO PI+ 3T
62 CHARGED D*(2010) DECAY MODES
DECAY MASSES
Pl D*+12010) INTO DO PI+ 1865+ 139
P2 D#+{2010) INTC D+ GAMMA 1876+ ]
D*-{2010) MODES ARE CHARGE CONJUGATES OF ABCVE MODES
62 CHARGEL D*(2010) BRANCHING RATIOS
RL C*+{2010} INTO (0O PI+)/TOTAL 1
L3% 30 SEEN FELDMAN 77 SMAG DIRECT DECAY 3T
R2 D*+{2010) INTO (D+ GAMMA)/TOTAL tP2)
R2 SEEN GOLDHABER 77 SMAG RECOIL SPEC 4/TT*
wEREEE LI L
REFERENCES FOR CHARGED D*{2010)
PERUZZI T& PRL 37 569 +PICCOLO, FELDMAN, NGUYEN HISS , ¢ ISLAC+LBL)
FELDOMAN 77 SUBMITTED TO PRL +PERUZZ1,PICCOLO,ABRAMS ,ALAMY {SLAC+LBLY
GOLOHABE 77 CHICAGO APS G.GOLDHABER {LBL#SLAC)
AERERE RRKERFEEE KN * ERERAR AR RERRRERR
EErreey L *
*0
63 UTRAL D* (2010.9P= )
D™(2010 NEuT
63 NEUTRAL D*(2010) MASS
M 12005.) 13.) GOLDHAB2  Te SMAG £+E- TO D*D* 3T
&3 (D*0) - (DO} MASS DIFFERENCE
oM G tlal.} 5.1) GOLDHABZ 76 SMAG €¢E~ TO D*D*,D*D 3/77%
oM 6 NOT INDEPENDENT OF GOLOHABER2 76 D*0 AND DO MASS VALUES. 3/17*
63 NEUTRAL D* (2010} WICTH tMEev)
w (5.1 OR LESS GOLDHABZ 76 SMAG E+E~ TGO D*D#* 377
63 NEUTRAL C*(2010) PARTIAL CECAY MODES
DECAY MASSES
Pl D*0( 20L0} INTO DO PYO 1865+ 134
P2 D*0( 2010} INTO DG GAMMA 1865+ 0
D*0( 2010)BAR MODES ARE CHARGE CCNJUGATES OF ABOVE MGDES
63 NEUTRAL D*{2010) BRANCHING RATIOS
R1 D#0( 2010) INTO (DO GAMMA) /(DO PIO + DO GANMMA) (P21/1PL+P2)
K1 {APPROX. 35 TO &5 PERCENTY) GOLDHABZ 76 SMAG E+E- TQ D*D*,0%D 3/77*%
AEEERR >

REFERENCES FCR NEUTRAL D*(2010)

GOLDHAB2 76 SLAC CONF. 379 G.GCLDHABER {AVAIL. AS LBL-5534) (LBL+SLAC)

EEREER RRRERIRESE RERRER R R ERRRER

ERREEE ERERRR KR
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[CHARMED BARYONS|

The evidence for the observation of charmed
baryons, though not as strong as for charmed
mesons, is quite consistent with the charmed
baryon picture.l’2 A single event, identified
with high probability as vp > U—Aﬂ+ﬂ+ﬂ+ﬂ_ observed
at BNL (CAZZOLI 75 in AZ, ZC Data Card Listings
below) has AS=-1 and AQ=+1 for the hadrons.

For this event, rate arguments indicate a
AS=;AQ strength comparable to AS= AQ. For non-
charmed particles, no AS=-AQ semileptonic processes
have been observed, and limits on such rates are
a few percent of AS=AQ rates. With charm, such
events are expected at rates comparable to AS=AQ
rates. Production can occur via the Cabibbo-
suppressed transition vd->y ¢ (Ag=+1, AS=0), while
the Cabibbo-favored nonleptonic decay involves the
transition c-*sua'(AQ=O, AS=-1) resulting in
Ap=+1, AS=-1 as observed. Thus charm provides a
natural explanation for this event. The (A47T)++
mass and one of the (A3Tr)+ mass combinations are
in good agreement with charm predictions3 for the
lowest lying charmed baryon states with charge
+2 and +1 and JP=1/2+, the ZZ+(2430) and the
A (2260).

c

CAZZOLI 75 state that the most likely
alternative to charm for this event is associated
productign of a missing Kz with a probability of
> 3x10 .

We adopt the names AC and Zc used by CAZZOLI
75. The name A or L indicates the isospin
(u,d quark) structure, while the subscript c
indicates that the strange quark in an uncharmed
A or I has been replaced by a charmed quark giving
C(ud)I=0 for A: and c(ud)I=l for Ec. Alternative

names to AC and ZC are CO and C,, used e.g. in

ref. 1 and ref. 2. '

Additional charmed baryon evidence comes from
Fermilab photoproduction data (KNAPP 76) on the
reaction

Y + Be > K+pions

A narrow peak is observed in A n-ﬂ_ﬂ+ at 2.26

+

R - .
GeV and not in A T T m . A higher mass

(~2.5 GeV) peak in (Kﬁﬂ)o is seen to cascade into

PHYSICS LETTERS

CHARMED BARYONS

this state. Their results are consistent with
being
o P +
£ (2430, 3=1/2")

— A7 (2260) "

T° (2480, 3F=3/2")
¢ - - -t
Armw

in striking agreement with the CAZZOLI 75 event.
Uncharmed I states are known to exist4 in
the neighborhood of the observed states.
However, the narrow width of the Kﬁ_ﬂ-ﬂ+ peak
and the absence of the opposite-charge state
tend to favor the charm interpretation. One
disturbing feature of the KNAPP 76 data which
is contrary to charm expectations is the absence
of a signal in the An+ﬂ+ﬂ_ state.
BARISH 77 in an ANL deuterium exposure find
one neutrino dilepton candidate, which they
identify as

-+ - o +
v - T T
ud U p me ve(ns),

where the 7° is inferred from the observation
of a single converted photon, and the neutrino
and spectator neutron are not seen. This event
has a possible, but highly speculative
interpretation as a semileptonic decay of a

charmed baryon:

[
Vud > U Zc (2430)(ns)

+ - o +
> pT T T e Ve

or

|

+ - 0—0 +
— pT T W Keyv .
e

where the K° escaped detection. With the
second interpretation and the charm expectation
+ +
that Zc+(2430)+Acﬂ , they speculate that they may

have observed the semileptonic decay
+ - oo *+
> v
Ac pT T Ke vV,

This interpretation would require that
mass(Zz+) > 2439 MeV and mass (A:) > 2248 MeV, limits
consistent within errors with the CAZZOLI 75
mass values. It would also require a fairly
unlikely spectator neutron momentum of 26C MeV.

Other interpretations exist for this event

9 May 1977
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including a lighter mass, ~2 GeV charmed baryon
or a background non-dilepton event.
+
We put the Ac and ZC into the table but

consider these entries preliminary.
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33 LAMBDA/C+(22¢C,gP= )

33 LAMBDA/C+ MASS {MEV)

c 1 2260, 20. CAzzILI 75 nC 4 LAMBDA 2PI+ PI-
s 11236G.) (590, SUGIMDTO 75 EMUL INTO SIGMA PIOQ
S 1(22304) 1560. ) SUGIMCTO 75 EMUL INTO SIGMA ETAQ
K 60 2260. (10.1 KNAPP 76 SPEC - ANTILAM 2PI[- PI+
L] 1(2248.) CR MORE MODE P4 BELOW

77 DBC
SEES (NEUTRINC P —=> MU~ LAMBDA 3PI+ P1-)
LARGE 05=-DQ RATE (SAME AS

C CAZZOLI 75 1S BNL EXPT,
C  EVENT WITH M{LAMBDA 4P [)=2426+~12MEV.
C  DS=DU) SUGGESTS CHARM. DERUJULA 75 PREDICTS 2 STATES NEAR THIS
€ MASS WHICH DECAY STRONGLY BY Pl+ EMISSTON (MASS OlFF 160 AND 220MEV
€ FOR THE TwO STATES) TC THE LOMWESYT MASS CHARMED BARYON, THE THREE
C POSSIBLE PI+ EMISSICN MASS OIFFS FGR THIS EVT ARE 338+4-12, 327+-12
€ AND 166+4-15MEV. MWE USE THE LAYTER FOR THE ABQVE QUOTED MASS.

s SUGIMOTO 75 VALUES ASSUME DECAY TRACK IDENTIFICATION AS SIGMA+-,

S VALUES TAKEN FROM GAISSER 76 TABLE 3. VERY SPECULATIVE INTERP,

K KNAPP 76 IS FNAL WIDE BAND PHOTCN BEAM CN BE TARG. THEY SEE PEAK IN
K ANT ILAM 2PI~ PI+ BUT NOT IN ANTILAM 2P[+ PI-. THEY ALSO SEE AN

K ANTILAM 2Pj+ 2P1- STATE AT 2.5GEV CASCACING VIA Pi- EMISSION TO

& THE 2.26 GEV STATE,

8 BARISH 77 IS ANL EXPT, SEES GNE DILEPTON EVENT WHICH 1S CONSISTENT
B WITH NEU P ~=> MU~ SIGMA/C++, SIGMA/C++ ——> LAMBOA/C+ PI+ AND
B LAMBDA/C+ -~> P PI- PIQ KOBAR E+ NEU., THIS INTERPREYATION GIVES

8 ABCVE MASS LIMIT. IT IS A VERY SPECULATIVE INTERPRETATION.

TXLTTXTITIRXTEIIZTZIEZTE L 2

33 LAMBDA/C+ MEAN LIFE (UNITS 10%%-12 SEC)

Al S 1 14.5) SUGIMDTO 75 EMUL INTO SIGMA PIO
T S 1 (0.68}) SUGIMOTO 75 EMUL INTO SIGMA ETAQ
T S SUGIMOTO 75 VALUES ASSUME DECAY TRACK IDENTIFICATION AS SIGMA+—.,

T s VALUES TAKEN FROM GAISSER 7& TABLE 3., VERY SPECULATIVE.

33  LAMBCA/C+ wIDVE FRCM MASS SPECTRUM

w c 60 75, CR LESS KNAPP 76 SPEC - ANTILAM 2P1- Pi+
Ll C  KNAPP 76 MEASURES WIDTH 40+-20MEV CONSISTENT WITH THEIR EXPT
W C RESOLUTION {30MEV) FOR A ZERQ WIDTH STATE,

33  LAMBDA/C+ PARTIAL DECAY MODES

DECAY MASSES

Pl LAMBDA/C+ INTC LAMBDA PI+ Pl+ PI-~ LLL5+ 139+ 139+ 139
P2 LAMBDA/C+ INTD SIGMA+ PIO 1189+ 134
P3 LAMBDA/C#+ INTO SIGMA+ ETA 1189+ 548
P4 LAMBDA/C+ INTQ P PI- PIO KO E+ NEU

N NOTE ON VERY TENTATIVE MODES P2, P3, AND P4

N THESE MODES ARE VERY TENTATIVE. P2 AND P3 ARE FROM SUGIMGTD 75
N {SEE GAISSER 76 REVIEW} AND P4 IS FROM BARISH 77. EACH IS FROM A
N SINGLE EVENT, SEE DETAILS IN TYPED REVIEW ABOVE.

wEEEH s ERREANRIE KERRFEEE
REFERENCES FOR LAMBDA/C+

CAZZOLI 75 PRL 34 1125 +CNOP SH»CONNOL Y, LOUTTI Ty MURTAGH {BNL)

SUGIMOTO 75 PTP 53 1540 +SATO,SAITO {WASEDA+TOKY}

KNAPP 76 PRL 37 BB2 +LEE/LEUNG,SMITH + {COLU+HAWA+ELL+FNAL)

BARISH 77 PR DLIS 1 +DERR ICK ,DCMBEC K 4 MUSGRAVE + (ANL+PURD)
THECRY AND REVIEW

DERUJULA 75 PR D12 147 +GEGRGIy GLASHOW {HARV)

GAISSER 76 PR Dl4 3153 T.K.GAISSER,F.HALZEN {BARTOL+WISC)

LEE 71 PR D15 157 +QUIGG +ROSNER {FNAL)

FEELHE EKEEEKKRD EXLKARKEE CRAXRTIEK
B L e L L

8
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Z/1T*
3/77%
3777
37T
3/77%
3/77%
3/77*
37TT*
/T
3/TT*
3/717*
3477
3/77*
3777
3777
3/77%
3/77*
3/77%
377+
3/77%
3777
3/77%

EYAAG
3/77%
3777
3777

377
3/7T%
377

377
3477
3/TTE
37171
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14 SIGMA/C(c430,4P= )

104  SIGMA/ZC MASS
4 | 2426. 12. cazzorl 75 HBL  ++ LAMBDA/C+ Pl+
kC  9(2500.1 KNAPP 76 SPEC O ANTILAMBDA/C-PI+
1(2439.) OR MORE BARI SH 77 0BC  #+ LAMBDA/Cw Pl+

C  SEE NCTES IN LAMBCA/C+ MASS SECTION ABOVE.
K KNAPP 76 MAY NOT BE THE SAME STATE AS CAZZCLI 75. DERUJULA 75
K PREDECT TWC SIGMA/C STATES ARCUND 2.4-2.5 GEV. THIS COULD BE BOTH.

104 SI1GMA/C(2430) PARTIAL DECAY MODES
DECAY MASSES
Pi SIGMA/CL2430) INTO LAMBOA/C+ PI 2260+ 139
BETAEE FERRRARRE BFRRFARRE RFRIEHGRS « wxEuEnEE
REFERENCES FOR SIGMA/C{2430)
CAZZOLI 75 PRL 34 1125 +CNCFSyCONNCLY LCUTT IT MURTAGH+ (BNL}
KNAPP 16 PRL 37 B8&2 #LEESLEUNG, SMITH + (COLUsHAWA+TLL+FNALY
BARISH 77 PR D15 1 +DERRICK, DOMBECK , MUSGRAVE + CANL+PURD)
THEQORY AND REVIEW
DeRUJULA 75 PR D12 147 +GEORGI +GLASHIW {HARV)
LeE 771 PR DLS 157 +GUIGGRCSNER (FNAL)
FRRREE BRKERIFEE ARRRREEEK o wh AERAEEEE

NEXEER SEERARERE KESREFEFT RRLACRUET FREBRAIER FLLFARIUF RKERREEEE KRRECRR

[CHARM SEARCHES AND EVIDENCE|

Evidence for charm not directly relatable to

a given state is listed in this section.
Neutrino-induced dilepton events and the high-y
ancmaly in neutrino and antineutrino interactions
are discussed. Short-lived tracks in emulsions
are also dealt with, as are cross-section
upper limits for charm searches. Direct lepton
production in pN collisions is discussed in the
Other New Particle Searches section below
rather than in this section, because recent
results favor other interpretations than charm.
For a more thorough treatment of some of
the above topics, we refer the reader to other

recent reviews of which we are aware (refs. 1-8).

Neutrino-induced Dilepton Events

The Harvard-Penn-Wisconsin~Fermilab
collaboration (BENVENUTI 75) and the Caltech-
Fermilab group (BARISH 76) have observed
neutrino events with two muons in the final state.
Most of these events have opposite-charge muons.

Bubble chamber experiments have observed
neutrino-induced p-e+ events, many associated
with strange particle production in the
reaction

VN > u_e+Ko(or A) + anything
(see DEDEN 75, BLIETSCBAU 75, VON KROGH 76,
BARISH 77 in the Data Card Listings and the

BARISH 77 discussion in the charmed baryon

section above).

3777
3/T*
/7=
3777
3777%
37T
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Dilepton events have no conventional
explanation. Production of charmed hadrons,
heavy leptons, and intermediate bosons have
been proposed as potential explanations.
Production of charmed particles (C) in neutrino
interactions would be expected to give rise to

such events via the mechanism

qu > u_C + hadrons

+

&V, + hadrons, -
2

where the Cabibbo-favored transition would

predict a strange particle among the hadrons.

Thus the appearance of neutrino~induced dimuon

- + .
events, W e events, and associated strange
particles can be understood via the charm

mechanism.

The "High-y Anomaly"

In the naive quark-parton model one may write
the double differential cross section for charged-

current neutrino and antineutrino nucleon scatter-

ing as
2
2 v G ME
a’c v ~ 2
oay - 7 [a(x) +q6) (L -v)7]
- 2
2 v G ME-
do v 2 -
oy - 7o lama-nTram] .

2
Here x=Q /2ME_ and y==Eh/Ev 3 are scaling vari-
'

h
ables, M is the nucleon mass, Eh is the energy
transferred to the final-state hadrons, EV,G is )
the beam energy, both in the laboratory frame, -Q
is the square of the four-momentum transferred
from incident neutrino to final-state U (assuming

-38 cm2/GeV.

muon neutrinos), and GZMEV = 1.56x10
In these relations, valid for isoscalar nuclei (a
reasonable approximation for real targets),
%q(x)dx and ic_;(x)dx are the probabilities of
quarks and antiquarks being involved in the inter-
action while carrying a fraction x (evaluated in

the infinite-momentum frame) of the target momentum.

One frequently rewrites these in terms of

B(x) = 1-2q(x)/[q(x) +3(x)]. 1Integrating over x,
v,V 2
dg”’ _ AN Y
&~ Eypla-y+i reya - )]

where B here is a weighted average of B(x) over

PHYSICS LETTERS
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all x. Then (1-B)/2 is interpreted as the contri-
bution of the antiquark fraction in the nucleon to
the scattering. B near 1.0 means the antiquark
contribution te the nucleon is small. 1In this case
thg above equations reduce to dov/dy o« Ev and
ac’/dy « E\—)(l—y)z.

B may be most easily measured from do/dy for
antineutrino beams, which is more sensitive to B
than its counterpart for incident neutrinos. At
low energies, the antiquark component seems to be
small, and is confined to small x, as one might
expect from a quark-antiquark "sea" in the nucleon,
according to the conventional three-quark model
(see, for example, review papers by Roe,6 Perkins,7
Steinberger,8 and WOjcicki4). Recent experimental
data at very high energies indicate an increasingly
flat antineutrino y distribution (see for example,
Barish et al? and Benvenuti et al.,l0 and also the
review papers above). That is, B apparently is
increasing, at least in V reactions.

Both experiments which report this effect
(sometimes called the "high-y anomaly" — an anomaly
may be defined as something unaccounted for by
conventional three-quark models) utilize electronic
detectors with acceptances which are poor in various
parts of the kinematical region, and both report
rather large error bars for their determinations
of B (collected and illustrated by Nezrickll and
Roe6)- Linear fits to the world's data on B as a
function of energy, over the full energy range
(Nezrick,ll Roe6), yield slopes that are about 2-3
standard deviations from zero. Taken by themselves,
the data for EG‘<7O GeV are perfectly consistent
with no energy dependence for B, with a value of
about 0.8 or 0.9; hence there may be a threshold
for a new effect at ~70 GeV (in which case a linear
fit over all energies would not be appropriate).

The strongest evidence for an anomaly comes from
the HPWF experiment (for example, Benvengﬁilo),
which finds under certain assumptions, Bv = 0.94 *
0.09 averaged over the 10-30 GeV incident energy
range, and 0.41 *0.13 for EG >70 GeV. These _
experimenters also report B different from Bv, in
this energy range, at the two standard deviation

level.
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Note from the above formulas that Bv decreas-
ing with energy implies a rising ratio of anti-
neutrino-to-neutrino charged-current cross sections.
The accompanying figure shows current data for
E - > 40 Gev.

Vv,V
although there is a single low point at 110 GeV

A rising trend may be present,

(which represents only 11 events however).

T I T T T T T
121~ o3, +N—=u* +X) /o (y, + N+ +X)

I

ol High energy ¢ % Coltech- Fermilab

: ®® HPWF

08— n
06 } B

04 ____ J _________________________

0.2

0 | | ! L | | !
0 20 40 60 80 100 120 140 180

Ebeom(GeV) ‘ XBL 773-624

Ratio of Gp to VW charged-current cross sections at
incident energies above 40 GeV. For lower energies,
the ratio is approximately 0.38 (dashed line).
Encircled points: Harvard-Penn-Wisconsin-Fermilab
collaboration [A. Benvenuti et al., Phys. Rev. Lett.
37, 189 (1976)]; non-circled points: Caltech-Fermi-

lab collaboration [B.C. Barish et al., preprint

CALT 68-560 (1976)]. Points denoted by X depend

upon knowledge of the flux; solid points are a
flux-independent (but model-dependent) determination.

A high-y anomaly of the magnitude reported by
the HPWF group appears to be inconsistent with the
conventional three-quark model. It may also be
too large to be accommodated even with the addition
of a fourth, charmed quark in the GIM picture.
Hence, much work is being done concerning the
possibility of additional (more than 4) quarks.
These quarks are usually massive, to force an
energy threshold, and right-handed, to force a v y

.

2
anomaly (see, e.g., Barnett™ )., For example,

Barish et al? find a good fit to their data with a
right-handed "b" quark of mass 5.1 GeV.
In conclusion, there is growing experimental

evidence for an anomaly in the y-distribution for

10
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V-induced events. This anomaly takes the form of

a flattening of the do/dy distribution relative to
that expected from three-quark models with a q-—a
"sea", and occurs only at high energies. The
relationship between this effect and the observation
of prompt dileptons in v and V production is unclear,

but the high-y effect may have a higher energy
threshold.

Short-lived tracks in emulsions

The mean life of a weakly decaying charmed
meson or baryon of mass M (in GeV) is expected to

be in the range13

-11

T = (10 sec) X L

to 10713 3
M

with a corresponding mean path length for lab

momentum p (in GeV/c) of

= = (1y to 100u) X p

Thus even at Fermilab energies, these would be hard
to see as tracks in bubble chambers.

A number of cosmic ray experiments (e.g., NIU
71, TASAKA 73, and SUGIMOTO 75) have seen short-
lived charged tracks which decay into a charged
track and a T° or N. Charged-particle identifica-
tion problems preclude unique determinations of
masses and lifetimes. Table III of Gaisser and
Halzen's review5 of these events gives values in

14

the range 1.5 GeV<M< 3.0 GeV and 2 X10 sec < T

<3 >(lO_12 sec for the three strongest charm
candidates (they involve possible pair production).
Of these, one event (SUGIMOTO 75) is consistent
with production of a A:K; pair with subsequent
decays to Z+n and E_ﬂo. None are consistent with
Di production. Accelerator events with lifetimes

-13 13

~10 sec (KOMAR 75) and 6 X10 ~ sec (BURHOP 76)

have also been reported.
Charm Searches

We list cross-section upper limits for the
many unsuccessful charm searches. In cases where
limits are given for many channels and mass ranges,
we list only a range or a few likely channels and
indicate in the comment cards the extent and
location of the tables of data included in the

paper.
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CHARMED HAUKDCN FRUCUCT IGN CROSS SECTIUNGE+ E-) (UNTTS 10%6-23, LMex2)
THESE VALUES ARE (CRCSS SECTICNIX(IBx. WATIL TU MODE IwDICATED)

o 18. OR LESS BIYAKSKI 75 SMAG K- Pl#, K+ PT—
3 40. OR LESS BOYARSK] 75 SMAG K0S Pl+ Pl-
bl 13, Ok LESS BAYARSKI 75 S¥AG Pl+ PI-
0 124 OR LESS BOYARSKL 75 SMAG K+ K-
0 9. 0R LESS BOYARSKI 75 SMAG K—PI¢Pl+, K+PI-PI-
a  27. OR LESS BOYARSKI 75 SMAG KOS Pl+, KOS PI-
0 33. OR LESS BOYARSKI 75 SMAG KOS K+. KOS K-
[ 38. JR LESS ANYARSKI 75 SMAG PI+PI-Pl+,PieP[-PI-
o 90. OR LESS BGYARSK{ 75 SMAG K¢PL~ KOPI+PI~ + CC
[ 16, OR LESS BOYARSKL 75 SMAG K¢ K=y Pl+ P~
0 5l OR LESS BOYARSKI 75 SMAG K+PI-PI-,KQPI+ + C(
o 16, CR LESS BOYARSK] 75 SMAG KOK+,Pl¢PI+PI~ + CC
04 1.9} {0.5) PERL 75 SMAG E(0R My) NEUTRI,
28 504 OR MORE BRAUNSCHW 76 DASP E+- #HADRONS
300. 300. BURMESTER 7o PLUT KC E+= #ANYTHING
110 20. 5.0 GOLOHABER 76 SMAG K=#PT4-
124 67, 11.0 GNLDHABER 76 SMAG K=+Pl4~PI#PI~
50 304 15. PERUZZI 76 SMaG K=+P]4-P 14—
240 25. i0. FELDMAN T7 SMAG MUON . GE J3PRONG
BOYARSKI 75 IS SLAC(SPEAR} EXPT, LCOKED FOR E+E- > O ANYTHING
AT ECM=4.8 GEV WHERE CHARMED MESCN O CECAYED VIA CHANNELS SHOWN,
ABOVE VALUES ARE FOR D MASS5=1.85-2.40 GEV. SIMILAR LIMITS ARE
GIVEN FOR MASS=1.50-1.85, 2.40-4.00 GEV IN THEIR TABLE 1.
PERL 75 IS SLACISPEAR) EXPT , EVENTS ARE E+€- TO E4—MU-+ AND 2 DR
MORE MISSING PARTICLES. CS IS FOR ELM=4.8 GEV AND THETA=50-1300EG.
CROSS SECTION RISES FROM 5X10%%-36 AT £=4 TO ABCVE MAX. THEN DROPS
TO 6E-36 AT E=7.5. AUTHORS SAY THESE EVENTS HAVE ND CCNVENT [ONAL
EXPLANAT ION, SUGGEST HEAVY LEPTON OR CHARMED HADRON, M=1,6-2.0GEV.
NOT CCRRECTED FOR DETECTOR ACCEPTANLE.
BRAUNSCHWEIG 76 SEES SINGLE ELECTRCNS IN E+E- CCLLISIONS AT DORIS,
ESTIMATED 2#(S*BR TOCE + HADRONS} IS 1 NB, MASS BETWw 1.8 AND 2.1GEV
INFERRED FROM PROD THRESHOLD BEING BETW 3.7 AND 4.0 GEV. E+-
MOMENTUM SPECTRUM AND OBSERVED MULTIPLICITY ARE INCONSISTENT WITH
HEAVY LEPTGN HYPOTHESIS.
BURMESTER 76 IS a DORIS E+E- EXPT. THEY SEF KOS+PROMPT ELECTRONS AT
ECM=4,0-4.1 GEV. SUGGESTS PAIR PROD OF CHARMED PARTICLE CF MASS
1.8 TO 2.0 GEV.
GOLOHABER 76 IS A SPEAR E+E~ EXPT WITK ECM=3.9 TO 4.6 GEV. THEY SEE
PEAK AT 18654-15 MEV, WIDTH LT 40 MEV, PROBABLY NEUTRAL STATE OF
SAME PARTICLE SEEN IN PERUZZI 76. A PEAK IS ALSO OBSERVED IN THE
MASS SPECTRUM RECOLLING AGAINST THESE STATES WITH MASS 1.96-2,2GEV.
PERUZZI 76 iS SPEAR E¢E- EXPT AT 4.03 GEV., THEY SEE EXOTIC PEAK AT
M=1876+=15, VIDYH LT 40 MEV, NC STRUCTURE SEEN IN KPI+PI- CHANNEL.
FELDMAN 77 1S A CONTINUATION OFf PERL 75. ABOVE DATA IS FOR
ECM=5.8-7.8 GEV, HEAVY LEPTONS COULC ACCOUNT FOR ONLY 2C PERCENT
OF THIS5 €S. THEY SUGGEST EXCESS IS FROM WK, DECAYS OF NEW HADRONS.
CHARMED HADRCN PRODUCTICN CROSS SEC (GAMMA NUCLECN) (CM=e2}
60 EVENTS KNAPP 76 SPEC LAMBDABAR PI-PI-P[+
0 1.1E~29 OR LESS CL=,95 QUINN 76 HBC B+ M-
0 1.2E-29 OR LESS (CL=.95 QUINN 76 HBC B4 MO

KNAPP 76 SEES A PEAK AT M=2.264-0.Cl GEV/C**2. WIDTH 1S 40+-20 MEV,
CONSISTENT WITH ZERQ W IDTH STATE (RESGLUTION=30 MEV]., NO PEAK SEEN
IN LAMBOABAR PI+ PI+ Pl-, THEY ALSU SEE A LAMBDABRAR 14P1)0 PEAK AT
2.5 GEV CASCADING DOWN TN THE PEAK AT 2.26. EXPT USED WIDE-BAND
PHOTGN BEAM AT FNAL.

QUINN 76 USED A 9.3 GEV PHOTON BEAM AT SLAC. SEE TABLES 1 AND 3 FOR
INDIVIDUAL CHANNELS, ABIVE LIMITS ARE FOR ALL CHANNELS WITH ONE OR
NO MISSING NEUTRALS.

CHARMEC HADRCN PROCUCT ION CROSS SECTION (Pl NUCLEGN) tCMEx2)

0 1.5 T0 3.7 €-30 OR LESS BALTAY 75 HBC 15 GEV Pl+pP

Q 0.2 TO 35 E~30 OR LESS BALTAY 75 HBC 15 GEV Pi+P

0 0.5 TL 15 E-30 QR LESS BUNNELL 76 STRC CL=.97

0 1. TO 8, E=-31 OR LESS CESTER 76 SPEC 15 GEVW/C PI-

0 4,8E-32 OR LESS [falal 3 76 STRC 225 GEV/C PI-

0 4. TO 8. E~32 Ok LESS GHIDINT 76 SPEC 19 GEV/C PI P

0 4. E-30 OR LESS (L=.95 HAGCPIAN 76 DBC SHORT LIVED 2~5GEV
1 7. E~31 OR LESS (LL=.95 HAGOPIAN 76 DBC LONG LIVED 1.9-2GEV
Q 3. E~31 DR LESS (CL=.95 HAGCPIAN 76 [BC LONG LIVEDL-1.942-5
0 3.8E-31 OR LESS (t=.95 BLANAR 77 SPEC 200 GFV/C Pl+

BALTAY 75 SENSIVIVE T9 CHARMED PARTICLES WITH M=1.5 VO 4,0 GEV AND
TAU LT 10%¥-11 WHICH THEN DECAY INTC STRANGE PARTICLES.

THE FIRST VALUE ABGVE IS FOR ASSCC PACD CF (HARMED PARYICLES.

SEE HIS TABLE 1 FOR SPECIFIC DECAY MODES, THE SECOND RANGE OF
VALUES 15 FOR INCLUSIVE PRCO OF (HARMEL MESCONS AND BARYONS WITH
CHARGES -2 TO +2. SEE HIS TABLE 2 FCR SPECIFIC DECAY MODES.

BUNNELL 76 IS A SLAC 15.5 PI+P EXPT. ALL POSSIBLE 2 TO 5-BODY MASS
COMBINATIONS WERE STUDIED FOR NARROW RESONANCES PRODUCED IN COINC
WITH SINGLE MUONS., MASS RANGE STUDIED wAS UP TN 3.1 GFV. SEE TABLE
1 ON PG 87 FOR DETAILEC RESULTS OF INCIVIOUAL CHANNELS.

CESTER 76 LOOKS AT MASS RANGE 1.8 TC 2,5 GEV, SEE TABLS 1 FOR
INDIVIDUAL CHANNELS. VALUES GIVEN ARt CROSS-SEC/NUCLEON ON CARBON,
COOK 76 USES 225 GEV PI- BEAM, LCCKS FCR CCRRELATION RETW VOS AND
PROMPT MUONS TO SIGNAL DECAY OF CHARMED PARTICLE. LIMIT FOR M=2GEV.
GHIDINI 76 LCOXKED FCR CHARMED MESONS OF MASS 6T 1.5 GEV AND BAKRYONS
OF MASS GT 2.0 GEV. LIMITS ARE CL=.95. LEMITS FOR M0OST CHANNELS LIE
IN THE ABCOVE RANGE. SEE TABLE 2 FCR INCIVIDUAL CHANNELS,

HAGOPIAN 76 IS A SLAC 15GEV PIL+ D EXPT. ALL POSSIBLE TWG AND THREE
BODY MASS COMBINATIONS WERE STUDIEC FOR NARROW RESONANCES WITH MASS
1.5-5GEV FOR MESONS AND 2-5GEV FOR BARYONS, [INDIVIDUAL LIMITS FOR
TWO AND THREE BODY DECAY fROM MANY REACTIONS ARE GIVEN.

VEES WERE STUDIED FOR THE POSSIBILITY CF A NEW LONG LIVEC (MEAN
LIFE 1€-11 SEC. OR MORE) NEUTRAL PARTICLE. ONE CANDIDATE WITH MASS
1.9-2 GEV WAS FOUND, SECCND LONG LIVED LIMIT FCR M=1-1.%5, 2-5 GEV.
BLANAR 77 1S5 FNAL EXPT. LIMIT {S FCR CS*BR TC MUONS., ASSUMES
DIFFRACTIVE CHARMED 2GEV MESON PAIR PRODUCTEON. NTHER LIMITS FOR
Pl AND P BEAMS GIVEN [N TABLE (.

CHARMEL HADRON PRODUCYION CRGSS SECTION (P NUCLECN) (CMEx2)

0 1. E-33 OR LESS AU 75 SPEC + K=

0 4. E-33 OR LESS AUBERT 75 SPEC K+ PL-

0 1. E-23 OR LESS AUBERT 75 SPEC K+ K=

0 8, E-33 OR LESS AUBERT 75 SPEM PI+ P~

0 7. €-33 OR LESS AUBERT 75 SPEC P K-

0 2. E-33 OR LESS AUBERT 75 SPEC K+ PBAR

0 4. £-32 QR LESS AUBERT 75 SPEC PPl

0 2. E-33 OR LESS AUBERT 75 SPEC Pl+ PEBAR

0 5. T4 20. E-30 OR LESS AAHLIN 76 HBC BARYON,M LT 2GEV

0 15. TO 100.€-30 OR LESS AAHLIN 76 HBC BARYON,M 2-3 GEV

9 10. TO 35. €-30Q DR CLESS AAHLIN 76 HBC MESON, M 1-2 GEV
Q=2 SEE COMMENT G BELOW BINKLEY 76 SPEC

0 2. £E-30 OR LESS BINTINGER 76 SPEC M=2 GEV/C#%l

0 5. €-32 OR LESS BINTINGER 76 SPEC Mzh GEV/Cw2

AUBERT 75 IS A BNL 30 GEv EXPT, (OCKS FCR P BE —-—> JPRIME ANYTHING
WHERE JPKIME OFCAYED VIA THF CHANNEL SHCWN, ABCVE VALUES ARE

FOR M=2,25GEV AND ASSUME A WIDTH SMALL CCMPARED TO THE RESDLUTION.
UPPER LIMITS ARE ALSO GIVEN FOR THE ABOVE CHANNELS AND P PBAR FOR
M=3.1 AND 3.7 GEV. THOSE LIMITS RANGE FRCM 7E-36 TO 4E-33.

MA 77 SAYS SUBERT 75 LIMITS SHIULD RE AN ORDER CF MAG. LARGER.

2771

2777
1/77=
1/77%
L/77%
2/76
2776
2/76
217¢
2776
2/

11
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AAHLIN 76 15 A 1S GEV/C P-P LXPT AT CERN, VALUFS GIVEN ARE CL=,975.
SEE TABLE 2B, PG 479 FOR INDIVIUUAL LAMBDA {OR ¥S) «PIONS CHANNELS.
BINKLEY 76 MEASURES BR(C TC MU + CTHERS)*R WHERE R IS YHf RATIO OF
THE CROSS-SEC FOR PRODUCING THE J/PST TCGETHER WITH A C-CBAR PAIR
TGO THE TOTAL CROSS-SEC FOR PRODUCING THE J/PSI AT THIS ENERGY. THE
EXPT WwAS A 300 GEV/C FNAL RUNy AND SAW 2 TRI-MUON EVENTS. THIS GAVE
A .90 CL UPPER LIMIY OF .003 FOR THE MEASURED QUANTITY DESCRIBED
ABOVE.

BINTINGER 76 IS CROSS-SEC TIMES BR INTO K- PI+. WE SHOW TWO VALUES
FROM THEIR FIG.4 WHICH COVERS MASS RANGE 1.7-4 GEV. SIMILAR LIMITS
ARE GIVEN FDR K+ PI- AND PI+ Pl- CHANNELS., LIMITS ARE PROPORTIONAL
TO CS*BR FOR J/PSI INTO MU+ MU~-, TAKEN=LONB FOR ABOVE VALUES.

CHARMEL HADD?DN PRODUCTIDN CROSS SECTION (N NUCLEON) (CMx*2)
0 1.9E-3 BLESER 75 SPEC K+PI-, M=1.8 GEV
0 1.0E-31 OR LESS BLESER 15 SPEC K+PI=, M=2.5 GEV
0 1.0E-31 OR LESS BLESEK 75 SPEC K- P , Mz2,5 GEV
0 2.5E-29 OR LESS (CL=.975 WARD 75 HBC KS Pi+ PI-
0 6. E=32 OR LESS ABOLINS T6 SPEC Pi+ PI-
0 7. £-32 DR LESS ABOLINS 76 SPEC PBAR P
0 4. E-32 OR LESS ABOLINS 76 SPEC K- Pl+
0 E-32 CR ABOLINS 76 SPEC

6. K- P
BLESER 75 USES NEUTRGNS UP TC 300 GEV/C, BE TARGET. EXAMINES MASS
RANGE UP TO 3,5 FOR KPI, uUP TO 4.0 FOR KP. VALUES ARE CROSS-SEC/NUC
WARD 75 IS N=P EXPT WITH MOM UP TO 24 GEV/C. THIS VALUE IS FOR MASS
RANGE 1.5-2.5 GEV. SEE TABLE L PG 31 FOR UPPER LIMITS ON C++,C+,
COyD#+400yD— DECAYS INTO VARIOUS FINALSTATES IN MASS RANGE 1.5-5GEV.
UPPER LIMIT FOR SEEING DECAY OF CHGD CHARMED PARTICLE INTO VO FOR
TAU GT 10¥#-11 SEC GIVEN AS L.5*EXP(T) FOR VO =LAMBDA OR SIGMA, AND
3.0#EXP{Y) FOR VO=KQ. HERE, T=1l0%-11/7TAU, CS GIVEN IN MICROBARNS.
ABOLINS 76 1S FNAL 240 GEV/C NEUTRON-BE EXPT. TYPICAL VALUES ABCVE
ARE FOR M=3,0 GEV. SEE FIG 4 FOR MASS RANGE 2.0-4.0 GEV. OBSERVES
POSSIBLE K- PI1+ ENHANCEMENT AT 2,29+-.03 GEV

CHARMED HADRON PRODUCTION CROSS SECTION (PBAR NUCLECN)  (CM*#2)
0 5. E-29 DR LESS (CL=,95 CARLSSOM 75 HBC PBAR @ ANYTHING
0 3, E-29 OR LESS C(L=.95 CARLSSON 75 HWBC PBAR P Pl+ PI-
0 .8 TO 4.4 E-30 OR LESS CESTER 76 SPEC 12.4 TQ 15 GEV/C
CARLSSON 75 IS A 9GEV PBAR P CERN EXPT. LIMIYS ARE FOR P PBAR PEAK
EN CHANNELS INCICATED. K KBAR CHANNELS CHECKED BUT ND LIMITS GIVEN.
CESTER 76 LDCKS AT MASS RANGE 1.8 TC 2.5 GEV. SEE TABLE 1 FOR
INDIVIDUAL CHANNELS. VALUES GIVEN ARE CROSS~SEC/NUCLECON CN CARBON.

CHAAMED HADRON EVIDENCE IN NEUTRINC NUCLECN -=> 2 LEPTONS ANYTHING

14MU+MU~  OMU=MU-  OMU#MU+ BENVENUL 75 SPEC PREDOM. NEU BEAM
SIMU+MU-  TMU-MU-  3MU+MU+ BENVENU3 75 SPEC 6/7 NEU BEAM
SMU+MU~  OMU-MU-  2MU+MU+ BENVENUS 75 SPEC 9/10ANTINEU BEAM
4MUSMU- 4 OTHER MU PAIRS BARISH 76 SPEC NEU BEAM

1 EVENT MU-E+ BARISH 17 NEU BEAM
BENVENUTI 75 ARE FNAL NEUTRINO NUCLEON EXPERIMEV\VS WHICH LOOKED FOR

TWO OR MORE MUONS IN THE FINAL STATE. NO TRIMUON EVENTS WERE SEEN.
AUTHORS STATE THAT THESE DIMUCN EVENTS REQUIRE THE EX1STENCE DF ONE
OR MORE NEW PARTICLES WITH M=2-4GEV AND TAU=10%%-10S5EC. OR LESS.
BENVENUTI4 75 SHQW THAT THE OBSERVED PROPERTIES DF THESE EVENTS

DO NOT AGREE WITH HYPOTHESES OF HEAVY LEPTCN OR INTERMEDIATE VECTOR
BOSON, THEY SUGGEST A HADRON (Y) WITH A NEW QUANTUM NUMBER.
BARISH 77 EVENT COULD BE NEU P TQ MU+ B++, SEE CHARMED BARYON NOTE
AND LAMBDA/C+ SECTICN ABOVE.

CHARMED HADRON EVIDENCE IN NEUTRING NUCLEON
WHERE THE V0O IS A K(OS OR A LAMBDA

-=> MU- E+ VO ANYTHING

1 EVENT DEDEN 75 HLBC
1 EVENT BLIETSCHA 76 HLBC
4 EVENTS VONKRCGH 76 HLBC
0 EVENTS BERGE 7 HLBC ANTINEU BEAM

THE DEDEN 75 AND BLIETSCHAU 76 EVENTS ARE FROM CERN

GARGAMELLE NEUTRINO EXPOSURES. THE MASSES CF THE E+ VO SYSTEM FOR
THE TWO EVENTS ARE 1.24¢ 1.91 GEV FOR LAMBDA OR 0.65y l.57 FOR KO.
THE VON KROGH 76 EVENTS ARE FROM AN FNAL 15 FT NEON BUBBLE CHAMRER
EXPCSURE. ALL FOUR E+ EVENTS FGUND HAVE ASSOCIATED KDS.

BERGE 77 USED FNAL 15 FT (HAMBER FILLED WITH H-NEON. SAW TWO
POSSIBLE BUT UNLIKELY MU E EVENTS, NEITHER WITH ASSOCIATED VO.

CHARHED HADRON (YF BRANCHING RATIC INTO (MU NEU ANYTHING)/HADRONS

A FEW PERCENT BENVENUZ 75 SPEC FNAL NEUTRINO NU
EENVENUTXZ 75 LOOKS AT ANTINEUTRINOG NUCLEON -—> MUON HADRONS. SEES
EXCESS EVENTS ABOVE INCIDENT ENERGY 30 GEV. COMPARES BENVENUTIL 75
OIMUON EVENTS WITH EXCESS EVENTS TO GET BRANCHING RATIO.
HARMED HADRDN (ASSDC. vo} BRANCH!NG RATIO INTOD SEH[LEPTUN[CS/ALL

OR MOR LIETSCHA 76 HLBC M=2,5
THIS BR RATIG AND MASS ARE REQD BY OBSERVED RATE AND CHARM SCHEME.
CHARMED HADRCN EVICENCE IN cOSMlc RAYS
1 EVENT V) 7L EMUL

NIU 71 DETECTS CHGC PARTICLE DECAV!NG INTO HADRON+PIO. MASS=1,78GEV
AND TAU=2.2 E-14 IF SECONDARY IS PION. MASS5=22.95 GEV ANO TAU=3.6

E-14 IF IT IS PROTON. POSSIBLE EVIDENCE OF PAIR PRODUCTION.
8 EVENTS TASAKA 73 EMUL

SAME TYPE AS NIU EVENT. TAU BETW 1.5 AND 175 E-13.

1 EVENT SUGIMOTO 75 £MUL

SAME TYPE AS NIU EVENT. TWO SUCH PARTICLES PRODUCED TOGETHER,
TAUl=6.E-13, DECAYS TO CHARGED PRONG + ETA., TAU2=4.E-12, OECAYS TO
CHARGED PRONG + P10. MASSES OF BOTH PARTICLES ARE ABOUT 2.0 GEV IF
DECAY PRCNG [$S PRCTONs 1,7 IF DECAY PRONG 1S KAON, AND 1.55 iF
DECAY PRONG IS PI. COMBINED MASS 0T THE TWC NEW PARTICLES = 4.1 GEV
QR 3.8 GEV ASSUMING THE DECAY PRONGS TO BE KAONS OR PIONS
RESPECTIVELY. CONSISTENY WITH LAMBOA/C+ LAMBDABAR/C-.SEE GAISSER 76
CHARMEE HADRCN CROSS SEC. IN MISC. EMUL.

EXPTS, WHERE LIFETIME SEEN

1 EVENT JAIN 75 EMUL TAU APROX. 10E-13
2 EVENTS KOMAR 75 EMUL TAU .LT. E-15

1 EVENT BURHOP 76 EMUL TAU APPROX €-13
0 Ll.5E-30 OR LESS CL=.90 COREMANS 76 EMUL TAU E-12 TD €-14

JAIN 75 IS A FNAL 300 GEV PROTON EXPT. EVENT SHOWS DECAY OF NEUTRAL
INTO HADRON-E-NEU, TAKING PLACE .01S CM FROM THE PROD VERTEX. MAY
BE LEPTONIC OECAY OF CHARMED PARTICLE.
KOMAR 75 IS FNAL 200 GEV/C PROTON EXPT.
ELECTRON EMITTED FROM NEAR INTERACTION,
BURMOP 76 EXPT DONE AT FERMILAB® HIGH ENERGY NEUTRIND BEAM. USED A
COMBINAT ION OF EMULSION AND SPARK CHAMBERS. THEY SEE A PARTICLE
WITH TAUSABOUT 6 E~-13 SEC CECAYING TO VO + 3 CHGD TRACKS. DECAYING
PARYICLE NOT CCNSISYENT wITH CHARMED D (R LAMBDA/C+.

COREMANS 76 USED 300 GEV/C PRGYONS, AND LOCKED FOR ABOVE LIFETIMES.

SEE 2 EVENTS WITH SYNGLE

* AR b ARERE Kb

2/7T*
2417
1/77%
1/71%
1L/77%
L/77*
1711
1777+
/77
1/77%
1/77%
1/77%

2/17%
2/77%*
2717
1/TT*
1/77%
1/77%
1777%
1/77%
2/7T%
2/T7T*
1/777*
1777
/77
L/TT*
1777
1/77%
L/77*
1/77%
1/77%

2/77%
2/77%
2/7T*
247T*
2/771%
2/7T*
2477*

2/7¢
2/76
2776
T176%
3/77%
2/76
2/76
2776
276
2776
27176
2176
3777
3/77%

2/76
2776
2176
2/76

2/76
2/76

9/76%
9/7e%
9/76%
9/T6%
9/T6%
9/T6*
1/777%*
/1%
1/77%
1/777*
1777%
1/77%
1/777%
1L/77#

EXEEAd
2/77%
4117
3/77%
37T
2/71#*
2/TT*
2/T7*
a4r/TT*
4/T7%
3777
3/7T
3/77*
3777
3/7T%
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NIy 71 PTP 46
TASAKA T3 PTP 50

AUBERT 75

ALSL 77
BALTAY 15
BENVENUL 75
BENVENU2 75

ALSQ 74
BENVENU3 75
BENVENU4 75
BENVENUS 75
BLESER 75
BOYARSKI 75
CARLSSON 75
DEDEN 75
JAIN 15
KOMAR 75
PERL 75
SUGIMOTO 75
WARD 75

PRL 35
PRL 38
PRL 34
PRL 34
PRL 34
PRL 33
PRL 35
PRL 35
PRL 35 1249
PRL 35 To
PRL 35 196
NP B9G 451
PL 58B 361
PRL 34 12
JETPL 21 239
PRL 35 1489
PTP 53 1540
NP BLO1 29

AARLIN 76 NP B107 476

9 May 1977

Data Card Listings

REFERENCES FOR CHARMEC MADPON SEARCHES

+MIKUMO, MAEDA (TOKY+YOKOHAMA)

+Y AMAMOTO (KONAN]
+BECKERyBIGGS, BURGER  CHENS (MIT+BNL)
Z. MING MA, B. Y. GH (MSU)

+CAUTIS4COHEN,CSORNA,KALELKAR + (COLU+BING)
BENVENUT I, CLINE,FORDS (HARV,PENN,WISC,FNAL)
BENVENUTI,CLINE, FORD+ (HARV,PENN,W1SC,FNAL]
AUBERT,BENVENUTI+ (HARV ,PENN+WISC,FNAL)
BENVENUT I, CLINE, FORD+ {HARV,PENN,WISC,FNAL)
BENVENUT [, CLINE, FCRD+ (HARV,PENN,WISC,FNAL)
BENVENUT! ,CLINE,FORD+ (HARV,PENN,WISC,FNAL)
+GOBBI,KENAH, KEREN+ { FNAL +NWES+ROCH*SLAC)
+BREIDENBACH, BULOS, DAKIN, FELDMAN+(SLAC+LBL)
+EKSPONG yHOLMGREN ) NI LSSON+ {5TOH+LIVP)

CAACH#BRUX+CERN+EPOL#MILA+ORSA+LOUC)

P. L. JAIN, B. GIRARD (BUFF)
+0RLOVA, TRETYAKOVA yCHERNYAYSKI ] (LEBOD}
+ABRAMS , BOYARSKI, BREIDENBACH + 1SLaQ)
+SATG,SAITO {WASEOA+TOKY}
+ANSORGE»CARTER, MOUNT (NEALE+ (CAVE)

+ALPGARD s ANDERSEN BERGVATN®(QSLUO+STOH+KELS)

ABGLINS 76 PRL 37 417 +CARDIMONA s MATTHE WS, SIDWELL+ { MSUADSU+CARL)
BARISH 76 PRL 36 939 +BARTLETY,BOGEK, BROWNy BUCHHOLZ + (CIT+FNAL)
BINKLEY 76 PRL 37 578 4GAINES,PEOPLES, KNAPP+ (FNAL+COLUSHAWA+ILL)
BINTINGE Té PRL 37 732 BINTINGER, LUNDY, AKERLOF+  (FNAL+MICH4PURD)
BLIETSCH 76 PL 608 207 { AACH4+BRUX +CERN+EPOL +MILA+ORSA+LOUC }
BRAUNSCH 76 PL 638 471 BRAUNSCHWEIG +  (AACH+DESY+HAMB+MP[M+TOKY )
BUNNELL 76 PRL 37 85 +CHENG, DELPAPA, DORFAN, DOUNGVAN® (UCSC+SLAC)
BURMESTE T6 PL 64B 369 BURMESTER,CRIEGEE+ (DESY 4HAMB+S [ EG+WUPG)
BURKOP 76 PL &5B 299 (LOUC+FNAL#BELG+DUYC+CERN+LOIC+ROMA+STRB+)
CESTER 76 PRL 37 1178 +FITCHyKADEL, WEBB, WHITTAKER + (PRIN+BNL}
€O0K 76 PL 64B 221 +C SCRNA, HOLMGREN , JONCKHEERE+ [WASH+LALO#UCD )
COREMANS 76 PL 658 480 +SACTON¢ {BELG+DUUC+L OUC+ROMA+ STRB+WARS )
GHIDINI 76 NP BL1l 189 +NAV ACH, DOWEL L s K ENYDN + (OMEGA GROUPS}Y
GOLDHABE 76 PRL 37 255 GOLOHABER 1 PTERRE, ABRAMS (ALAM+ {LBL#SLAC)
HAGOPTAN 76 PRL 36 296 +HILKINS o WINO \HAGOPT AN, ALBRIGHT+ (FSU+BRAN)
KNAPP 76 PRL 37 882 +LEE,LEUNG, SMITH + CCOLU+HARA+TLL+FNAL)
PERUZZI 76 PRL 37 569 +PICCOLC,FELDMAN, NGUYEN,HISS +  (SLAC+LSBL)
QUIRN 76 PR Dl4 2857 D. J. QUINN, R. H. MILBURN (TUFTS)
VONKROGH 76 PRL 36 710 +FRY,CAMERINL,CLINE+  {WISC+LBL+CERN#HARA)
BARISH 77 PR D15 1 +DERRICK s DCMBECK s MUSGRAVE + LANL +PURD }
BERGE 77 PRL 3B 266 +DIBIANCA,EMANS + {FNAL+SERP+ITEP+MICH)
BLANAR 77 PRL 38 192 +BOYER,FAISSLER, GARELICK,GETTNER +  (NEAS)
FELDMAN 77 PRL 38 117 +BULOS y LUKE, ABRAMS , ALAM, BOY ARSKT+{SLAC+LBL )
REVIEWS REFERRED TG IN DATA CARDS

GAISSER 76 PR D14 3153 T.K.GALSSER,F.HALZEN (BARTOLAWISC)
P *

FEEBRE RRERRORSN RERERP AR RR AR **

| CHARMONIUM STATES|

We group into this section those meson states

commonly believed to consist of charmed-quark-

charmed-antiquark pairs.

Since the discovery of

the J/Y(3100) (AUBERT 74, AUGUSTIN 741) this

family has increased to at least 9,
tabulate 6 as well-established particles.

current situation is summarized in the accompanying

level diagram.

of which we

The

In the 4-4.5 GeV region there is resonance-

like structure in at least two places in the ratio

R of the total hadronic cross section to the u-

pair production cross section (see accompanying

figure) .

According to FELDMAN 76

l. "[The 4 Gev]

region is quite complicated and is not well under-

stood.

There are probably several resonances and

many thresholds for charmed meson production

conspiring to create the complex structure seen in

[the figure]. There appears to be an isclated

"

resonance at 4414 Mev/cz.
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CHARMONIUM STATES

Excellent reviews on charmonium are given by, T T T T
for example, FELDMAN 76, WIIK 76, WIIK 771, which -
may be,consulted for further details.
The method of extracting narrow resonance
widths from e+e_ colliding beam formation experi- 6 ,
ments is, by now, well known. For a summary of
this method, see p. 140 of our previous edition.2 %
References 5+ + -
1. See reference section of the J/¢(3100). + %
2. Particle Data Group, Rev. Mod. Phys. 48, + l + + *
No. 2, Part II (1976). 4r ,{> |
) +
3 [ + —
2 ]
0 —al | | 1
0 3.8 4.0 4.2 4.4 4.6
Ecm. (GeV)
(4415) -
¥ 0(e+e - hadrons)
‘///;7’__"‘<L\\\\ The ratio of cross sections e " in
ole e > U u)
hadrons ete- the 4-4.5 GeV region, taken from SIEGRIST 76.
¥(4030) There is an overall normalization uncertainty
DI of 10%.
V.4 A
charmed hadrons other (?)
¥(3685)
7
7/
y x(3550)
7
(3455) ./~ I
X202 » y¥ hadrons
N -
N radietive
N hadrons
N mmw
¥
N n
\\ P
Yy
/ J/ ¢ (3100 XBL 773-626
Y v )
Y/
/
7/ hadrons y* radiative
X (2830) » 7
T
|
B |
Yy bPp
PC -+ -= ++ ++ ++
J 0] | 0] | 2

Summary of observed charmonium states and transitions (adapted from FELDMAN 761).
Uncertain states and transitions are indicated by dashed lines. JPC quantum number
assignments are in some cases tentative, but all are at least consistent with
experiment; see individual particle listings for discussion. The notation Y*
refeis_to deciy_processes involving intermediate wvirtual photons, including decays
toee and u | .

13
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X(2830), 1/y(3100)

T i
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IN THE SEQUENTIAL RACIATIVE DECAY OF THE

JAPSTESL0G)Y INTO XU 2830) CAMMA, X(283C) INTC GaMMA GAMMA,
THIS SUGLFSTS QUARNTUM NUMEER ASS [CNMENTS C=4, 1G=0+ OR 1-.
NEEDS CONFIRMATICN, CMITTED FROM TAPLE,
54  X{2830) MASS (MEV)
M B 3{27CC.C) BARTEL 76 CNTR E+E=-y3 GAMMA
M 15(2830.0) 130,01 BRAUNSCHw 77 DASP E+E- 13 GAMMA
M 8 SIGNAL 1S ONLY 2 STD EFFECT IN EARTEL 76.
5S4  X{Z83C) PARTIAL [DECAY MTDES
DECAY MASSES
Pl XE2830) INTC GAMMA GaMwma
P2 X{2830} INTD PBAR P
S4  X{2830) BRANCHING RATICS
& SEE ERANCHING RATIOS R7G.R76,R77,R7S OF J/PS1(3100)
3 SEE BRANCHING RATIGS R54 OF PSI(3685)
&L X¢2830) INTO (PEA P)/TCTAL
Rl 2 POSSIBLY SEEN WITK 75 CASP E+E~

EREREE REETRAEEE ARBEFEIRE EBIRHBAE BELRAAREE

HEREERLRR HERERR DA ARG EEEE

REFERENCES FOR X(Z2E830)

wlln 75 STANFURD SYMP.6S B.H.WIIK

BARTEL 76 TBILISI CONF.NSO

+DUINKER,CLSSON, HEINTZE, +

(DFSY}

{GESY+HEID)

FELDMAN 76 S{LAC-PUB~1851 G.JFELOMAN (SLAC+LBL)
wilk To TBILIST CONFUN 75 B.H.WIIK RAPPCRTEUR (DESY)
BRAUNSCH 77 DESY T77/C2 BRAUNSCHWE 1G4+ (AACH#DE SY+HAMB+MPIMeTOKY }
WILK 71 DESY T7/01 +WOLF (DESY)
SEFEKK BEKEBEAER SHERXTERE KEEEERRER P ¥ R

EEEAEE EREREERUE KRRIFREEE ARRALLAAE AATEFRAAT

J/’w(sloo) 70 J/PSE(3100,4PG=1~-1

REEHRANG EERXEEREE ERRETRRN

1/76
1/77%
A77%

/16

2715
2/75
3/75
27175
1/76
1776
1/77*

3/75
3775

2715
2/75

1=0

70 4/PSI(3100) MASS IMEvV)
M {31G0.) AUBERT 74 SPEC 28. PPUE+E-)
" L {3105.) (3.} AUGUSTIN 74 SMAG E+E-
MU 3065, 4. BOYARSK]I 75 SMAG E+E-
M S 3089.5 31. CRIEGEE1 75 PLUT E+E~
M 3098. 6. PREPCST 75 SPEC 13.-21.GAMMA D
M 3103. . BEMPCRAL 75 FRAB E+E-
M 309¢.0 30.0 SNYDER 16 SPEC 400 P BE,E+E-
"
M L BOYARSKT 75 IS A REEVALUATICN OF AUGUSYIN 74 BASED
M L CN A RECALIBRATICN OF THE SPEAR EEAM ENERGY.
]
Mo MASS, WIDTH, PARTIAL WIDTHS, AND BRANCHING RATIOS ALL OBTAINED
Mo FROM CNE CVERALL FIT TO DATA OF THIS EXPERIMENT.
M
LY ERAQOR OF ABOUT 1 PER CENT FROM THF UNCERTAINTY IN CALIBRATION OF
MoS THE BEAM ENEKGY.
M r e e e e e e
M AV 3097.5 2.9 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.0)
M STUDENT3067.5 3.2 AVERAGE USING STUDENTLO(H/1.11) —- SEE 1976 TEXT

70 J/PSIt3100) WIDTH {(KEV)

W [T 15, BOYARSKI
W 6B. 26. BALDINIL
W 60, 254 ESPOSITO
[ ... .. .

W AVG €6, 6 11.5 AVERAGE (ERROR

W STUDENT  66.9 12.4

AVERAGE USING STUDENTIOIH/1.11) -~

75 SMAG E+E-
75 FRAG E+E~
15 FRAM EvE~

INCLUDES SCALE FACTOR OF 1.0}
SEE 1976 TEXT

70 J/PSI(3100)

PARTIAL CECAY MODES

DECAY MASSES

Pl J/PSI(3100) INTO E+ E- W5+ .5
(3 J/PS (310001 INTO MU+ MU- 105+ 105
P3 J/PST{3100} INTC HACRGNS

P4 J/PST(3100) INTO VIRTUAL GAMMA INTC HADRCNS

P HADRONIC CECAYS

P -

Pil 4/PS1(3100) INTO PI+ PI-

P12 J/PSI(3100) INTO Pis+ PI- PlO

P13 J/PSI13100) INTO 2PI+ PI-)

Pl4 J/PSTE3100) INTC 2(PI+ PI-} P10
Pi5 J/PSI1310G) INTQ 3{PI+ PI-)

Pl J/PSTU310C) INTO 3(PI+ PI-} PIO
¥17 J/PSI{3100) [NTC &4(P[+ P{-}

P18 J/PSI{3100) INTC 4(Pi+ PI-} PIQ
P19 J/PSI(3100) INTG K KBAR

P20 J/PSI(3100) INTO K KBAR PI

P21 J/PSI(310C) INTQ PI+ PI- K+ K-
P2z JZPST(3100) INTO 2(PI+ Pl-) K+ K-
P23 J/PSIL3100) INTG PI+ PI- PO K¢ X-
Pz4 J/PSIL3100) INTO RHD PI

P25 J/PSI(3100) INTO RKO PI PL PI
P26 J/PST(310C) INTO OMEGA PI PI

P27 J/PSIE310C) INTO OMEGA 4P

3775
1/7¢
1776

e
Loy
(20
#31
P32
P33
P34
P35
[0
P37
P3b
P39
Pa0
P41
Pa2
P43
Pas
P45
P46
Pal
P48
P49
P50
P51
P52
P53
P34

P70
P71
PT2
P73
P4
P75

R1
R1

RZ
k2

»®

R1l
R11

R12
R12

9 May 1977

Data Card Listings

INTC
INTC
INTO
INTO
INTO
INTO
iNTC
INTO

OMEGA K KLAF

CMEGA F

CMEGA F PRIME

Prl P1L PI

PH] 2(PI+ PI-)

PHI K KBAR

PF1 ETA

PH] ETA PRIME

INTQ PHI F

INTO PHI F PRIME

INTD A2 PI

INTO A2 RHO

INTC K K*(892)

INTC K K¥{1420)

INTC K#(892}) K*{892)

INTC K#(1420} K*(14201}

INTO K#{892) K*(1420}

INTC ©

INTG P

INTG P

INTC ¢
P
P
P

JIPSTE310C)
J/PSIL31G0Y
J/PSTi3100)
J/PSI(3100}
J/PSIE3100)
J/PSTE3100)
J/Psi(3100)
J/PST{3100)
J/PSL(3100)
J/PSLE3100)
J/PSIL3100)
J/PST(3100)
J/PSE(3100)
J/PSIU3100)
J/PS1(3100)
J/PS1¢3100C)
J/PSI{ 21000
J/7P5 1{3100)
J/PSI(3100)
J/PS1{3100)
J/PS (31001}
J/PSIL3100)
J/PS 113100}
J/PST(3100)
4/PS1(3100)
J/PS1{3100)
J/PSIL3100)

PBAR PI
NBAR P

P+ PI-
PBAR Pl+ PI- P10
PBAR ETA

OMEGA
ANTILAMBDA
ANTISIGMA
ANTIX T

iNTO
INTO
INTC
INTC
INTO
INTC X1

RADTAT IVE DECAYS
J/PSE(3100)
J/PS1{3100)
J/PSI{3100}
J/PSIC310C)
J/PSTL3100)
J/PS1(3100}

GAMMA GAMMA

3 GAMMA

P10 GAMMA

ETA GAMMA

ETA PRIME GAMMA
X(2830) GaMMA

7O J/PSI(31CO} PARTIAL WIDTHS
J/PSI(3100)
4.8

B ta.6)

INTD E+ E-

BOYARSKI 75
BALDINIL 75
ESPCSITC 7S

d.6
{.8)
4.6 1.0
B ASSUMING EQUAL PARTIAL WIDTHS
4,75
4.75

C.51
G55

AVG
STUDENT

AVERAGE

J/PST(3100) INTO MU+ Myu-

4.8 0.6 BOYARSKI 75

5.0 1.0 ESPCSITC 75

4.85 C.51
4.85 Q

AVG AVERAGE (ERROR
ST

UDENT

(KEV)

SMAG
FRAG
FRAM

AVERAGE USING STUDENTLO0(H/Ll.11) ==

SMAG
FRAM

AVERAGE USING STUDENTLO(H/L1.11)

{G1)
E+E-
E+E-
E+E-

FOR (E4E~-) AND {MU+MU-}

(ERRCR INCLUDES SCALE FACTOR OF 1.0)
SEE 1976 TEXT

(62)
E+E-
E+E-

INCLUDES SCALE FACTOR OF 1,0}
-~ SEE 1976 TEXT

2/75
3715
1/76
1/76

e/15
3/75
1776

2775
3/715
1776
1/76

J/PSI(3100) INTC HADRONS 1G3)
G la. BLYARSKI 75 SMAG E+E-
59. 24. BALDINI1 75 FRAG E+E-
50. 25. ESPOSITO 75 FRAM E+E~
AVG 57.3 10.9 AVERAGE {ERROR INCLUDES SCALE FACTOR OF 1.0)
STUBENT  57.3 11.7 AVERAGE USING STUDENTLO{#H/Ll.11} -— SEE 1976 TEXT

J/PSI(3100) INTC GAMMA INTG HADRCKS

12. BOYARSKI 75 SMAG E+E- 1776
INCLUDED IN W3
7C  J/PSI(3100} BRANCHING RATICS
FOR THE BRANCHING RATIGCS Rl - R4, SEE ALSO THE PARTIAL
WIDTHS ABOVE, AND (PARTIAL WIDTHS)*R1 BELCHW.
J/PST(3100) INTO (E+ E-)/TOTAL PL} 3/75
0.069 ¢. 009 BOYARSKI 75 SMAG E+E~- 3775
J/PST(31QQ) INTO (MU+ MU-}/TOTAL {pP2) 3775
069 0.009 BOYARSK]I 75 SMAG E+E~ aris
J/PSIL3100) INTO (HADRCNS}/TOTAL 3] 3775
Q.86 0.02 BOYARSKI 75 SMAG E+E- 3/75
J/ZPST(3L0Q) INTO (E+ E-)/(MU+ MU-) Ply/ (P2} 2/15
L.00 0,05 BOYARSKI 75 SMAG E+E~- 3775
.93 G.10 75 SPEC E+E- 2/15
.91 .15 ESPCSITGC 75 FRAM E+E- 1/76
AVG C€.980 0.043 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.0}
STUDENT 0.980 0.047 AVERAGE USING STUDENTLIOQ{(H/1.11) -- SEE 1976 TEXT
J/PSIC(3100) INTO {GAMMA INTC HADRCNS)/TCTAL
.17 .02 BOYARSKL 75 SMAG E+E~ 1/76
INCLUDED IN R3
HADRONIC DECAYS
J/PS113100} INTO (Pi+ PI-)/TOTAL {UNITS 10%%-4)
2 1.0 0.7 BRAUNSCHW 76 DASP E+E- 1/77*
1 1.6 1.6 VANNUCCT 77 SMAG E+E- /17
AVE 'l'.la ) 6.64. AVERAGE {(ERRDR INCLUDES SCALE FACYOR OF 1.0)
STUDENT 1.10 0.69 AVERAGE USING STUDENT10{H/1.l11) -— SEE 1976 TEXT

J/PSIE31001
16 » 004

INTO (2(PI+
001

Pi~1)/TQTAL
JEAN-MAR] 76

PI-) PIOI/TOTAL
JEAN-MART 7&
BURMESTER 77

J/PS113100)
6715 .04
{0.044)

INTD (2(PI+
.0
(0.005)

J/PSTI(31000
32 - 004

INTO (3(PI+
002

PI-)/TOTAL
JEAN=MARI Té&

PI-) PI0)/TOTAL

J/PSTA3100) INTO (3(PI+
181 S JEAN-MART 76

.007

SMAG

SMAG
PLUT

SMAG

SMAG

E+E~

E+E-
E+E-

E+E-

E+E-

/76

/78
/17

/76

1776
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K13
R13

Rl4
Ri4

R15
R15

R16
Ri6e

RLT
RET
RLT
RL7
R17
R17

R18
Rl
R18
Ri8
RLE
R18
Ri8

R1S
Ri9

R20O
R20

R21
R21

R22
R22

R23

R23
RZ23
R23
RZ3

R24
R24

R25
R25
R25
k25
R25
R25

R26
R26

R27
R27
R27

R28
R28

R29
R29

R30
R30
R31
R3]
R31
R32
R32

R33
R33

R34
R34

R35
R35

k36
R36

R37
R37

R38
R38

R39
R39
R39

R40
R40

R41
P4l

k42
R4 2
R43
R43
Fa4
R44

R45
k45

‘Data Card Listings

J/PS1(3100) INTC (4(PI6 PI-) PLOI/TCYAL
13 - 009

JEAN-MART T6 SMAG E¢E- -
J/PSI(3100) INTO (Pl+ Pl- K+ K-1/TOTAL
205 0.0072  0.0023 VANNUCCT 77 SMag EvE-
J/PSI(3100} INTO {2(PI+ PI-) K+ K-}/ YOTAL
30 0.0031  0.0013 VANNUCCT 77 SMAG EeE-
J/PSEL3100) INTC (RHO PI}/(PI+ PI- PI0)
(.70 CR MORE CL=0.90 JEAN-MART 76 SMAG E4E-
J/PSI{3100) INTC (RHOO PIO}/tRHN+= Pi-+)
0.63 BARTEL 1 76 CNTR E+E-
59 .17 JEAN-MART 76 SMAG EeE-
AVG 0.60 0.13 AVERAGE (ERRCR INCLUDES SCALE FACTOR OF 1.0}
STUDENT  0.60 0.14 AVERAGE USING STUDENTLO0(H/1.11)
J/PST{3100) INTO (RHO P1}/TQTAL
543 0.010 0.002 BARTEL 1 76 CNTR E+E-
99 0.012 0.003 BRAUNSCHW T6 DASP E+E-
153 .013 .003 JEAN-MARI 76 SMAG E+E~
AVG 0.C112  0.0015 AVERAGE (ERRCR INCLUDES SCALE FACTOR OF 1.0}
STUDENT  0.0112  0.0016 AVERAGE USEN3 STUDENTIO(H/1.11)
J/PSI(3100} INTO (OMEGA PI P1)/{2(P1+ PI-) P10}
4 .2) JEAN-MART 76 $MAG E+E-
J/PSI(3100) INTO {RHO P1 PI P13/{2 (FI+ PI-} PIO}
J (.31 JEAN-MARI 76 SMAG EvE-
J FINAL STATE 2(PI+PI-)PIO
J/PSI(3100) INTC (PHI PL+ PI-)/TOTAL
23 0.00l4  0.0006 VANNUCCT 77 SMAG E+E-
4/PSI(31001 INTC (KOS KOLI/TQTAL (UNITS L0%*-41
€0.89) OR LESS CL=0.90 VANNUCCI 77 SMAG E+E~
J/PSE(3100) INTO (K4 K-)/TCTAL LUNITS 1O#**=4)
1 1.4 L4 BRAUNSCHW 76 DASP E+E-
2 2.0 1.6 VANNUCCT 77 SMAG E+E~
AVG 1.7 1.1 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.0)
STUDENT 1.7 1.1 AVERAGE USING STUDENTIO(H/L1.11)
J/PST(3100) INTO (KO K#{892)0}/TCTAL
45 0.0027  0.0006 VANNUCCT 77 SMAG E+E~
J/PST(3100} INTQ (Ke- KX(B92)—+)/TCTAL
39 0.0041  0.0012 BRAUNSCHW 76 DASP E+E-
48 0.0032  0.0006 VANNUCCE 77 SMAG E+E-
AVG 0.00338 0.00054 AVERAGE [ERROR INCLUDES SCALE FACTIR OF 1.0)
STUDENT 0.00338 0.00059 AVERAGE USING STUDENTLO{H/L.11}
J/PSI(3100) INTO (KO K*(1420103/TLTAL
(6.002] OR LESS CL=0.90 VANNUCCI 77 SMAG E+E-
J/PSI(3L00) INTG {Ké- Kx{1420-+)/TOTAL
(0.0033)0R LESS CL=0.90 BRAUNSCHW T6 DASP EeE-
{0.0015)0R LESS C€L=0.90 VANNLCCI 77 SMAG E+E-
J/PSI(310C) INTO (K*{892)0 K*(852)0)/TCTAL
{0.0005)0R LESS CL=0.90 VANNUCCT 77 SMAG EHE-
J/PSI{3100) INTO (K¥({1420)0 K*(1420)01/TCTAL
(0.0029)0R LESS €L=0.90 VANNUCCI 77 SMAG E+E~
J/PSI(3100) INTO (K#(892)0 K*(1420)0) /TCTAL
40 0.0067  0.0026 VANNUCCT 77 SMAG E+E~
J/PSI{3100} INTO (PBAR P)/FCTAL  (UNITS 10%#-3}
A 70 2.3 0.3 BRAUNSCHW 76 DASP E+E-
A 360 12.0) (0. GOLDHABER 76 SMAG E+E-
A  ASSUMING ANGUL AR DKSTRIRUT ION (L.+COSITHETA}#%2)
J/Psualoo) le (PBAR P)/(MUs MU~)
A .0 B CRIEGEE2 75 PLUT E+E-
A ASSUMING ANGULAR DISYRIB\JTIDN (1. +COSUTHETA)*%2)
J/Psll!loo) INTO (LAMBDA ANTILAMBOA)/TCTAL
L0016 +0008 ABRAMS 75 $MAG EvE-
J/PSIL2100} INTO (P PBAR PIOI/TCTAL
€0.0010) {0.0002) FELDMAN 76 SMAG E+E-
J/PST13100) INTO (P PBAR PI+PI-)/TOTAL
(0.0041) (0.0008) FELOMAN 76 SMAG EvE~
J/PSI(3100} INTO (P PBAR PI+ PI- PIC)/TQTAL
(0.0011} (0.0004) FELCMAN 76 SMAG EvE-
J/PST(3100) INTC (LAMBDA ANTISIGMA}/(LAMBDA ANTILAMBDA}
€.22) OR LESS CL=0.90 GOLDHABER 75 SMAG E+E-
J/7PS1(3100) INTO (Pl+= A2)/TOTAL
{0.0043)0R LESS C€1=0.90 BRAUNSCHW 76 DASP E+E~
J/PSIU3100) INTO (OMEGA PI PI)/TOTAL
10.007)  10.0021 BURMESTER 77 PLUT EvE-
348 0.0068  0.0C19 VANNUCCT 77 SMAG Er+Er
J/PSI(310C] INTQO 2(Ke K-)/TCTAL
0.0007  0.0003 VANNUCCT 77 SMAG E+E~
J/PSI(310C) INTO (GMEGA K+ K=)/TQTAL
22 0.0008  0.0005 VANNLCCT 77 SMAG [
J/PSI3100) INTO (PHI K+ K-)/TCTAL
14 0.0009  0.0004 VANNUCCT 77 S™aG E+E-
J/PSH3100] INTO (PHI ETA)/TOTAL
0.0010  0.0006 VARNNUCCT 77 SMAG E+E-
J/PST{3100) INTO {PRI ETA PRIME)/TCTAL
{0.0013)0R LESS CL=0.90 VANNUCCI 77 SMAG E+E-
J/PSTL3L00) INTO (PHI F ORIME}/TOTAL
3 0.0008  0.0005 VANNUCCT 77 SMAG CeEw

1/70

1777*

1/77%

1/76

/17*
1/7¢

-- SEE 1976 TEXT

1/77%
/7=
1776

-~ SEE 1976 TEXT

1/76

1/7¢

1/77*

1777%

1/77%
1/77*

-~ SEE 1976 TEXT

1477

/71
1/77#

-- SEE 1976 TEXT

1/77%

1777=
1/77=

1/77*

1/77#

1/77%

1777+
1/77%

1/76

1/76

1/77%

/7%

1/77*

217¢

1777

1777
1/77%

1/77%

1/77*

L7177

1/777%

/77"

1777+
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I1/¢(3100)

“0 JZPSTA31001 INTC (P NBAR 21-)/TCTAL
R4o (0.0038) (0.0008) FELDMAN 16 SMAG E+E- 1/77*
R4T J/PSIU3100) INTD (P PBAR ETA)/TOTAL
R&7 {0.0019) {0.0004} FELDMAN 76 SMAG E+E- 1/17*
Ra8 J/PSII31001 INTO (P PBAR CMEGA)/TCTAL
R48 (0.0005%) (0.0001) FELOMAN 76 SMAG E+E- 1777+
k49 JFPSTL3L00) INTO (KQS K#= PI-+}/TOTAL
R4S 126 0.002¢ Q.C007 VANNUCCT 77 SMAG E+E- 1/77%
R5Q J/PSILIL00) INTO (PHI F)/TCTAL {UNITS 10%2-4)
R50 (3.7) OR LESS CL=0.90 VANNLCCI 77 SMaG E+E~ 1/77*
R51 J/ZPSTIU3130) INTO (PHI 2(PI+P[=1)/TCTAL
R31 {0.0015)0R LESS CL=0,90 VANNUCCI 77 SMAG E+F~- 1/77%
R52 J/PSTL3L0C) INTO {UMEGA FI/TOTAL
R52 81 0.0019 0.0008 VANNUCCE 77 SMAG E+E- 1277%
R53 J/PSI{3100) INTO (NMEGA F PRIMEI/TCTAL (UNITS LO*xx-4)
R53 1.6) OR LESS CL=0.50 VANNUCCI 77 SMAG E+E- 1/77*
R54 J/PST12100) INTQ (PIePI-PIC K+K=}/TOTAL
R54 309 0.012 0.003 VANNUCCT 77 SMAG £+~ 1/77%
R55 J/PS[(BlOO) INTO (RHO A2} /TOTAL
R55 0.0084 0.3045 VANNUCCT 77 SMAG E+E- L/17%
RS6 J/PSI(3100) INTO (QMEGA 4PI1)/TOTAL
R56 140 0.0085 0.0034 VANNUCCT 77 SMAG E+E~- VAR
R57 J/PSII3100) INTG iXk- ANTIX{-3/TOTAL
R57 {0.0004) FELDMAN 76 SMAG E+E~ 1777
R58 J/PSTU3100) INTO [RHC#— PI-4}/{K*{892)+— K=+)
R58 {0.26) (G.09) PIERRE 76 SMAG E+E~ @/ T
R RACIAT IVE CECAYS
R memmme—m—mmmeo—m
R70 J/ZPSI{2100) INTO (Xx{2830) GAMMA)}/TOTAL (UNITS 10%*-3)
R70 5 (5041 OR LESS CL=0.90 BADTKE 76 CNTR F4E~ 1777
R70 (39.) NR LESS CL=0.90 WHITAKER 76 SMAG E+E~ 4177
R70 (17.) OR LESS CL=0,90 BIDDICK 77 CNTR E+E- 2/77%
R70 5 BADTKE 76 IS SUPERCEDEC BY BIDDICK 77. 3177
R71 J/PSIE3100) INTO (2 GAMMAI/TOTAL {(UNITS 10%%-3} (P4}
R71 {3.) OR LESS CL30.90 WIIK 75 DASP E+E- 1/77*
R71 (G.5) OR LESS CL=0.90 PARTEL 77 CNTR E¢f~ 47T
R72 J/PSI(3100) INTO (PIQ GAMMA}/TCTAL {UNITS 10%%-3) 2775
k72 B {4.0) OR LESS (CL=.90 BACCT 75 FRAG E+E- 1776
R72 B {0.5) QR LESS CL=0.90 BARTEL 77 CNTR E4E-,3 GAMMA 1777
R72 U 9 10.075) (0.048} BRAUNSCHW 77 CASP E+E~43 GAMMA 1/77%
R72 B RE=STATED BY US USING (HADRONS) /TOTAL=C.8&
RT72 U RE-STATED BY US USING TOTAL WIDYH &7 KEV,
R73 J/PSEIL3100) INTO (ETA GAMMA}/TOTAL (UNITS 1C*¢-3)
R73 (16.1 OR LESS CL=.90 BALCT 75 FRAG E+E- 1/7¢
R73 21 (l.3 Q. ’Ql BARTEL 77 CNTR E+E~y3 GAMMA 1777*
R73 U 40 (0.82) . BRAUNSCHW 77 DASP E+E-y3 GAMMA 1/777%
R73 U RE-STATED B8Y US USING TCTAL wIOTk 67 KEVa
R74 J/PSI{3100) INTC (ETA PRIME GAMMAJ/TCTAL (UNITS 10#%-3}
R74 B (15.} OR LE£SS CL=.90 BALDINI2 75 FRAG E+E~ /e
R74 (3.3) OR LESS CL=.90 BACCE 16 FRAG E+E- 4/77%
R74 57 2.4 Q.7 BARTEL 1 7€ (NTR E+E~-,2 GAMMA RHO 1/77%
R74 U 3 (2.271) (1.75) BRAUNSCHW 77 DASP E4E-93 GAMMA L7717
R74 B RE-STATED 8Y US USING {HADRONS}I/TOTAL=0.36
R74 U RE=-STATED BY US USING TCTAL WIDTH 67 KEV.
R75 J/PSI{3100) INTO (ETA PRIME GAMMA)/(ETA GAMMA)
R75 8) (0.8) BARTEL 77 CNTR E+E=43 GAMMA 3/77*
R76 J/PSI{3100) INTC (X{2830}) GAMMA]/TOTAL'X TD 2 GAMMA {UNITS LO*%-3)
R76 X 0.14) (0.08 TEL 2 76 CNTR E+E—+3 GAMMA 1777+
R76 U 15 (0.124) 10.652) BRAUNSCHH 1T DASP E+E-y2 GAMMA 1/77*
R76 X EXISTENCE OF X{2830) IN BARTEL 2 76 DATA IS ONLY 2 STD EFFECT 3/77*
R76 U RE-STATED 8Y US USING TGTAL WIDTH 67 KEV.
RI7 J/PSI{3100) INTO {X{(2830) GAMMA)/TCTAL,X TC P PBAR GAM (UNIYS 109%-3
RTT (0.04) DR LESS (L=2C.96 GOLDHABER 76 SMAG L/77%
R77 (0.2) OR LESS (CL=0.90 WIIK 76 DASP EOE* 1777
R78 J/PSI(3100) INTC (3 GAMMA)/TOTAL (UNITS i1C»*-3)
R78 U {0,08) 0R LESS CL=0.90 BRAUNSCHW 77 DASP E+E-93 GAMMA 1/77%
R78 U RE~STAYED BY ©S LSING TCTAL WIDTH &7 KEV.
Rig J/PST{3100) INTO (X(2830) GAMMAI/TLTAL,X TO RHO GAMMA (UNITS 10%»-3)
R79 {0.3) OCR LESS CL=0.90 BRARTEL 2 76 CNTR E+E=+2 GAMMA RHC 1/77%
k80 J/PSI{3100) INTO [GAMMA + 2 OR “ORE NEUTRALSI/TOTAL (UNITS 1Q#*x-3}
R8O 7.0 2.0 BARTEL 17 CNTR E4E- 1/777%
70 J/PSTI3100) GEIISGIE+E-)/G{TOTALY {KEV)

THIS COMBINATION CF A PARTIAL WIGTH wITh THE PARTIAL WIOTH

INTO E+E— AND WITH THE TOTAL WIDTH IS CBTAINED FROM THE INTEGRATED

CROSS=SECTION INTO CHANNELAI} (N THE E+E— ANNIHILATICN.

WE ONLY LEST DATA NGT MAVING BEEN USED TQ OETERMINE THE PARTIAL

WIDTH GUI) OR THE BRANCHIKNG RATIC G(I)/TCTAL.
Gl GLE+E-)»G(E+E-}/GITCTALY
GL S .32 kel BALDIANIL 75 FRAG E+E- 1776
Gl 34 . le BEMPCRAD 75 FRAB E+E- 1776
Gl .41 . 06 CASPL 75 Casp E+E- 1776
Gl S (.34 (.09} ESPCSITOD 75 FRAM E+E- 1/1¢
GL 5 {.36) (.100 FORC 75 SPEC E+E-
Gl R
GL AvVG 0.399 0.055  AVERAGE (ERRCR [NCLUDES SCALE FACTOR OF 1.0}
6L STUDENT  0.399 0.250 - AVERAGE USING STUDENTIAGH/L.LL1} —= SEE 1976 TEXT

15



Volume 68B, number 1 PHYSICS LETTERS 9 May 1977

1/%(3100). x(3415), x(3455) Data Card Listings

e GUMUPMU-)SGLE+E~1/GITOY L) 56 CHIL341%) PAPTLAL DFCAY MONES
e .31 G PEMPLPAL 75 FeAp E+E- 147¢
: (a52d CRIEGEE. 7% PLUT Eeb- 177¢ CECAY MASSES
- -51 nasel 75 vbse et~ 147¢ Pl CHIC3415) INTA PI+ PI- L35+ 137
e s (.38 FSPCSITC 75 FEAM EeEm 1470 I (HI(3415) INTD Ke k- 4Gt 4%
R teand LIBESMAN 75 SPEC FrE- L/Te o CRLT3415) INTO 2(PI+ Pi=) 136+ 1394 1294 139
il e s e e e e . [ CHIC3415) INTC 3(P1+ PI-)
e AVG 9.4l 9,13 AVERAGE (£RRUF (NCLUGES SCALE FACTIR OF 1.6} o CHI(3415) INT? PI+ PI- K& Ko 1304 126+ 453+ 493
se STUJENT  0.610 0.079  AVERAGE USING STUDENTIO(H/L.11) -- SES 1970 TEXT o CHIE3415) INTC J/PSII3100) CAM4S ERT TR

- . . i CHIE3415) INTA 2 GAMMA
s CORACRONTOI #5LE+E=1/CLTITAL } [ CHI{3515) (NTL PI+ PI- P PEAF 139 13 535+ 538
A (a.) (.81 BALUINTL 75 FEAy FeE- 1/1¢ Py CHI{34150 INTC PHAO PLe Pi~ 7734 129+ 139
wios (3.9 t.e ESPLSITE 75 FRaM E4E- 1776 P10 CHIE2415) INTO KE(BS210 K+/m 2i-/+ RYZe 494r 139

S SEE Thi BKANCHING RATICS AND PAKRTIZL WIRTHS #A0VEL L i e e e e

SRR REExOFyss FAEPRBRL IXALAFALL LEATLITHS SRATEIEET KRFLASREL TEEs

56 CHIt3al5) BRANCHING RATIOS

REFEREACES FOR J/FSTL3L20) P SES ALSY HPANCHING RATIOS ko4 TF PS{(3es5)
CREISTEN U PRUL 25 1523 CRRISTENSEN,FICKS LFCERMANS (CT.LII+BNL +CERN ) oy CHIU3415) INTC 2 GAMMAY/TOTAL
[ £0.0057)NR LESS LL=0.90 BrADASCHW TP DASP EHE= D GAMMA 1r77x
AEKAMY  Ta PRL 33 1453 +REICES , AUGUS T TR ROYARSK T4 (LBL+SLAC)
Lsm Ta NCL LD 709 +ZCRN, BaRTCOLT+ {FRAS4UMOENAPL+PADL ¢RTUAY v Crlt3415) INTC 24PI+ P1-1/TCTAL
AURERT T4 PRL 23 1404 +HECKER RIGGS BURHER (CHENFVF RHART (ML T+BNL) R (.043) (.07} IRILLING  To SMAG PSIL3685)T0 GAM CH[ 1477+
AUGLSTIN To PhL 33 1406 +BOY ARSKT, ABRAMS. ARIGGS+ (SLACLBLY Bio T CALCULATED USING PSTU3685) TC (GAMMA CrT{3415))/T07TaL=,075¢/-.C26 117
“ACCL 7+ PRU 33 1408 +BARTOLY ,BARESRING BARRIELLINI4 (FRASCATI)
ALSC 74 PRL 23 Lésg FOR ERRATA [ CRIC:418) INTO {Pi+ Pl- K+ k=)/TTTAL
BALDINT- 74 ACL L1 711 BALLINI-CEL Tuy BACC T+ (FPASCATI4n0MAY “y T Q360 t.Clb) TERLL (NG 7o SMAG PSIL36ESITy AW Chp 1477
HARBIELL T4 NCL 11 T18 BAKBIELL IN] JHEMPCa2Ds | FRASHNAFT4PISA+ECHA)
BRAUNSCH Ta PL 538 355 BRALNSCHWE 16+ (BACHE N+ HAME+MUNT CH+ TOKYO) " Cr1l3415) INTE 3CPLe PI-1/TATAL
ba T ozh .01y TRILLING  T6& SMAG PSI{3655)TN GAM CHI 17177
AERAMS 75 STANFURD SYMP.25 6.S.ARRANS (LRL)
ANDREWS 75 PRL 34 231 FHARVEY \LOBKOWICZ (MAY, NCROBERG  (KCCHCLAND s CATE3win) INTC (P14 PL-1/TriTAL
AUBERT 75 NF B 6y 1 FBECKER P 1GGS PURCER, GLENN, + IMITePNg ) we T (.ot C.Gust TPILLING 76 SMAG PSI(3E85)TC GAM Wi 1777
BACLE 75 NCL 12 269 +PENSC.STELLA,BALDINI-CELTE,+  (PCMA+FRAS)
BALUINIL 75 PL 588 471 BALDINI-CELI1UsRNZZD,CAPON (BACCT & (FEASHROMAY fe CHI(3415) INTC (K4 x—)/TGTAL
IALDINIZ 75 PL 588 475 BALDINI-CELIC,CAPCN, DEL FARBRO+ (FRAS4RTMA) iy T o) (.005) TRILLING 76 SMAG PS[(2685)TC L& Ul 1717+
BCMPORAD 75 STANFORD SYMPL.113 C.BEMPDSAD (PISA+FRASCATT)
BLANAE 75 PRL 35 346 +BCYER, FAISSLER, GARELICK (GETTNER 3¢ (NEAS) “ ChI(3415] INTC (PI+ Pi- P PBARI/TUTAL
SOYARSKT 75 Pl 34 1357 +BRE[DENBACHBULCS FELDMAN, + {SLAC+LBLIJPC ©7 T 1.G05)  (.002) TEILLING 76 SMAG PST(36851T0 GAM CHI  1/77%
BRAUNSCH 75 PL 53R 491 ARAUNSCHWE 16+ TAACHE N#HAMB4MUNE CHe TCRY Q)
CAMERINT 75 PRL 35 483 +LEARNED, PREPGST, ASH, ANDERSCN, + ( 41SC#SLACY oy CHIT3415) INTC (J/7PST(3100) GCAMMA}/TCTAL
CRIEGEEL 75 PL 53B 489 +DEHNE ¢ FRANKE , FNIE LI T2 KRECHLOCK {DESY) I t.03) (.c31 TELLLING 76 SMAG PST(30053TN GaM (R 1797+
CRIEGEEZ 75 DESY PREP.75/32 #DEBNE FOX FRANKE jHORLT TZ4KNEES,+ (DESY)
DAKIN 75 PL 5e B 40H 4KREISLER,BOLON, HEILE® {MASA+MET+SLAC) . CHIC3615) INTR (RMGO PL+ FI=1/7 (P14 01=1
UASP L 75 PL 566 491 BRAUNSCHWE G 1KERTGSo¢ [ABCH+CESY4MP [MeTTKY ) vy e 2 TRILLING 76 SMAG OSE(LeHS)Tr GAM CHI 1777+
DAS Py 75 PL 578 297 BRAUNSCHWE G s KINIGSeé (AACH4DE SY+MPIM+TCKY)
ESPLSITC 75 ACL 14 73 +BARTOLT,BISELLC, + (FRASENAPO+PADD+ROMA S f10 CHIC34LS) INTO (K2 (BS2)0 K/~ BI=/+)/({P1+ PI= K& K~]
FORD 75 PRL 34 604 +BERONSHILGE® (HCESTADTFRY (SLAC+PENN} £io a1 10 TEILLING 76 SMAG FSIL3EPSITR GAY CHi 1/T7(»
GITTELMA 75 PRL 35 1616 GITTELMAN+HANSONS LAR SCN#L CH# (CORNY
GULUMABE 75 LBL-4226 GOLDFABER , JORNSCN, KADYK, + {L3L €SLAC) Camrse BYarkFEES AEErrASfs GrusssgEE FrSerarat Seeviery #x
GRECY 75 PL SoB 267 +PANCHE RT-SRIVASTAVA,SP [VASTAVA (FPAS)
HEINTZE 75 STANFGRD SYMP.97  J.HEINTZE (HEIDELBERG ) REFERENCES FCR ChI43415)
JACKSON 75 NIM 128 13 JeDe JACKSON DL SOHARKE (tBLY
KNAEPL 75 PRL 34 1u4C SLEELBRONSTEIN®  (COLUSHAWA+CORASTLL+FAAL) CCLOMAN 7o PRL 36 821 FUEAN-MAD [E, SADULL ST VANNUCC 1.+ {La(eSLAl)
KNAPP2 75 PRL 34 1044 FLEE,BRONSTEIN®  (CCLUSHAWA+CORN+1LL+FNAL) ALSN 75 PRL 15 1185 (6RRATA)
LIBERMAN 75 STANFORD SYMP.55 A.D.LIRERMAN (STANFORD) YANENBAU 75 PRL 35 1323 TANENBAUM (WHL TAKT R ARKAMS 4+ (LBL+SLACY
MARTIN 75 PRL 34 288 +BRLONDAKIN FELDMAN HANSCNS (MI T+ MASACSLAC) Wllk T STANFCRU SYMP.AS  Rar.wllK (0 SY)
PREPUST 75 STANFORD SYMP.241 R.PREPOST TWISCONSING
SIMPSON T PPL 35 659 +BERONFORD ,HILGER JHCFSTADTER, + (STAN+PENN) FLLCMAN  To  SLAC-PUR-1851 Gud JFELGMAN (SLACLBL)
Wik 75 STANFORD SYMP .69  8.k.WIIK (DesYl FILRRE 7o LBL~55324 FLPTEREE (SLACHLAL)
YENRLE 75 PRL 34 239 O.R.YENNTE (CNRNFLL) TRILLING To STANFCRD SYMP.437 G. b, TRILLING el
VEANON 76 TBILIS] CONFIN63  W.VERNOR (UMLORVT#PRINSUC SPe SLACSSTAN)
ANTIPGY 76 TBILIS] CONFuN A +BESSUBGV, RUGANGV, BUSHNIN,DENISGV,+  (THEP) WHITAKE® To PRL 37 1596 STANENBAUM, ABE ANS, AL AM, ANYARSK ] 4+ ( SLACHLBL)
RACLT Te LNF-T6/60(0) +BALDINI-CEL 1o CAPGN (FRAS #RCMA+GEND ATIK 76 TRIL1ST CONF.NTS BoH.WI1K QAEPreTEue (DESY)
BADTKE 76 PREPRINT +BAFNETT,+  (UMD#PAVEHPRIN#UCSD+SLAC+STAN)
BARTEL 1 To PL 64 B 483 +DUINKER, LLSSON STEFFEN, MEINTZE+( DESY+HEID} WIDDICK 77 FRINV=77-0244UCSL +BURNETT 4 (UCST+UFD+PAV T4PRIN+SLAC+STAN)
BARTEL 2 76 TEILISI CONF.NSE +DUINKER 4 DLSSCN,HEINTZE,+ (NESY+HETO) CRAUNSCH 77 DESY 77703 GRAUNSCHAE 15,4 (AACHS DESY $HAMB4HP [ M4T kY }
BRAUNSCH T6 PL 63 B 487 BRAUNSCHWE 16+ (AACH®DE SY+HAMREMPIMsTOKY) Wilk 77 DESY 17/01 FWCLE (DESY)
FELDMAN 76 SLAC-PUB-1851 G.d.FELDMAN {SLAC+LBLY
GOLDHABE 76  LBL-4884 G.GCLDHABER (SLAC+LBL) BHEREE REARAESED BETRIETAR FEILERKER AEDHTERAFE CLELARNEL AAERRERLE EHEXREAD
JEAN-MAR 76 PRL 3o 251 +ABRAM S, BOYAK SKT yBREIDENSACH y ¢ (SLAC#LBL)IG FAERAE CKEALAEEIR ESEXRRENK KEARAALET CHATAIAET APYRAEIL SAFREEHER BEERAL LA

PLERRE T6 SACLAY-DPHPETH-21 F.PIERRE ISLAC+LBL)
SNYDER 7o PRL 36 1415 +HOM,LEDERVAN PAARCAPPEL + {COLU+FNAL+STON) 3455
VANNUCCT 76 SLAC-PUB~1724 +ABRAMS ,BOYARSKL (BREIDFNBACH +  (SLACHLBL) X

WHI TAKER 76 PRL 37 1596 +TANENBAUM, ARRANS , ALAM, BOYARSKI, + (SLAC+LBL )
WIIK T 1 NF L NTS +HoWl RAFPLRTEUR DESY)
11 6 TBILIST CO B 1€ ey (DES ) 55 Cnl(3a5%,000- ) 1o
BARTEL 77 DESY 76/65 +OUINKER ,CLSSCN, FEINTZE, + (DESY+HEID} , . .
BIODICK 77 PRINT-T7-0244UCS0 +BUKNEVT+ {UC SD+UMN+PAVI+ PRINESLACH STAN) INTO CHI 5;;‘552;;2 ”g THE CASCACE RADIATIVE DECAY Ui PSit3¢s)
BRAUNSCH 77 DESY 77/02 BRAUNSCHWEIGY +  (AACHSDESY +HAMB #MP { M+ TOKY) 3+ v CHIE3455) INTC J/PSI(3100) auma

WHITAKER 76), THEREFORE C=+. NIV SEEN 1IN HADPONIC MDOLS.
BURMESTE 77 QUOTED BY WllKT6 PLUTO CCLLABCRATICA (DESY) !
VANNUCCT 77 TC BE PUB PR D +ABRAMS,ALAM BOYARSKI o+ (SLACHLALY NOT SEEN IN CTHER EXPERIMENTS LUCKING LKLY €0F MDN(HRAMATLY
WliK 77 DESY 77/01 +WOLF (DESY) PHITONS.  AMRIGUOLUS, WITH & (BRCADER) STAYE 8T ARNUT 4340 NAT

EXCLUDED. NEEDS CONFIRMATION. ©CMITYER FRaM TARLE

FHREREE BFRERLIRN BEAREBEDE NERFERVEF FLRAFEAUL FATAEXRRR FEER A ARE FE AT S
FEAEEE KERERAKKK FCERSAKSE BEFSREAEE AREAENDS FLAXRNEESD CRXERLACE BEAEBBAS

X(3415) 56 CHI(361550PG=0%¢1 120 58 CHIC3455) MASS (MEV)
“ 4 3454.U 10.0 WHITAKZR

(BSERVED IN THE RACIATIVE CECAY OF PSIC(3685) INTU
CHIL3415) GAMMA,THEREFCORE C=+, THE CBSERVED DECAY INTD (P1#PI-)
OR (K4K=] IMPLIES G=4,JP=0+,2+,.00 o THE ANGULAR DISTRIBLTLCN
IS CONSTSTENT WITH J=

To SMaG EvE-od/PST 2 GaM 1777~

68  (H1{3455) PARTIAL CECAY MONES

DECAY MASSFS
Pl CHIE3455) [NTC J/PSIL3100) GAMMA 3095+ [4

56 Ch1l3415) MASS {MEV)

M " 2 3412.0 8.0 WiTK 75 DASP E+E-,0/PS) 2 GaM 1777
" 113413.0)  (10.01 FELCMAN 76 SMAG E+E-,J/PS] 2 GAM 1777+ 58 CHI(3455) RRANCHING RATICS
M 3415.0 10.0 TRILLING 76 SMAG E+E-, HADRONS GAM 1/77= . - N "
v oQ (3418.0) (7.0 VERNON 76 CNTR  E+E- MONCCHR.GAM 1/77= | SEE BRANCHING FATIGS 262 OF PS1(3685)
";‘ 321133‘; l};'% :’;‘E’T_‘:‘Zi“ ;‘7’ gmi i:g:':g:‘g%:’;'%:: ;;;;: FEBAE BERRBFOER HESFEERED SRIRRARAS SHEEOLHTO PuBTARKTE NAXBREEEi EERATHEE
M w INCREASED 4 MEV BY FELDMAN 7¢ TO CORRECT FOR ENERGY (ALTBRATION,
M Q  VERNCN 76 [S SUPERCEDED BY BIDDICK 77 . REFERENCES FCR CHI(3455)
M P I Y
M ¢ FELDMAN 76 SLAC-PUB-1851 CoJ.FFLDMAN (SLACHLEL)
Ll AVG 341341 4.7 AVERAGE (ERKDR INCLUDES SCALE FACTOR OF 1.0}
M STUDENT3413.1 5.0 AVERAGE USING STUDENTLO(H/L.11}) -- SEE 1976 TEXT WHITAKER 7o PRL 37 1596 #TANENBAUM, ABRANS 4 ALAM, ROYARSK {4+ (SLACHLEL)
WLEK 76 TRILISI CONFLNTS B.r.whik RAPPGRTEUR (DESY}
"""" Witk 77 DESY 77/01 SHOLF (DESY)

EEREFE RREERABAR FORTEEERE SRR ERREY KRR ERS EAAVAEERE ARFRETENR RBSE et hw
AREREE BHECHIEHD AAEEL UKL ABKESAOEE RALEARNE ERGREEBIE KEEASAEUS KB ARSI LA
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Data Card Listings

[P or x(3510)] . . i

TN The 2ACTATIVE SEGUINTIAL DFCAY (F THE
GAMMA, PC O INT. J/PSTU3100) GAMMAL THEGRECRE (=4,
INTL (PI4PI~) D% {KkeK=} [S SUGGFST|ve F
CECAYS INTE «PL AND 6F1 IMELY (=4, THIy f=3.
THE ARGULAT OTSTRIALTION 1N THE (5AMYS J/PST)

CESERVZD
PRliaes5h INTT pP(
Ted: LACK GF uFLAYS
4P = ABNCEMAL. T
CLUBEL by
LECAY(FELCMAN Te),

MASS (MEV)
TANENRALY
wlin
BARTEL
WHTTAKER
VERRUN 7¢
BrorIce
AY WhITAKER 76
w MEV BY FELOMAM 76 Ti° UFRELCT FLR FNERGY CALTFRATICN.
£S5 SUPERCEDFO AY RILDICK 77

75 FADRENS GaM
E=2J/BST L GAM
E+F-,J/PST (& GAW
E#fay U/ & GAM
£y MONUCHP LGAM
E4E~ MONDCHR LGAM

“ 4N03500 )
2 5v12.0

(3512.0)
3nil.C

W TANENBAUM 75 SULPERCFLED
W INLREASEC
> VErNUN

To

AVERAGE (F4rlx
AVEPAGE LSING

IRelUIES SCALE
STICENTLOH/LL L)

FALTCR CF 1.0}
SFE

b5 PL PAZTIAL DECAY MLD{S

CEFAY MASSES

+1 PLOINTE U/PSIL2I00) GAMMA 3096+ G
v PCOINTE PI+ P 135+ 139
[ PLOINTO K+ K- 49+ 453
[ PCOINTL GAMWA GAMMA
[ PCOINTE 24P1+ PI-) 13%4+ 139+ 135¢ 139
o PL INTL 3(PL+ PI-)
=t PC INTC PI+ Pl- Ké K- L3¢ 139+ 43¢ 4493
Pg DL INTO PI+ Pi- P PEaAR 139+ 135+ $38+ 43R
by PLOINTC KKGO FI+ PI- 773+ 129+ 139
Plu PC ANTC K={652)C Ky /= PI=/4+ 892+ 453+ 159

S5 PC BRANCHING RATICS
* SEC ALSC BRANCHING RATICS Rel CF PS1(3€85)
ki PL OINTC {J/PSTU2100) CAMMAL/TOTAL
L] DCMINANT nase 75 CASP FeE-
LYSEER [r4-2) TRILLING 76 SMAC PST(36R>} TC GAM PC
k1 D USING THE UPPER LIMITS CF SIMPSGN 75
“1 T ESTIMATEL USING PS[(36B5) TC (GAMMA PCH/YCTAL=.09
ke PC INTC (PI14PI~ ANC Kexk=)/TOTAL
F2 NOT SEEN FeLDMAN 75 SMAG E+E-
ke T LESS THaAMN ,002 TRILLING  Te SMAG PST{3685) TQ GAM PC
23 PC INTC (GAMMA GAMMA)/TCTAL
K3 (u.0030)0R LESS CL=0.90 dRAUNSCHW 77 DASP E+E—,3 GAMMA
Fa PCINTC 2(P1+ PI~}/TCTAL
ke T (.0121 TRILLING 7€ SMAG PSI{3685) TC Gam PC
kS PC INTO (PT+ PI- K+ K-)/TETAL
LI {.v07) TRILLING 7¢ SMaG PSI(3695) TN GAM PC
Ro PC INTC 3(PI+ PI~)/TOTAL
Ro T {019 TRILLING 76 SMAG PS1{3685} 0 GAM PC
F7 PC INTC (Fle PI- P PBAR)/TCTAL
1T t.o0n TRILLING 76 SMAG PSI(26&5) TC CGA™ PC
Fao PC INTC (RHCC PI+ PI-1/2{P1+ PI-})
RS .24 TRILLING 7o SMAG PSI{3685) TO GAM PC
31 PCOINTC {K¥ (89200 Ke/= PI=/4)1/(PI+ Fl- K+ K-}
RS .35 .18 TRILLING 76 SMAG PSI(3685) TO GAM PC

AERAET KUSCAURNE R FERRANE FREKNBERAD EBHSBIANE SRESERKNK FERRAREED mEAEREEE

REFERENCES FOR PC

DASP 75 PL 578 407 BRAUNSCHWE IG 4 KONIGS,+ (AACH4DESY +MPIMETCKY)
FELOMAN 75 STANFCRD SYMP.39 G.J.FELOMAN {s5Lac)
HEINTZE 75 STANFORD SYMP.9T J.HEINTZE {HEIDELBERG}
SIMPSON 75 PRL 35 699 +BERCN,FORD yHILGER yHCFSTAD TS Ry+  (STAN+ PENN)
TANENBAU 75 PRL 35 1223 TANENBAUM, WHITAKEF f ABRAMS 4 4 (LBL+SLAC)
wlik 75 STANFORD SYMP.6S B.H.wllk {DESY)
BARTEL To TBILISI CONF,NS6 +DUINKER,OLSSON,HEINTZE,+ {DESY+HEILD)
FELOMAN 76 SLAC-PUB-1851 GaJo FELCMAN (SLAC+LBL)
TRILLING 76 STANFORD SYMP.437 G. b. TRILLING (LBL}
VERNON 76 TBILISI CONF.N63  W.VERNON (UMD +PAV [ +PRIN+UCSD+SLAC +STAN]
WHITAKER 76 PRL 37 1566 +TANENSAUM, ABRANS . ALAM, BOY ARSK I, +{SLACHLBL)
wiIK 7o TBILISI CONF.NT5 B.r.WIIX RAPPARTEUR (DESY)
BIDDICK 77 PRINT-77-0244UCSD +BURNETT+ (UCSO+UMD+PAVI+PRIN+SLAC+STAN)
BKAUNSCH 77 DESY 77/03 BRAUNSCHWEIG, + (AACH+DESY+HAMB+MP I M+ TOKY)
WIIK 77 DESY 77/01 +WCLF (DESY)
R I T T T T T ) *

TRERAR KKK RRREE KREER AR S E P EEREEE ek *

57 CHI{3550,4PG= +) [=0

OBSERVED IN RADIATIVE CECAY GF PSI{3685) INTR
CHIE3550} GAMMA, THEREFDRE C=+, THE CBSERVED DFECAY INTD 4Pf
AND 6PI1 IMPLY G=+¢, ThUS [=0.
J=0 IS EXCLUDEC BY THE ANGULAR DISTRIBUTIGN IN THE HADRONIC
OECAYS (FELDMAN 7¢)

1676 Tz
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/e

177
117>
1/77=
1777+
T

At

xT

L/
/77

1/7¢

[WARAS

L/77in

1477

1477

1/177=

1777+

1777+

1777+«

9 May 1977

P, or x(3510), x(3550), ¢(3685)

5T (H13550) MASS {¥EV)
N 3550.0 10.2 TEILLING  To SMAG e PRADRONS GAM 1 /77
» 4 3543.C 10.9 WhHITAKER 7o SMAG F4E-,J/PS1 OAM /TR
L t35¢L.0) (7,00 VERNTN To (NTP SHE- MONDCHE LAY /T
™ 3501.0 I BIDDICK 7T CNTR L4F—  MUNUCHE (AN 1/ T
¥ VERNON T6 1S SUPERCEUTD HY RIGLICK 77 T
3 PR .. -
voAVG 3965 .8 5.4 AVERAGE (FRel#® INLLULIES SLALY FACT.R GF 1,1}
s STUDENT 3553, ¢ 5. BAVERAGE BSENE STUTENTL (H/Lal1) —= SEE 1%7c TEXT
5T CRIG3550) PARTIAL DFCAY “ungs
OFCAY MASSES
rl CHlL5590F INTL Fle PI- 136 14
Pe CHICISEC) TNTC ke K= 4544 4€
ks CHIE3350) 1917 c(P e PI-) 136e L1zwe La9+ 125
3 CHIL3550) INTD S(PI+ PL-)
*H IHLC3550) INT Bie PI— n+ K- L3 175 2G4 6y
o CHI(3550) IMT0 J/7PSE(31C0) GaMva T085+ v
4 CHIE3250) INTL 2 GAMMA
vE CHIL3550) INTT Pl1+ P[- P pR&S L3%e 139+ Thew uld
#) CHIE35500 (M1 &nl0 Pis P I- TIoe L3 1o
] CHIE3350) 1WTE K#{892)0 Ke/~ Pl=/+ Booe 4ok 132G
57 C(HIL2550) BRANCHIAG RETICS
3 ALST neANCHER, RATICS <58 TF PSEl3enS)
el Crls550) TATL (2 GaMMAat/TLTaL
KL [Ca00AITE LESS  FL=N.5C  ERAUNSCRL 77 PRASP 2 GaMMs 17
Calidobul INTo 2(Pis Pl-p/T0TAL
T [@VF3) THILLING 7€ SMAG PCE(3e85)T0 Gav Lvl /77
T ESTIAATED JSTNG FS1U3€85) T7 (GAMMA CHIT35501/7T0Tal=,u” 1777
[ Crll55C) INTE (PI+ FI- K+ K-)/TLTAL
PR § Louln) TERILLIMNG, 7€ 5MAL PSE(30RSHTR GEM (AT 1/77»
Fa CRITIS5G) INTD A(PL PI-)/ToTaL
e T (8} TuALLING 76 Sy BSLUBERL)TE GaM Tnl /77~
(3} CrIC3550) I4T (Pl+ Pl- AND X+ K-)/TDTag
<~ T faude) TEILUING 76 SWAS PLI(:nER)T7 (A% (=1 1777+
ko CHIL355C) 1uTh (Pl Pl- P PuARY/T0TAL
o T (.ung) TELLLING e $Mau OSIE6eP5) T Lot 1l 1477+
=7 CHIC235C) INTE (/@ STE31200 GaMva)/TOTAL
-7 T (o121 TEILLENG 7o SMAS PSH 26R5)TC famM ol /777
k3 CHIE355C) TuT™ (kHCQ PLe PI=)/c(Pl+ FI-)
3 PR W17 TRILLING  7e SMaL PLIL2efSITT GaM (Ml [ RN
kS CHIL3550) INTU (K®(8%2)Q0 Ke/= Pl=/+) /(214 Pl- K¢ ¥X=)
] .25 .13 TRILLING 76 SMAG PSEL3EES)ITH GAM (] 177
FEEIEE BRATIUIRE WESLRIELT ROKARAALR ALSBREATE e mamREy
REFEPENCES Frn CRI{35501
FELOMAN 75 PRL =5 821 $JEAN-MARIE, SADIUL =T JVANNUCC T4 4 (LbL+SLAC)
ALSC 72 PRL 35 L1PRS  (ERRATA}
TANENBAY 75 PRL 35 1323 TANENGAUM , wH I TAKER J ARG AUS ,+ fLEL+SLAC)
FELOMAN 76 SLAC-PUR-18%1 GaJuFELRVAN (SLAC#LEL)
PIERRFE 76 LbBL-5324 FL.RIER2E (SLACHLALY
T2ALLING Te STANFCRD SYMP.437 G. k. TRILLING (LRL)
L ENON 7o TAILIST CINFLNGT  wa VESNON CUMDHPAVI4FRINSUCSD S ACSTENY
wAITAKER 7o PRL =7 1596 +TANENBAUM, ARRAMS | AL A%, ROYAY SKI 4+ (SLAC+LEL]
wiIK 76 TBILLIST (CNFONTS Bk Wilk RAFPCRTEUR (DESY}Y
BEICLICK 77 PRINT-77-0:.4%UCS0 +BURNETT+ {UC SD+UMI PAVT+PL [+ SLAC + 5 TAN)
BRAUNSCH 77 DESY 77/02 BRAUNSCHWEIG, +  (AACHSCESY 4HAMBAMP [sTIKY |
wWilK 17 DESY 77/C1 +WCLF (DESY)
SEHHE REEFERARE EARKEAIIX FRARFAREET REIMALLRE SSIEIB0RE IHIILARLE LERRRTE
EEEIEE FEREBIRIE NEMCEEOEE ACEEBUND BAL AE3 UASESEALE BAswEruts wea
¢(3685) Tl PST(3685,4PC=1--) 1=C
71 PSI(3€385) MASS (MEV)
M L {3¢e95.) (4.} AERAMS T4 SMAG E+E- AT
Mos 3680.5 37, CPIEGEE 75 PLUT (R 217
™ 3684, 5. LUTH 75 SMAG Fere L7
[ 3684. 9. PREPGST 75 SPEC Zl. GAMMA T 177¢
]
M L LUTH 75 15 A REEVALUATICON CF ABRAMS 74, Ty
M 5 ERRCR CF ARGUT 1 PER CENT FROM THE UNCEITATHTY [N CALIBXATION (F 277
" S THE BEAM ENERGY. s
M
o AVG 3683.9 4.3 AVERAGE (ERKUR INCLUOFS SCALE FACTOR OF 1,00
M STUDENT3683.9 w7 AVERAGE USING STUDEMTIO(H/1.11) —= SEE 167+ TEXT
LM PSTL3€85) - J/PSIL310CY MASS DIFFSRENCE (MEV)
oM 588.7 .8 LUTH 75 SHAG
.
7L PSI(3€85) mIDTH (KEV)
w 228. se. LUTH 75 swan
7L PS1(3685) PARTIAL DECAY MUDES
DFCAY MASSFS
Pl PSIL3685) INTO E+ E- 5 LD
P2 PSIL3685) INTQ Mus MU- 135+ 105
P3 PST(3685) INTO HADRONS
Pa PSI(3€85) INTO VIRTUAL GAMMA INTC HADRCAS

17
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3 DECAYS INTO J/PSTts1U0) ¢ ANYTHING Fis PS1l3085) INTC (J/PSIL31GC) r'l(, FICHAJ/831¢3100) Fl+ PI-)
P - Rl4 n L. 641 1.15) ILGER 75 SPEC E+E- 1/7¢
P1L PS1(3685) INTO J/PSI{3100) + ANYTHING kia . C. 086 TANE?\BAUF T6 SMAG E¢E- 1/77*
P12 PSI(3685) INTO J/PSI{3100) + NEUTRALS Ki4 A IGNGRING THE (J/PSI ETA) AND (J/BSE GAMMA GAMMA) DECAYS
pLz P51(3685) INTC J/PSTI31001 Pl+ Pi- 3098+ 139+ 139 P14 e e a e
Pla  PS1{3685) INTC J/PSI{3100) PIO PIO 3098+ 124¢ 134 Fle FIT 0.527  .050 FROM FIT (ERCP INCLUDES SCALE FACTGR OF 1.0}
PL5  PSI{3c65) INTC J/PSI(3100) £T4 2358+ 548
Bl PSI(3085] INTC J/PSI(I1U0) GAMMA GaMWa K15 PSI{3085) INTG (J/PSI(3100) ETAN/TCTAL
R15 8 TANENBAUM 76 SMAG EvE- 1/76
3 HADRONIC DECAYS Ki5 037 Lo15 WiIK 75 DASP ErE- 1776
[ R R15 e e e
F21 PS1(3085) INTC PL¢ PI- RS AVG 0.0417 C.0071 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.0)
F22  PSI(3685) INTC RHC PL R15 STUDENT  0.0417  C.0076 AVERAGE USING STUDENTIO(H/1.L11) —- SEE 1976 TEXT
Pls  PSI(3£85) INTO K+ K- R15 FIT 0.04l6  0.GO71 FROM FIT (ERROK INCLUDES SCALE FACTOR OF 1.01
Po4  P5S13685) INTC 2(Pl+ P}
P25 PSI(3€85) INTO 2{P1+ PI-} PIO R16  PSI(36851 INTO (4/PSI{3100) GAMMA CR 4/PSI{3100) PLOI/TOTAL
P26 PS1{36851 INTC PI+ Pi- K+ K= fle {.0015)0R LESS CL=.80  TANENBAUM 76 SMAG ErE- 2/76
P27 PSI(36851 INTC PBAK P
pzs PST(3685) INTC LAMBDA ANTILAMBDA
PzS  PS113685) INTD X1 ANTIXI & HADRONIC DECAYS
R emmmeolllillll
3 RADIATIVE DFCAYS
P e R20 PSI(3685) INTO (Pl+ PI-)/TOTAL (UNITS 10%x-4)
P51 PSIt3685) INTO GAMMA GAMMA R20 3.7 OR LESS CL=20.50 BRAUNSCHW 76 DASP E+E~ 1/777%
P5;  PS1(36851 INTD PIO GAMMA K20 (0.51 CR LESS CL=0.90 FELCMAN 76 SMAG EvE- 1777
P53 PSI(3685) INTG ETA GAMMA
P54 PSI(3€85) INTO ETA PRIME GAMMA R21 PSL (3685} INTC (RHCO PIOI/TOTAL
£55  PS1(3685) INTO X(2830) GAMMA 28300 0 R21 {.00L10R LESS CL=.S0 ABRAMS 75 SMAG EvE- 1/76
P56 PSI(3685) INTO CHI{(3415) GAVMMA 3413+ 0
P57 PSI(3685) INTO CHI(3455) GAMMA 3454¢ 0 kez  Psi3eas) INTO (2(P14 P1-) PL1OI/TOTAL
P58 PSI(3085) INTO PC(3510) GAMMA 35106 0 k22 L0015 ABRAMS 75 SMAG E+E~ 1176
P59 PSI{36B5) INTG CHII3550) GAMMA 3554+ 0
Po0  PSI(36E5] INTO PC(35101 + ANYTHING §23  PSI(3685) INTO (K+ K~1/TOTAL (UNLYS 10%%-4)
R23 2 (14.) OR LESS CL=0.90 BRAUNSCHW T6 DASP EeE- 1777%
- - - R23 (0.5) 0OR (ESS CL=0.90 FELDMAN 76 SMAG E+E- 1777+
FITIED PARTIAL DECAY MODE BRANCHING FRACTIONS R24 PS1(3685) INTC {(PI+ PI- K4+ K-)/TOTAL
R24 (0.0014} (C.0004) PIERRE 1 76 SMAG EeE- LT
The matrix below is derived from the error matrix for the fitted partial decay mode
branching fractions, P., as follows: The d | el N P.46D., wl R25  PSI{3685) INTG {PBAR PI/TCTAL (UNITS 10%%-4)
ng roctions, Ty asfotiows: The Ciagons; clemants are Ty 6P, where R25 (4.7) OR LESS CL=0.90 BRAUNSCHW 76 DASP e 1/77%
6P, = \\6PEP;, while the off-diagonal elements are the normalized correlation coeffi- R25 2.3 ta.71 FELDMAN 76 SMAG E4E- 1/77%
cients (§P.6P j (6P, . 6P ). For the definiti f the indivi . i
{6PP,) (8P, 6P ). For the definitions of the individual P, sce the listings /26 PS1(3¢E5) INTO (RHO P1)/TOTAL
above; only those P appearing in the matrix are assumed in the fit to be nonzero and R26 (0.001)0R LESS CL=0.90 BARTEL 1 76 CNTR £ e~ 1/77%
are thus constrained to add to 4.
R27  PSI(3€ES) INTO 2(PI1+P1-1/TOTAL
et g0 e eroThER  NON-sre R27 (0.0008) 10:0002) PIERRE 1 76 SMAG EvE- L/T7*
'323‘2;3-7025:73“_ o178 R28  PSI{3685) INTO (LAMBDA ANTILAMBDA)/TCTAL
. - : - R MA| - '*
T A O e 0071 R28 (0.0004 JOR LESS FELEMAN 76 SMAG E+E 177
jé;"_’?f?” _'5393 ~:1i‘; - zgg‘; '033;;2502522274- 2045 R29  PSI(3685) INTQ (XI- ANTIXI-)/TOTAL
} v -9014 =42 . . . . R29 (0.0002) FELOMAN 76 SMAG E+E- 1771
R RADIATIVE DECAYS
...... R e
71 PSI(3685) PARTIAL WIDTHS (KEV) RGl  PSI(3685]1 INTO (GAMMA GAMMA)/TCTAL
R4l {.00510R LESS CL=.95 HUGHES 75 SPEC E+E- 176
Wi PS1(3685) INTO E+ E- 2715 R = th z
u 1N B LT 75 swaG Eree yie 4l (.008)0R LESS CLs.90 WII 75 DASP E+E 1776
Re2  PS1i3685) INTO (P10 GAMMA}/TOTAL
R42 {.007)0R LESS CL=.95 HUGHES 75 SPEC E+E~ 1776
w3 PSI(36€5) INTD HADRONS (633 R : 75 oa -
“s L850 fad - 15 sMaG . e 42 1,011 OR LESS CL=.90 wIlK 5 DASP E+E 1776
R43  PSI(3685) INTO (ETA GAMMA)/TGTAL (UNITS 10%%-2)
“““ Re3 U (1.8) OR LESS CL=,95 HUGHES 75 SPEC E+E- 1/76
Re3 A {0.04) OR LESS CL 9 4 86 77 DASP E+E-
7L PSI(3685) BRANCHING RATICS R43 U RE-STATED BY US USING (MUsMU-)/TCTAL = .0077
Re3 A RESTATEC BY US USING TOTAL DECAY WIDTH 228 KEV.
el PSIt3685) INTO (E+ E-)/TCTAL M 16 Ra4 PS1{3685) INTC (ETA PRIME GAMMA)/TCTAL (UNITS 10%x-2)
RL L »009 -001e LUTH 75 SMAG EeE- 4 R4 c.u) OR LESS CL=0.90 BARTEL 1 76 CNTR E+E- /7T
R1 L FR0M AN OVERALL FIT ASSUMING EQUAL PARTIAL WIDTHS FOR (E4E-) ree & ore) OB LESS ((20.90 BRAUNSCHW 77 DASP At e
R1 L AND (MU+MU-]. FOR A MEASUFEMENT GF THE RATIC SEE THE ENTRY Ré BELOW e & REsTAvES BY US USING TOTAL DECAY WIDTH 228 KEV.
R2 Psit683) TNTC (hUs *u-)sT0TAL R . ceb- 17 R53  PSI(3685] INTO (X(2830) GAMMA}/TOTAL (UNITS 10%%-2)
K2 H - 0017 LGER 75 SPEC * & R53 5 (5.0) DR LESS CL=0.90 BADTKE 76 CNTR E+E- 1/77*
K2 M RE-STATED a% Us DSING (4/PSTC310012ANYTHING] /T0TAL =0, 55 "3 (101) OR LiSs C(a0.90 WHITAKER 76 SMAG 563 e
s S 1(3665) TNTO (HADRONSI/TCTAL /53 (1,01 OR LESS CL=0,90 BIDDICK 77 CNTR E+E- 3/77%
3 TT®
R Lo ApRo Lutn 15 smac fere e R53 S BADTKE 76 1S SUPERCEDED BY BIDDICK 77 3r
R3 P INCLUDES CASCADE CECAY INTC J/PS1{3100) #/7T% | R4 PST1(3685) INTO (X{2830) GAMMA}/TOTAL (UM TS 10%#-2}
R54 X(28301 INTQ CHANNEL SPECIFIED IN COMMENTS
R PS113685) INTO (MUs MU-1/(E+ E-) 1 R54 {0.3) OR LESS CL=0.95 HUGHES 75 SPEC X TO (2 GAMMAL 1/76
R4 t.89) (163 BOYARSKI 75 SMAG FvE- 17e R54 {0.034]J0R LESS CL=0.90 BRAUNSCHW 77 DASP X TO (2 GAMMA) 1/77%
R54 (0.04210R LESS CL=0.90 BARTEL 2 76 CNTR X TO (RHO GAMMA) 1/77+
RS PSL36851 INTO (GARAA INTO HADRONS 1 /TOTAL
RS € - 004 LuTH 75 SMAG ErE- e RS55 PS1(2685] INTO (CHI(3415) GAMMA)/TOTAL (UNLTS LO%%-2)
RS ¢ INCLUDFD IN R3 R55 A .5 2.6 WHITAKER 76 SMAG E+E- 1/77%
R55 QA 18.1 031 VERNCN 76 CNTR  E+E-,MONOCHR.GAM 1/77%
RSS A 7. .3 BIDDICK 77 CNTR  E+E-,MONOCHR.GAM 3/77%
3l A ANGULAR DISTRIBWTION (1+COS#42) ASSUMED
8 DECAYS INTC J/PSI(3100) + ARYTHING R55 Q@ VERNON 76 IS SUPERCEDED BY BIODICK 17 3/77%
R55 e e e e
. R55 AVG 7.3 1.7 AVERAGE {ERRCR INCLUDES SCALE FACTOR OF 1.03
RLO PSI(3685) INTO (J/PSI(31001 + ANYTHING)/TCTAL R55 STUDENT 7.3 1.8 AVERAGE USING STUDENTLO(M/1.11) -~ SEE 1976 TEXT
R10 .57 .08 ABRAMS 75 SMAG E+E- 1/76
R1O Cesee s R56  PSI{3685) INTO (CHI(3415) GAMMAI/TCTAL (UNITS 10%%-2)
R1O FIT 00577 0.044 FROM FIT (ERROP INCLUDES SCALE FACTOR OF 1.0) Roo i (3412) INTO CHANNEL SPECIFIED IN COMMENTS
R56 1 0.2 .21 WHITAKER 76 SMAG CHI TOGJ/PSI GAMMA) L/77%
RI1  PSi(3685) INTO (J/PSTI3100) + NEUTRALS)/{J/PSI(3100) + ANYTHING) Roe Tone WK 16 DASE CHI TO(S/PSI GAMMA} 4777+
Ril <41 -02 TANENBAUM 76 SMAG E+E- 276 R56 (3.3} (1. BIODICK 77 CNTR CHI TO(J/PSI GAMMA} 3/77*
R11 . R56 (0.04) OR L248 cLe0.90 BRAUNSCHN 77 DASP ChI 12 GAMMA} 1777
RIL FIT 0.4l0  ~ 5.020 FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.0) o6 oo o0z PIERRE 2 76 SWAG CHI TO (KeK-) 1/11%
R56 (0.071  10.02) PIERRE 2 76 SMAG CHI TO {PI+PI-) 1/77%
R12 PS1(3685) INTO (J/PSI(3100) P+ PI-)1/TCTAL R56 10.12)  (0.04) PIERRE 1 76 SMAG CHI TO (PI+PI-RHOO) 1/77%
R12 .32 - C4 ABRAMSL 75 SMAG £vE- AN R56 10,17} (0.08) PIERRE 1 76 SMAG CHI m (PI+K=K*0) 1/TTH
nz 36 -06 WEIK 75 DASP EvE- 1/7¢ R56 0,321 (0.06) PIERRE 2 76 SMAG CHI 2(P1+P1-) 1777
BTV R56 (.04 (.013) TRiLiING 7o Swac CHI TOIPISPI-PBARPY 17778
R12 AVG 0.232  0.C33  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.0} Roe 091 toson PLERRE 2 76 SMAG CHI TO (Kek-PI+pl-} 1/77%
Ri2 STUDENT  0.332  0.036 AVERAGE USING STUDENTLO(H/1.11) ~-- SEE 1976 TEXT Ra6 ey lolos) PIERRE 3 76 SMAG CHI 10 3(PI+Pi-) Yirre
K1z FIT 0.329  0.025 FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.0}
k97 PS1(3683) INTO (CHI13550) GAMMA)/TOTAL (UNITS 10%%-2}
RI3 PS1(3685) INTO (J/PS1(3100) P10 F10}/TOTAL 57 a0 G VERND 16 CNTR . E+E-.MONOCHR.GAM 1/77%
R13 0.17 0.029 BRAMSL 75 SMAG EvE- LT | RsT BIDDICK 77 CNTR  E+E-,MONOCHR.GAM 3/7T%
::3 .18 - 06 "‘“" 75 DasP Eel- 176 R57 B VALID FDR ISOTRUPIC DISTRIBUTION OF THE PHOTON
R13 AVG “0.172° | 0.026  AVERAGE (ERROR INCLUCES SCALE FACTOR OF 1.0)
Ri3 STUDENT  0.172  0.028 AVERAGE USING STUDENTIO(H/L.11) -- SEE 1976 TEXT
K13 FIT 0.173  0.018 FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.0}
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Data Card Listings ¥(3685), ¥(4030), y(4415)

R58  PSIL3€85) INTO (CHIL3550) GAMMA)/TCTAL (UNITS Lowx-2)

r58 CHIE3550) INTO CHANNEL SPECIFIED IN COMMENTS 1#(4030)

R58 (1.0) 1.6) TRILLING 76 SMAG CHI TN(J/PSI GAMMA} 1/77%

k58 2.21 1.0 BIDDICK 77 CNTR CHI TOGJ/PSI GAMMA) 3/77% 72 PSI14030,4PG1- ) 1=

R58 (.02) OR LESS C€L=0.90 BRAUNSCHW 77 DASP CHI TO {2 GAMMA) 1/71%

k58 (0.023)  (0.013) PIERRE 2 76 SMAG CHI TO (PI¢PI-,Kkek~ 1/77% SEEN AS A NARKON PEAK IN E+E- INTO HADRONS. SEE
R58 $0.050)  (0.0301 PIERRE 1 76 SMAG CHI TO (PI+PI-RHOD  1/77% CHARMONTUM “INI-REVIEW. NEEDS CCNFIRMATICN., ND EXPERIMENTAL
R58 £0.053)  10.030) PIERRE 1 76 SMAG CHI TO (PI+k-K*0)  1/77% ATTEMPT HAS BEEN ADE TO IDENTIFY SPECIFIC STATES IN THE

R58 (0.16)  10.04) PIERRE 2 76 SMAG CHI TO 24Plepl-) 11T 4000-4300 GEV REGION, THE NUMBER CF € ANG C# WESONS SEEN

R58 {-002)  1.001) TRILLING  7& SMAG CHIL TO(PE+PI-PBARPY  1/77* ASSOCIATED WITH THIS REGICN IS LARGER THAN EXPECTED FOR & MERE
Ro8 10.14) ~ €0.04) PLERRE 2. 76 SMAG CHL TO [PIsRI-Kek=) 1/77% CHARMED PARTICLE PRODUCTION THRESHNLO FFFECT, SUGGESTING

R58 (.008)  (.005) TRILLING 76 SMAG CHMT TO 3(PI+ PI-)  L/77% RESONANCE INTERPRETATICN FOR AT LEAST PART nf THE DATA. OMITTED
R5S  PSI(3685) INTO (PC(3510) GAMMA)/TCTAL (UNITS 10%%-2) FROM TABLE.

R59 QB .1 .) VEANON 76 CNTR  E+E=~,MONOCHR.GAM L/T7%

R59 B BIOCICK 17 (NTR E+E- ,MUNDCHR .GAM 3/77%
k59 B VALID FOR ISGTRUPIC DISTRIBUTION CF THE PHCTON

72 PST{4030) MASS (MEV)

R60  PSIL3685) INTO (PCU3510) GAMMAI/TOTAL (LNITS 10%#-2}
60 PCI3510) INTO CHANNEL SPECIFIED 1N COMMENTS M (403041 PERUZZI  Te SMAG Fef- 177
/60 (4,00 (2.0) WK 75 DASP PC TD (J/PSI GAMMA) L/77x
F60 (2.4) 1.8) TRILLING 76 SMAG PC TG (J/PSI GAMMA) L/77x
K60 15,01 1.5 8IDDICK 77 CNTR PC TG (J/PST GAMMA) 3/77s
R0 (.026)0R LESS CL20.90 BRAUNSCHW 77 DASP PC TC (2 GAMMA) s 72 PSI(4030) PARTIAL DECAY WCDES
R60 (0.015)CR LESS CL=0.90 PLERRE 2 76 SMAG PC TD (PI+Pl~,K+K=) 1/T7%
k60 (0.026)  (0.022) PIERRE 1 76 SMAG PC TC (PI+PI-RROD)) 1/77% DECAY MASSES
R60 0.0321  10.0191 PIERRE 1 76 SMAG PC T0 (Plrk=K=0) ZEER BS114030) INTC DO DBAR
R60 (00110 10,04} PIERRE 2 76 SMAG PC TO 2(PlePI-} e | g P3114030) INTO D% DBAR AND D¥BAR D
R60 (010 (.008) TRILLING 76 SMAG PC TC 1PI+P1-PBARPI L/77% | o 5S114020) INTO D% DRBAR
R60 (0.06)  (0.031 PIERRE 2 76 SMAG PC 1O (PlePI-kek-}  L/77* | o) PS1(4330) INTO J/PSI(2100) HADRCNS
R60 (.17) t.06) TRILLING 76 SMAG PC TG 3(PI+ PI-) 177
R61  PSI(30851 INTC (CHI(34551 GAMMA}/TOTAL (UNTTS Loxx-2) | 777777
R6l 5B (5.)  OR LESS €L=0.90 BADTKE 76 CNTR E4E- 1777% 72 P51(4030) BRANCHING RATIGS
el B (2.5) OR LESS CL=0.90 BIDDICK 77 CNTR E+E- 3/77%
K6l B VALID FOR [SOTROPIC DISTRIBUTION OF THE PHOTON i PS1(4030) INTO (D D% 1/TOTAL (r21
Rel S BADTKE Te 15 SUPERCEDED BY BIDDICK 77 EVIZ TN Iy SEEN PERUZZI 76 SMAG o LrTE
F62  PSI(3685) INTO (CHI(3455) GAMMA}/TCTAL (UNITS 10%%-2) 2 05 1(4030) INTO J/PSE(3100] HADRONS )
R62 CHI(3455) INTO CHANNEL SPECIFIED [N COMMENTS 151 LOOKED FCR BURMESTER 77 PLUT ErE- T
R62 4 10.8)  40.4) TRILLING 76 SMAG CHI TO(J/PSI GAMMA) L/77%
R62 (0.031)08 LESS CL=0.90 BRAUNSCHW 77 DASP CHI TO (2 GAMMA) L7175 | prssss senesesns sspabassn Bbrmidsss whrpwarhs SEOAKKEEE SEREEESEE FRKEREFE
REFERENCES FOR PSI(4030)
“““““ AUGUSTIN 75 PRL 34 764 +BOYARSKI ABRAMS,BRIGGS ISLACHLBL)
BACCI 75 PL 588 481 +BIDOL I,PENST STELLA,+ (ROMA$FRAS)
BOYARSKI 75 PRL 34 To2 +BREIDENBACK, ABRAMS, BRIGGS ,+ (SLAC+LBL)
7L PSI(3685) GUIIXGLE+E-) /G(TOTALY  (KEV) ESPCSITO 75 PL 588 +FELICETTI,PERUZZI,+ (FRAS#NAPO+PADO+RCMA)
SMWITTE 75 STARFORD SYWP.5  R.E-SCRWITTERS (sLac)
THIS COMBINATION OF A PARTIAL WIDTH WITH THE PARTIAL WIDTH —puE- S FELOMA aCs
INTC &+E- AND WITH THE TCTAL WIDTH IS OBTAINED FROM THE INTEGRATED B d ST o L LoMan, NGUYEN, WIS, s (SLacatot
CROSS-SECTION INTO CHANNEL(T) IN THE E+E- ANNIHILATION.
WE CNLY LIST DATA NOT MAVING BEEN USED TO OETERMINE TWE PARTIAL BURMESTE 77 DESY 77/19 $CRIEGES | DEHNE S (DESYAHAUB+S[EGHWUPP)
WIDTH G{1) CR THE BRANCHING RATIC G(I}/TGTAL. WilK 77 DESY 11701 L {REST)

REEBRR AALARERSKE RRARRRRES AR ORREAE SRREDAARE BFETARRGE KRR AT t‘ttw#t!
RARFAR RERRARRRR ARRRGHERR KARERERRK TR R G EERRE N

73 PSI{4415,0PG=1- ) 1=

RESCNANCE-SHAPED STRUCTURPE [N E+4E— INTG HADRONS.
NUMBER NF STATES [N THIS REGION, ANC SPECIFIC DECAY MODES UNKNOWN.

63 G{HADRONIC ) *G(E+E~) /G{TCTAL)
63 2.2 4 ABRAMS 75 SMAG EvE~ 1/7%

RRERES KACRERERK RKREARAD RRRGRET AR RRAFAAA RN KIRBRREKE XRKEKAKTE RERERRAR

REFERENCES FOR PSI(3¢85)

ASRAMS T4 PRL 33 1453 +BRIGGS \AUGUSTIN JBOVAR SKI+ (sLestacy |
ABRAMS 75 STANFORD SYMP.25 G.S.ABRAWS (eLy 73 PSI4415) MASS (MEV)
ABRAMS1 75 PRL 34 1181 +BRIGGS CHINDWSKY (FRYEDBERG,+ (LBL+SLAC)
AUBERT 75 PRL 33 1624 +BECKER, BIGGS s BURGER, GLENN+ (4IT+8NL M 46l4. 7. SIEGRIST 76 SMAG EeE- 2176
BOVARSKI 75 PALERMO CONF. 54 +BREIDENBACH,BULCS,ABRAMS,BRIGGS+(SLAC+LBLY
CAMERINI 75 PRL 35 483 +LEARNED, PREPOST,ASHANDERSON,+ (WISCeSLACY | ___
CRIEGEE 75 PL 53B 489 +DEHNE , FRANKE, HCRLITZ, KRECHLDCK + (DESY}
DASP3 75 PL 578 407 BRAUNSCHWE G yKONIGSy+ ( AACH+DESY+MPIM+TOKY } 73 PSI4415) WIDTH (MEV)
FELOMAN 75 PRL 35 821 +JEAN=MAR TE, SADOULET, VANNUCCT ¢ (LBL#SLACH
FELDMANL 75 STANFORD SYMP.39 G.J.FELDMAN (SLAC)
. . RIST M. +E-
GRECO 75 PL 56B 367 +PANCHERI-SRIVASTAVA, SRIVASTAVA (FRAS } " 3 1o SIEGRIST 7o smac BeE 27e
HEINTZE 75 STANFORD SYMP.97 J.hEINTZE (HEIDELBERG) & ______
JACKSON 75 NIM 128 13 JeDu JACKSON,C o SCHARRE (LBL)
HILGER 75 PRL 35 625 +BERON ,FORD , HOF STADTER \HOWELL 1+ (ST AN¢ PENN)
RTIA Ay ~C

HUGHES 75 PREP.HEPL 765 +BERON, CARR INGTON, FORDy HILGER ¢ ( STAN+PENN] 73 PSIEe4l3) PARTIAL CECAY MCGES
LuTH 75 PRL 35 1124 +BOYARSKI 4 LYNCH, BREIDENSACH, + (SLACHLBLIIPC DECAY MASSES
LIBERMAN 75 STANFORD SYMP.55 A.D.LIBERMAN {STANFORD) b1 PSIt4415) INTO E+ E- s5e .5 7
PREPOST 75 STANFORD SYMP.241 R.PREPOST (WISCONSIN ’ : -
SIMPSON 75 PRL 35 699 +BERON,FORD HILGER, HCFSTACTER,+ (STAN#PENND | ______
TANENBAU 75 PRL 35 1323 TANENBAUM, WHITAKER , ABRAMS , + (LBL#SLAC)
WITK 75 SYANFORD SYMP.69 B.H.WIIK CDESY) 73 PST(4415] BRANCHING RATIFS
BADTKE 76 PREPRINT +BARNETT,#  (UMD+PAVI4PRIN+UCSD+SLAC +STAN) R T NTO _)/TOTAL (UNITS 1084
BARTEL 1 76 PL 64 B 483 +DUINKER , OLSSCN, STEFFEN, HEINTZE+{ DESY +HEIO) Ri st li’ ! (5'35 ot (US}EZR;ST ?:, SMAG EvE- 2176
BARTEL 2 76 TBILISI CONF.N56 +DUINKER,OLSSON, HEINTZE y+ (DESY+HETD) . .
BRAUNSCH 76 PL 63 B 487 BRAUNSCHWEIG, + (AACH+DE SY+HAMB4#MPI M+ TOKY)

&2 PS1(4415) INTO HADRONS/TOTA
FELOMAN 76 SLAC-PUB-1851  G.J.FELDMAN (SLAC+LBL ) /2 ey ORONS/TOTAL SIEGRIST 76 SMAG EeE- 117
PIERRE 1 T6 LBL-5324 F.PTERRE (SLAC+LBL)
PIERRE 2 76 TBILIS1 CONF.N46 F.PIERRE (SLAC+LBL+SACL ) 3
A A o S LaesacL) SRR EER REEERTORE EXSERBRER AXRBRCSHE FERDIAREE BIRAREKER AEEEREAEE EEERARLS
SNYDER T6 PRL 36 1415 +HOM , LEDERMAN s PAAR, APPEL s+ {(COLU+FNAL+STON) <
TANENBAU 76 PRL 36 402 TANENBAUM, ABRAMS ,BCYARSK T, BULDS, ¢ ISLAC+LBL}IG REFERENCES FOR PSTlaqls)
TRILLING 76 STANFORO SYMP.437 G. H. TRILLING teeLy HWITTE 75 STANFCRD Symp RoF ®
VERNGN 76 TBILISI CONF.N63 W.VERNGN (UMD+PAVI+PR IN+UC SO+SLAC+STAN} SCHWITTE 75 STARFCRD Svwe.> - FeSCRWITTERS fseac
WHITAKER 76 PRL 37 1596 +TANENBAUM, ABRAVS, ALAM, BOYARSK I, +{SLAC+LBL] FELOMAN 76  SLAC-PUB-1851 6ud FELCMAN (SLACHLAL)
Wik 76 TBILISL CONF.NTS B.H.WIIK RAPPORTELR (DESY} SIEGRIST 76 PRL 36 700 +ABRAMS ,BDVARSKI,BREIDENBACH, +  (LSL+SLAC)
BIDDICK 77 PRINT-77~0244UCSD +BURNETT+ {UCSC+UMD+PAVI+PRINSSLAC+STAN) =
BRAUNSCH 77 DESY 77/03 BRAUNSCHWEIG , + (AACH#DE SY+HAMB4MP] Ma TOKY ) witk 7T DESY 7T7/01 +HOLF . (DESY
WiIK 77 DESY 77701 HHOLE (DESYI O O

Prope SERARKERE EATEARER EEEREAEE EEEHIAT
SEREEE SREEREAEE KFOREEIEE HEIRERRIS [rrre— PrYTe.
PO * AxEReREEE RREURSILE SEEERETE
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[HEAVY LEPTON SEARCHES AND EVIDENCE

This review is intended to summarize the recent
experimental evidence for the existence of heavy
leptons produced in e+e_ collisions and the recent
searches in neutrino and proton beams. For a more
complete review up to 1974, see Perl and Rapidis.1
See also the recent review of Llewellyn Smith.

The known leptons are the electron and its
neutrino (e—,ve), the muon and its neutrino (u—,vu),
and their four antiparticles (e+,6;) and (u+,;ﬁ).

Some of their properties are summarized in Table I.

TABLE I. Established leptonsf
Mass Lepton Interaction
Charge (MeV) number weak e.m. strong
e - 0.51100 ne==+l yes ves no
ve o] ~0(<0.00006) n, = +1 yes no no
i - 105.659 ny=+l  yes yes no
Vu 0 ~0(<0.65) nu==+l yes no no

. + = + =
TFor antileptons, (e ,Vg) and (u ,v ), change
sign of charge and lepton number.

All are spin-1/2 fermions. The lepton numbers ne
and n}‘1 are found experimentally to be separately
conserved as is indicated by the absence (at a
level <2.2 XlO_B, ref. 3) of the decay u->ey.
Experiments are now being carried out to test this
at a lower level.

Several types of heavy leptons (that is non-
strongly-interacting fermions other than those in
Table I) have been proposed. For purposes of
discussion we distinguish four types.l’2 Each has
a corresponding antiparticle with opposite charge
and lepton number. For convenience we omit writing
the antiparticles in the following descriptions.

The four types are:

Sequential Leptons (L—,VL{; Such a pair is
assumed to have its own separately strictly
conserved lepton number nL:=+l. This means

that the radiative decays
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are forbidden
while the weak decays (assuming mL_ sufficiently
massive)
L > v eV
L

e

L v 4V .
L u vu are allowed

LT o> vL hadrons

There could be an increasing mass sequence of such
pairs. It is frequently assumed that the neutrinos
are massless.

Decay rates are assumed calculable from conven-
tional weak interactions theory. For L mass
between 1 and 3 GeV, the branching fraction to each
of the two leptonic modes should be roughly 10% to
20%. For L mass above 1 GeV, the mean life should
be S 10_12 sec, too short to be observed in a track

chamber.l

+ +
Paraleptons (E ,EO) and (M ,MO). These pairs

have the same lepton numbers as the opposite-charge
ordinary leptons, i.e., e and U, respectively.
Radiative decays are again forbidden and decays
similar to those allowed for L~ are allowed here,
e.g.,
+ +
M >V eV
U e

+ +
or M o>vouV .
n H

However, the lightest member is not stable as is
the case for sequential leptons, so that bizarre
decay schemes such as (assuming “%0 <mE+)
+ o+
E >E U \)u
‘——»e_e+\)
e
are allowed.

Heavy leptons of this type (and/or a neutral
intermediate boson Zo) are desired in unified gauge
theories of weak and electromagnetic interactions
to cancel unphysical high energy behavior in such

+ - + ~ 4
processes as e e > WW.

Ortholeptons (F and N ). These have the same

lepton numbers as e  and u—, respectively. They

may or may not have associated neutral leptons.
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Radiative decays are allowed in addition to weak
modes similar to those of sequential leptons. The
radiative mode can dominate or can be relatively
unimportant depending on the model.5 Decays such as

F + e + hadrons
are also allowed.

Long-lived Penetrating Particles. Heavy leptons

could have long mean lives under certain circum-~
stances. For example, if m, > mL_, then L_, the
sequential lepton, is completely stable since its

lepton number is conserved.

Experimental Results

Recent experimental efforts related to heavy
leptons come primarily from e+e- experiments,
neutrino beam experiments, and proton beam experi-
ments.

+ - . ;
e e colliding beam experiments provide a

powerful tool for investigating heavy lepton
hypotheses. Charged heavy leptons, regardless of
type, are expected to be pair-produced via a massive
virtual photon in e+e_ collisions.

Strong evidence for the existence of a heavy
lepton with mass in the range 1.6 - 2.0 GeV has been
obtained. PERL 75-76, a SLAC SPEAR magnetic
detector experiment, looks for anomalous ey events
of the form

e+e— d eiu; + missing momentum .
They find 105 examples after subtracting a 34 event
background from hadron misidentification, weak
decays of charmless hadrons, e+ | misidentification,
and other known sources. The missing momentum could
include charged tracks or photons outside the accep-

o .
tance of the detector, neutrons, K or neutrinos.

v’
Electromagnetic processes (e.g., e*e” » e'e iy~
with two missed charged tracks) can be ruled ocut
by their calculated rates and by the absence of
events with e+u+ and e_u— pairs.

These events have no conventional explanation
and signal the existence of an unknown process.
Production and weak leptonic decay of a pair of
charged heavy leptons (L) or charmed bosons (B) are

obvious candidates for the process, e.qg.,
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+ - + -
ee >LL

Ly 5,

L
+ - + -
or ee BB
Y
oYy
+
— eV

The charged-particle momentum spectrum strongly
favors three-body decays and limits the mass of the
undetected particles to less than 700 MeV (CL = 95%).
An analysis of events with an eiu+ and photons, K;,
or additional charged tracks puts an upper limit
of 39% (CL=90%) on the fraction of the anomalous
events which could have an undetected Y, no, KO, n,
or charged track. Thus if a single hypothesis is
to explain all of the data then the heavy lepton
hypothesis is strongly favored. However, a conspir-
acy of charmed particle leptonic and semileptonic
decays could conceivably give rise to similar
results. PERL 75 estimate the heavy lepton mass
to be 1.6 -2.0 Gev.

Inclusive anomalous (not from well known

sources) muon production,

+ - + .

e e - U anything ’
has been reported by CAVALLI-SFORZA 76 and FELDMAN
77. CAVALLI-SFORZA 76, another SPEAR experiment,
finds ~9 two-prongs and ~0 with three or more
prongs. Snow6 argues that these results are compat-
ible with heavy lepton decay but not with higher
multiplicities expected in charmed meson decay.
FELDMAN 77, with higher statistics in the same
experiment as PERL 75-76, sees both two-prong and
three-or-more prong anomalous muon signals with
cross sections consistent with CAVALLI-SFORZA 76.
A heavy lepton hypothesis can explain the FELDMAN 77
two-prong data for all energies 3.9 GeV < Ec'm- <
7.8 GeV, and their lower energy three-and-more-
prong data. However, for energies 5.8 - 7.8 GeV,
additional sources, e-g., charmed particles, are
required to explain the large three-and-more-prong

signal.
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Inclusive anomalous electron production has been
studied by BRAUNSCHWEIG 76 (see reference section
of Charm Searches and Evidence Data Card Listings),
a DORIS DASP experiment at c.m. energy 4.0-4.2 GeV.
The electron momentum spectrum and the observed
multiplicity indicate that these events do not come
from sequential lepton production but could come
from charmed hadron production. The electron
momenta observed here are so low (<800 MeVv) that
the SLAC experiments would have excluded most of
these events from their sample. Based on the
FELDMAN 77 anomalous muon cross sections, one
expects to see only a few events with electron
momentum above 800 MeV, so there is no conflict
between these two results.

Assuming that the heavy lepton exists, its type
is still undetermined. Neutrirc experiments
discussed below rule out paramuons M+ and tend to
rule out orthomuons N . Ali and Yanq8 suggest that
the PERL 75 ee:je:lUu ratio indicates that the T (as
it is now called by the PERL 75-76, FELDMAN 77
authors) is not a para-electron E+. This leaves
the sequential lepton L™ and the ortho-electron F_

as the most likely candidates.

Neutrinoc experiments which have a VU beam can
produce single heavy leptons which have the same
muon number as a u_. Signature heavy lepton events
are those leading to final-state charged leptons

other than the normal charged current u—, e.g.,

V' N -+ N hadrons
‘——»\)e‘G
u e

+
vUN -+ M hadrons

BARISH 74, a Caltech-Fermilab narrow-band
+ .
neutrino beam experiment has searched for M via
+ + . .
the 4 mode. The small Y signal observed is

consistent with beam contamination by Gﬁ. The

22

PHYSICS LETTERS

9 May 1977
Data Card Listings

expected number of events is calculated as a func-
tion of M+ mass assuming a weak coupling constant
equal to the universal Fermi constant and a branch-
ing fraction to muons of 30%. Their null signal
sets a 90% confidence lower limit of 8.4 Gev =~ M+
mass. This poses difficulties for those gauge
models using M* which require its mass to be less
than about 7 GeV in order to be consistent with
experimental measurements of the muon magnetic
moment.

EICHTEN 73 looks for M+ via the e+ decay mode,
and, assuming a 15% branching fraction, sets a
limit of 2.4 Gev < M+ mass.

ASRATYAN 74 use the data of EICHTEN 73 on
electron and positron production in vu and Gﬁ beams
to obtain a lower limit 1.8 GeV< N mass at the 902
confidence level. A]bright5 argues that even a 1.8
Gev N can probably be ruled out if the y distri-
bution and neutral-to-charged-current ratio are
considered.

Proton-nucleon collisions have the advantage of

large available c.m. energy for production of heavy
particles. They have the disadvantage that

the lepton production mechanism is not as well
understood as it is for e+e_ collisions and
neutrino collisions. Also, backgrounds from
copious strong processes pose problems. Pair
production from virtual electromagnetic processes
is the expected mode of production.

Several approaches have been used in these
searches. One is to assume the existence of long-
lived charged heavy leptons and to pass the second-
aries through an absorber to filter out strongly
interacting particles, and a system of scintillation
counters and Cerenkov counters to identify hadrons
and muons. The cross-section and differential-
cross-section limits given in the Data Card Listings
for charged heavy lepton production are done in this
manner. Mass limits can also be obtained if a model
for the production is assumed. BUSHNIN 73 assumes
pair production analogous to u+u_ production and
scales lower energy M-palir production to obtain
cross-section predictions which rule out stable or

long-lived charged leptons in the mass range 0.55

to 4.5 GeV.
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FAISSNER 76 looked for long-lived neutral heavy
leptons in

+
pN > L  anything

Lo anything

in a "beam dump” type CERN Gargamelle experiment.
+
The L and Lo here mean any type charged and neutral

heavy leptons. The ° could be detected by its
decay or 1its interaction in the bubble chamber.
Protons struck a mercury target in a 22-meter-thick
steel muon shield. Most hadrons were absorbed
before weak decay, thus suppressing normal neutrino
flux. However, prompt decays such as expected of
the L+ would not be suppressed. No signal above
background was observed, ruling out 1° with life-
time 1 Usec - 1 msec as proposed by DE RUJULA 75
to explain the XKRISHNASWAMI 75 Kolar Gold Mine
cosmic ray events.

Another approach to heavy lepton hunting in pN
collisions has been to search for high-transverse-
momentum direct lepton production, i.e., for high
Pp leptons not originating from well known weak
decays. Other possible candidates for parents of
direct leptons are charmed particles, intermediate
bosons, high pT vector mesons, and massive virtual
photons; so we have listed these papers in the
Other New Particle Searches section of the Data
Card Listings. Recent evidence on absence of muon
polarization (LAUTERBACH 76, LEIPUNER 76) and u-pair
origin (KASHA 76, BRANSON 77) favors an electro-
magnetic origin. However, contradictory evidence
indicating non~zero muon polarization and weak

decay has also been reported (ANISIMOVA 76).
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+LEONG yNEWMAN jLAW, LT TKE+ (MI T+HARV+CEA+HATF)

EEHREND 65
BETOURNE 65 PL 1T 70
BULNITZ 66 PR l4l 1313
BOLEY 68 PR 167 1275
BERNARDI &9 NCL L 15
LIBERMAN 69 PRL £2 o063
LICHIENS 70 PR D1 825
HANSON 73 NCL 7 587

PRL 15 500

LONGLIVED
CUCCONT 60 PRL 5 19 +FAZZINTFIDECARO,LEGRCS LI PMANS (CERN)
&l PR 123 655 +KEEFE KERTH, MURPHY  WENZELy Z1PF (LRL)

+LECNTIC +RAHM, SAMICS,SCHWART Z (BNL+COLUD
+COXyMARTIN,PERL , TAN, TONER 21 PF+ {SLAL+STAN)

{00x
FRANZINI 65 PRL 14 196
BARNA 68 PR 173 1361

ANSCRGE 73 PR D7 26 +BAKER KRZESINSKI,NEALE, RUSHBRODK E+  (CAVE}
RAMM TYPE
KUTHE 69 NF BlO 241 KeW ROTHE, A M WCLSKY (PENNY
FAMM 70 NATURE 227 1323  CLA.RAMM (CERN)
RAMM TL NaT.PH,SC.230 145 C.A.RAMM {CERN)
CLAKRK 7¢ NATURE 237 388 +ELICFE, FIELD, FRISCH, JORNSON,KERTHY  {LBL)
TEeens EEEERIFAE KERFREABT FERTEAADK W * Exkw =
BurEET KvEskEUKE FAKINEUER KEAREFEER ARETERRKD KXAEERAAE SRR REIDER FEXRRERS

IINTERMEDIATE BOSON SEARCHESI

M W BCSCN MASS LIMITS

[ 8 0 1.7  OR MORE BERNARDIN 65 HYBR + NEU N, CERN

" [ 2.0 OR MORE BURNS 65 CSPK + NEU Ny BNL

4 c o 3.8 OR MORE BAR ISH 73 ASPK + W+ TO LEP#NE

[ [ 4.5 DR MORE BARISH 73 ASPK 4 W+ TO LEP#NE

M C 0 4.7 R MCRE BARLSH 73 ASPK + W+ T0O LEP4NEI

M E 0 5.0 OR MORE RERGESON 73 ELEC

" U O NONE wiTH MASS 10-20 GEV  BUSSER T4 WIRE +=0 P~P,52.7 GEV (M
M B LOUKED FOR (NEU N} TO W+ MU- N), ¥+ TC (MUe NEU, F+ NEU, OR HDRNS)
M C BARISK 73 LCOKED FOR (NEU NJ TQ (W+ MU= N}, We TO (MU+ NEU) AT NAL.
" € RESULT GIVEN FOR THREE ASSUMED ER,FRACS. W+ TC (LEPTON NEUJI/ALL.

" E BERGESUN 73 LCOKED AT ENERGY DISTR MF NEU-INDUCED MUON FLUX UNDER-
M E  GRCUND. SCALE INVARIANCE OF THE INELASTIC STRUCT FN ASSUMED.

" U BUSSER T4 IS CERN [SR EXPT. LOOKED FCR ELECTRONS CF LARGE

M U TRANSVERSE MOMENTUM, RESULT QUOTED ABNVE [S MODEL DEPENDENT.

C ¥ BOSON PRODUCTION LROSS SECTICN (LO¥¥-36 CMx*2)

[4 a o 6.0 OR LESS ANKENBRAN 71 CNTR ¢~ W TO(MU NEUY=1.0
C A ANKENBRANDT 71 LOQKED FCR (P NITC(W HACRONS}, W TO (MU NEU) AT BNL.
[ A THIS ASSUMES BR CF W TO MU NEU 1S5 L. IN GENERAL THIS VALUE §S

[4 A 6.C/BRy WHERE BR=(w TO MU NEU}/ (W TC ALL).

5 SCALAR BOSUN MASS LIMITS (GEV)

s C 0 16.0 CR MORE CL=.90 CONVERSI 73 ASPK 0 £+E~ FRASCATI

s ¢ CONVERSI 73 LOOKED FOR QED VIOLATICN IN c+f- SCATTERING AT 2.8 GEV
s C  AND ASSUMED W BOSCN MASS=10 GEV. FUR MW=15 GEV, MS LIMIT= 6.5 GEV
SumEEE AHAANRFE TAREECEEN SEFBNAEEF CAXFTERER AEKXEHRCAKE BXFRRKERL SERABRET

REFERENCES FOR INTERMECIATE ROSON SEARCHES

BERNARDI €5 NC 38 608 BERNARCINT, BIENL ETNyBOHM DARDEL, + (CERNY
bURNS 65 PRL 15 42 +GOULTANOS \HYMAN, LEDERMAN,LEE +  {COLU+BNL)
ANKENBRA 71 PR D3 2582 ANKENBF ANDT , LAR SEN, LETPUNE R4 (ENL+YALE}
bARISH 73 PRL 31 180 +BARTLETT, BUCHHOLZ s HUMPHREY + (CIT+FNAL)
BERGESQON 73 PRL 31 &b +CASSICAY HERDRICKS (UTAH)
CONVERSY 73 PL 46B 269 +D'ANGELD,GATTO,PACLUZT {RCMA)
BUSSER 74 PL 48B 371 +CAMILLERL, DI LELLA + (CERN+COLU+RICK)

Baswny RmakAkbRE ARERLEEES RAKERE R AARREIRNE KIKNCEERL FEBLERNES EEAKXRAK
Gamast EEEEEREAE KEEXEFEBE ABEATAROR ETAPEABRA FERAARAE KEATRERRE LHEEHBLE
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1777%
1777+
1/
1/77¢

/T
300
34T
3/77=
37T

2174
2/74
2/74
2/74
/14
1176
8/76%
2774
2014
2/74
1776
1/76
8/76%
8/76%

2174
2/14
2774
2774

3/74
37174
3774

9 May 1977

[QUARK SEARCHES]

We have attempted to make the listings of free
quark searches more complete in this edition. To
that end, we have relied heavily on the recent
review of L. Jones.l

There is currently no confirmed evidence for
the existence of free quarks. The best searches
for quarks in cosmic rays yield upper limits on

-11 -2 ~1 -1
cm “ster sec .

the flux of quarks of about 10
Cross-section upper limits established from proton
accelerator experiments and calculations based on
production models2 imply that free quarks have a
mass greater than about 5 GeV. Mass limits from
photon and electron beam searches are slightly
lower, but more reliable, depending only on the
QED calculations for gquark pair production.

Limits on free quark concentrations in stable
matter vary enormously depending on the source of
matter and the technique.

We group quark searches by experimental tech-
nique —- proton accelerators, electron accelera-
tors, cosmic rays, and stable matter. Proton
accelerator experiments generally measure quark
production cross sections (we quote these in
section C) and differential cross sections
(section D). Searches with photon or electron
beams may measure differential cross sections
(section G) and set limits on the quark mass
(section M) . Cosmic ray experiments measure
quark flux (section F), and searches in stable
matter measure quark concentration (section RHO).
Most of the accelerator and cosmic ray experi-
ments have searched for fractionally charged
particles, but some have searched for massive
stable particles which would have low velocity.
The latter searches are usually sensitive to a
range of charges and may appear in the section

below on Other New Particle Searches.
References

1. L.W. Jones, Michigan preprint UM-HE-76-42,
to be published in Rev. Mod. Phys., Oct. 1977.
2. T.K. Gaisser and F. Halzen, Phys. Rev. D11,

3157 (1975).
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Data Card Listings QUARK SEARCHES

SEARCHES FUR INTEGRALLY CHARGED QUARKS APPEAR ALONG WITH OTHER f QUARK FLUX FROM COSMIC RAY EXPERIMENTS (NUMBER/CM*2-SR-SEC)
SIMILAR SEAKCHES IN *OTHER NEw PARTICLE SEARCHES' SECTION BELOW, [ *TD [N THE RIGHT HAND COLUMNS INDICATES A SEARCH FOR MASSIVE
F QUARKS USING TIME DELAY AFTER AR SKCWERS. SENSITIVE 70 A RANGE
_______________ - - e £ OF CHARGES
¥ #AS IN THE RIGHT HAND COLUMNS INDICATES A SEARCH IN AIR SHOWEKS
. QUMRK PRCDUCTIIN (RJSS SECT. FROM PRGTUN ACCELERATOR EXPTS, (CME#2) £ ALL SEARCHES ARE AT SEA LEVEL UNLESS CTHERWISE INDICATED
9 U c.0E-34 OR LESS 90 BINGHAM 64 HEC -1/3 M=.5-2.0GEV 3/77% £ 0 1.6E-8 OR LESS BOWEN 173 ALT=2750M 3777+
[ N LESS RINGHAM 64 HLBC 0= -2/3 3077* | F 0 2.06-7  OR LESS SUNY AR 64 CNTR 3777+
¢ 0 LESS BLUM 64 HBC Q= -1/3 3/77% T 0 8.7E-9  OR LESS DELISE
L z 0 LESS HAGOPTAN 64 HAC Q= +1/2 3/77% [ U 1.86-8 OR LESS DELISE
< N LESS LETPUNER 64 CNTR Q= -1/3 3477 £ 0 5.0E-8  OR LESS MASS AM
C 9 LESS MURRISUN 64 HBC Q= -1/3 3/77% f V0 1.4E-10 OR LESS BARTCA
. o LESS MORRISON 64  HBL Q= -2/3 3/77% F 0 L.56-9  OR LESS BUHLER~BR
o w 0 LESS FRANZINI 65 CNTR Q= —2/3 3/77% £ 0 1.4E-9  OR LESS BUHLER-BR
L Y 2 LESS ALLABY €9 CNTR Q= -1/3 1776 F 0 2.66-9 DR LESS KASHA
© A4 a LESS ALLABY 69 CNTR Q= -2/3 1/7¢ F G 2.1E-9 0OR LESS KASHA
s Yoo LESS ALLABY 59 CNTR Q= +1/3 1/7¢ £ 0 4.5E~10 CR LESS LAMB
w: Y 0 LESS ALLABY 69 CNTR 0= +2/3 1776 v 0 1.6E-9 Ok LESS LAMB
c A0S LESS ANTIPOVL 69 CNTR Q= -2/3 2774 F W 0 1.4E-10 OR LESS BARTON
3 AU LFSS ANTIPOVZ £9 CNTR Q= -1/3 1/76 - Q 0 1.6E-7 OR LESS BUHLEP-1
¢ a o LESS ANTIPUVZ 69 CNTR Q= -2/3 1/76 [ 0 0 4.5E-10 OR LESS CL=.90  BUHLER-2
4 v oo LESS ANTIPCY 71 CNYR Q= -4/3 1/7¢ ¥ Q0 1.7E-1C 0P LESS BUHLER-2
< 8 2 LESS BOTT-RODE 72 CNTR Q=s-1/3 2774 3 0 1.7E-10 OR LESS GGMEZ
s L] LESS EOTT-BCLCE 72 CNTR Q=+-2/3 2/74 ¢ 0 3.4E-10 DR LESS GOMEZ
e D LESS ALPER 75 SPEC Q= /3 1176 F 0 2.0E-9  OR LESS KASHA
[ LESS ALPER 73 SPEC Q= 4/3 1/76 F C 0 3.0E~10 OR (ESS BJICRNECE
< [T LESS LEFPUNER 73 CNTR Q= 1/3 2/74 F R 0 1.8E-10 0R LESS BRIATORE
< Lo LESS LEIPUNER 73 (NTR Q= 2/3 2/74 F R 0 1.8E-10 OR LESS BRIATORE
L [ LESS LEIPUNER 73 CNTR w=  4/3 2774 f R0 3.,76-8 OR LES3S BRIATCRE
4 N9 LESS NASH 74 CNTR Q= -1/3 2/17% 3 Y 0 2.26~8 DR LESS FRANZINT
< ND LESS NASH 74 UNTR Q= -2/3 2/77% 3 0 b.6E-11 OR LESS GARMIRE
© Food LESS FABJAN 75 ELEC 0= /3 1777+ 3 0 e.8~11 OK LESS GARMIPE
“ 0 B.OF-35 "R LESS C FABJAN 75 ELEC Q= 2/3 M=0-20 GFV  L/77* 3 0 3.1E-10 OR LESS HANAYAMA
« 2 PAGTPIAN &4 CRNSS SECTION INFEKRED FROM FLUX NATAL 3/77% [ 0 2.4E-8  OR LESS KASHAL
. w FRANZINI 65 CROSS SECTION [NFERPED FROM FLUX DATA. 3/77% 3 0 1.26-10 OR LESS KASHAZ
< Y ALLABY 69 iS5 A CFRN 27 GEV P+BE EXPT, STUDIES MASSES (-2, 7GEV 1/7¢ 3 9 1.3E-1C0 CR LESS KASHA3
9 Y ASSUMING NN=NNOG. (PNSS SECTIONS ASSUME 1SATRIPIC PRCD. IN CHM. 1/7e F z 0 5.0£-11 OR LESS CAIRNS
. ¥ LRCSS SECTIUNS AT 2GEV ARE GIVEN FERE. SEE FIG.9 FIR MASS DEPEN. 1/7¢ 5 F 0 5.,06-11 0% LESS FUKUSHIMA
< A ANTIPOVL 6% [S A SERPUKHCV 7O GEV P EXPT, *ASS LIMIT FROM NN=NNGQ. 2/74 [ F 0 7.56-10 OR LESS FUKUSHIMA
¢ A ANTIPOVL 69 AND ANTIPOV2 €9 ARE SERPUKHAV TOGEV P EXPTS. ANTIPOVZ  1/76 oo 1 EVENT CLAEMED MCCUSKER
A A GIVES RESULTS FOR M=2-5GEV ASSUMING NK-->NNQQ. HADRONIC OR LEPTONIC 1/7¢ Foou 1 EVENT CLAIMED CHY
4 A QUARKS. WE QUOTE TYPICAL VALUES. /76 £ 0 1.9e-9 OR FAISSNER
4 ¥ OANTIPAV 71 IS A SERPUKHIY 70 GEV P#AL EXPT. STUDIES DIQUARK MASSES 1/7¢ ¥ 0 9.8E-11 OR KRIDER
¢ Vo l.9-4.4GEV. WE SHCW «GEV VALUF. SEE THEIR FIG.2 FOk MASS DEPEN. 1’76 £ 0 1.6E-13 OR KRIDER
. A BOTT-8IDENHAUSEN 72 1S A CERN 13P 2642¢ GEV P+P EXPERIMENT. a4 ¥ 0 1.3E-10 OR CHIN
¢ 2 ALPER T3 IS CERN ISR 26426 GEV P+P EXPT. ASSUMES ISOTROPIC C.M. 1/7¢ F Q 5.7E-11 ©OR CHIN ALT=2770M
< P PRODUCTICN. SENSITIVE TG ANY ¢>2/3. 1/76 . 0 3.06-10 OF CLARK 71 #AS 2777%
¢ L LEIPUNER 73 IS AN NAL 300 GFvV P EXPERIMENT. 2774 F 0 3.0E-11 OR CLARK 71 »as 3777
4 N NASH 74 15 FRAL FXPT USING 200 AND 300 GEV PPUTONS. SEE FIG 2,PGB61 2/77% F 0 1.0E-10 OR HAZEN 71 *AS 2/77%
c N FO% OThEk MASS VELUES AND VAKIOUS PRCCUCTION MECHANISMS. 2/77% 3 0 4.1E-10 OR BEAUCHAMP ALT=2750M 3/77%
¢ € FABJAN 75 IS CERN ISR P4P EXPT AT 522830 GEV®2, INCLUDES RESULTS L/77% ¢ 0 1.0€-10 OR BOHM *4S 2174
. F_UF BULTT-BCOE 72 FXPT. 1/77% € 0 l.0E~10 CR BOHM *AS 2/74
: . F 0 8.3E-11 0F Cox 750M 3777
¢ QUARK PROM. GIFF. LRSS SEC. FROM PROTON ACCL. EXPTS. (CMe%2/SR-GEV) F 0 9.6E-11 DR cox 750M 3/77%
L L0 1.5E CF LESS DOF FAN 65 CNTR 8E TARG M=3-7GEV 2174 13 0 2.26-10 OR CROUCH /77%
U A "R OLESS DCOF AN 65 CNTR FE TARG M=3-TGEV 2174 ' X 0 3.0e-8 (R DARDO “TD 2/77%
B Yoo NE LESS CL=.90 ALLABY 69 CNTR THETA= 0 MR 1/7¢ £ 0 4,06-9 OF EVANS 72 CC Q=173 *AS L/77s
o Yoo ar LESS € ALLABY &5 CNT® THETA=E.5MR  1/76 ' 0 1.56-9  OR TONWAR *TD 3/77%
0 Yy o AR LESS C ALLABY 69 CANTR THETA=44 MR 1/76 c 0 8.0E-11 OR ASHTON *A5 3/77%
v Yoo CFE LESS C ALLABY 69 CNTR 1776 + H 0 1.7€-8 OR LESS C HICKS 1/76
a A0 G OLESS € ANT[PCV? 69 CNTR 1/7¢ b M D 1.7e-8 OR LESS C HICKS 1776
i A0 (R LESS C ANTIPEVZ 69 CNT® 1776 F 0 1.0E~7 OR LESS C CLARK €4S 1/77%
v v o0 rROLESS € ANTIPCY 71 CNTR THETA=47 MR 1/7¢ £ 0 7.CE-10 OR LESS C cLARK =AS 1777
o Voo NROLESS € ANTIOODY 71 CNTR THETA=4T MR 1/76 I3 0 8.06-11 OR LESS ¢ CLARK Iy 1777e
i NGO CR LESS C NASH 74 CNTR 2/71% F 0 1.06-8  OR LESS C CLARK *AS 3777
0 NGO NFLESS € NASH T4 CNTR MOGT L.76  2/77% f 0 2.06-11 DR LESS € CLARK =aS 1/TT*
v NGO CR LESS C NASH 74 CNTR MLT 1.76  2/77% 3 K 0 3.0E-10 OR LESS €l K IFUNE 7776
] L o CR LESS C ALRRCH 75 SPEC M=5-20 GEV 1/77% 0 1.2t-11 OR LESS C HAZEN 75 CC Q=1/3 »A5 7/76%
D J 3 ne LESS € JOVANTVIC 75 CNTR -15 GEV 2/76 . 0 7.0£-11 OR LESS C KRTSCR 75 CNTR Q=1/3 3/71»
o b0 MR LSy L JOVANGVIC 75 CNTR 5-26 GEV. 11/75 3 0 5.0E-11 OR LESS € KRISUR 75 CNTR 0=2/3 GAMMA = 10 3/77%
¢ 49 MR OLESS  C JOVANCVIC 75 CNTR 10-26 GFV 11/75 < 0 i.5€-10 OR LESS € KPISTR 75 CNTR 0=2/3 GAMMA GT1000 3/77%
0 g0 NROLESS C JOVANCVIC 75 CATR 0-26 GEV 11775 5 0 1.GE-S MR LESS BRIATCRE 76 ELEC 1D 1/77%
D 8 0 TROLESS  C BALOIN 76 CNTR M=l.4-& GEV 1/77% € V. BARTON 66 HAC 220000 G/CM¥#2 EXTRA SHIELDING 3777
D 8 0 2.06~36 PR LESS €L=.90 BALCIN T& CNTR Q==4/3 M=2.7-12GEV  1/77# ¢ W BARTON 67 HAD 6000 G/CM*#2 EXTRA SHIELCING ATTE
o D DOKFAN 65 IS A 30 GEV/C P EXPERIMEAT AT BNL.  V=.18-.99% A - Q0 BUHLER-1 67 AND BUHLER~2 &7 HAD 76G G/CM#*2 EXTRA SHIELDING 3/77%
o Y SEE FOJTNCTE v IN SUBSECTION C ABOVE, . 2416 F C BJORNBGE 68 -TWO EXPERIMENTS HAVING 1650 AND 36C0 G/CM#*%2 SHIELDING 3/77%
v A SEE FOOTNOTE A IN SUBSECTICN C ABLVE. 2716 3 R bRIATORE 68 SEARCHES FOR LEPTCNIC QUARKS WITH K300 G/CM2 SHIELDING  2/77%
0 vV FIRST ANTIPOV 71 VALUE [S FOR M=1,5-2.3,2.7-4.4GEV, "SECOND IS FOR /76 + R BRIATORE 68 GIVES (1.1#-1.8)E-L0 FOR Q=4/3 . wF CONV. TG CL=.90 377
o V. M=2.3-2.7GEV. SEE ALSUG NOTE V IN SECTION C ABOVE. 1/7¢ F 2 CAIRNS 69 CBSERVED 4 POSSIBLE QUARK CANDIDATES 377"
0 N NASH T4 IS FNAL EXPT USING 200 ANC 300 GEV PROTONS. VALUES ARE FOR  2/77% ¢ Y FRANZINI €8 MEASURES VELOCITY DIRECTLY BY TCF 3777
D N A IMRAD LAB PROD. ANGLE AMD OUTGCING MOMENTUM AT MAX OF FOUR #0DY 2/71% F £ FUKUSHIMA 69 DOES NOT RULE OUT QUARKS MEAVIER THAN 10 GEV. TITex
D N PHASE SPACE FOR QUARK-PAIR PKDN. SEE TABLE | PG. B&D FUR OTHER 2717 £ M MC CUSKER 69 CLAIMS 1 CANDIDATE. LATER SIMILAR EXPTS. SEE NONE. 274
0 NoOLIMITS, 2/77% F U 022/3 [F MASS LT 6.5 GEV, Q=1/3 [F MASS = 8 GEv, 5/7¢*
o L ALBROW 75 15 A CERN ISR EXPT WITh ECM=53 GEV. THETA=40 Mk, SEE 1/77% F U COULD BE AN EARLY-TIME NORMALLY CHARGED CCSMIC KAY. SEE ALLISCN 70. 2/77%
o L FIG. 5 FUR MASS RANGES UP Y0 25 GEV. 1/77% ¢ X DARDD 72 HAD 7000 G/CM##2 EXTRA SHIELDING /77
v J JNVANCVICH 75 FI1G.4 CRVERS KANGES Q=173 TC 2 AND M=3 TC 26 GEV. 11/75 ¢ H HICKS 73 LODKED AT LARGE ZENITH ANGLES, THUS USING THE ATMOSPHERE 1776
o J THIS IS A CERN ISR 26+26, 22422 GEV PeP EXPERIMENT, 2776 B H AS AN EXTENDED FILTER FOR HAORONIC QUAKKS. THEIR SEARCH PUTS AN 1/7¢
2 B BALDIN T& IS A 70 GEV SERP EXP. VALUES APE PER AL NUCLEUS AT 1777 F H UPPER LIMIT CN LEPTCNIC QUARK FLUX IN CCSMIC RAYS, 1776
v B THETA=Q. ASSUMES STAGLE PARTICLE INTERACTING WITH MATTER IN SAME 1/71% 3 K KIFUNE 74 LOOKED AT LARGE ZENITH ANGLES. FRCM THEIR FLUX LIMIT,THEY 7/7¢%
v B MANNER AS ANTIPRCTOM, 1777% ¥ K GET A LOWER LIMIT ON QUARK MASS OF 20 ftv. T/76%
06 OUARK PROD. DIFF, CROSS SEC. FRCH PHCTORRED. (CMe*2/SR-EQUIV.QUANTA) FHO QUARK CONCENTRATION [N MATTER {QUARKS PER NUCLECNY
) 5.0E-35 R LESS CL=.90  GALIK 74 CNTR THETA=1.2,7 DEG. 11/76% RHG S 0 1.0E-22 OR LESS HILLAS 59 /170
UL 6 GALIK 74 IS 20 GEVIMAX) GAMMA CU EXPT. USING SLAC 20 GEV SPTRMETER, 11/76% RHO 0 1.CE-1C OR LESS GENNETT 66 SNLAC SPECTHRUM 2177
EHG 0 1.0E-17 OR LESS CHUPKA 66 METPRITES 57774
" LIMIT CN CUARK MASS FROM ELECTRUN ACCELERATORS (GEV/Cx%2) KHO 0 1.0E-l& OR LESS GALLINARD &€  GRAPHITE LEVITUMETER . 3/77«
M %LEP QUARK INDICATES LEPTCNIC QUARK RHO 0 4. 0E-19 OR LESS STOVER 67 IRON LEVITOMETER 2/7%
" *STR QUARK  INDILATES STRONG QUARK - HO 0 1.0E-17 COR LESS BRAGINSKT 68 GRAPHITE LEVITOMETER 3/77%
M .85 DR MORE CL=.59  BATHOW €7 CNTP Q=1/3  *LEP QUARK  3/77% RHO 0 1.0E-20 CR LESS RANK 68 OIL DFCPS 3777
" .9G  JR MORE € BATHCH 67 CNT® *LEP QUARK  3/77+ RHO T 0 1.06-18 OR LESS RANK 68 SFA WATER " 3777
® L70  OR MORE € FOSS £T CNTR *LEP GUARK  3/77w &HO T 0 1.0E-17 0R LESS RANK &8 SEA SALT, ETC. 277
“ .84 OUR MURE C FOSS 67 CNTR *LEP QUARK  3/77= RHO T 0 1.0E-18 NR LESS RANK 68 LAKE WATER SITT*
» 1.0 OR MIRE BELLAMY 68 CNTF SLEP QUARK  3/77% RHO V0 1.0E-24 R LESS Crak 69 SFAWATER 2174
" 1.5 DR MCRE BELLAMY 68 CNTE *LEP QUARK  3/77% RHG V0 1.06-23 O©OR LESS cook 69 POCK SAMPLES 2474
“ 3.5 QR MORE BELLAMY 68 CNTR #STR QUARK  3/77% £AO ¥ 0 1.0-23 Ok LESS o0k 69 LAvA 1T
M .75 OR MORL AELLAMY 68 CNTR #STR QUARK  3/77% RHO V0 5.06-23 OR LESS CooK 69 LIMESTONE 3717
M o 3.6 DR M(KE O GALIK 74 CNTR #STR QUARK  T/Te* RHD 0 1.0E-15 NR LESS ELBERT 70 1N SPECTROMETEF 217
M - 4.5  OR MORE C GALTK 74 CNTR *STR QUARK  7/T6x “HO 0 5.0E-19 OR LESS MORMNPURGE 70 GRAPHITE (FVITOMETER /77
“ G 1.4 OR MDGE € GALTK 76 CNTR #LEP QUARK  T/76% RHO Z 0 1.0E-21 ©F LESS STEVENS 76 DFEP NCEAN SEDIMENT /77
» [ 1.8 OR MOGRE C GALIK 74 CNTP Q=2/3  *LEP QUARK  7/7e% RHO 7 0 L.0E-22 OR LESS STEVENS 76 LUNAT SOIL EVAS
M G FIRST TWG MASS LIMITS ARE FCR STRCNGLY INTERACTING QUARKS, INFERRED  T/76% RHO S HILLAS 59 WAS INSENSETIVE T QUARKS ACCORDING TG SUNYAR ea, /77
M G FROM CKOSS-SEC LIMITS USING DRELL MCDEL. LAST TWG ARE FGR LEPTONIC  7/76% RHO R BENNETT €6 LIMIT ENFERKED BY JINES 76, 3/17%
M G QUARKS. EXPT USES PRCTUPRGOUCTION ON CUPPER. 7/Tex RHO T RANK 68 USES U.V. SPECTROSCNPY. 3777
RHO Vv COOK 69 USES MULECULAP BEAMS, 377
®HD  Z  STEVENS 76 USES AN ICN SPECTRCMETER, 2717
KEBEEE REEEHCHRR BEGREEER AESSEHOBS AEERFOEAS EIPKCHKEE BELRARSEX CEEARELY
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QUARK SEARCHES, MAGNETIC MONOPOLE SEARCHES Data Card Listings

KEFERENCES M- GUA-K SEQKCHES « MONJPUEE PIND. CROSS SECTION - ACCELERATC® EXP. (CM#»2 3 /NUCLEON
¢ A 0 1 E-4u GK LESS AMALDIT €3 EMUL M=0 TC 3 GEV 12/75
HILLAS 59 NATURE 184 892 MILLAS ,CRANSHAW (AERE) C A 0 5 E-41 CR LESS AMALOIT €3 EMUL MzQ TO 3.4 GEv 12775
4 P02 E-40 OF LESS PURCELL 63 CNTR M=0 T0 3 GEV 12775
BINGHAM  t4 PL S 201 +DICKINSCN,CI1EBCLD, KOCH,LEETHe (CERN4EPOL) 4 G 0 4 E-43 GR LESS C GUREVICK 72 EMUL M=0-5 GEV 3/74
BLUM &5 PAL 13 3534 +BRANDT,LOCLONT CZYIEWSKI ;DANYSZs (CFRN) 4 C 0 &E-42 OR (ESS C CARRIGAN 73 CNTR G=1/6-24 DIRAC CHAR 3/74
BUREN 64 PRL 13 728 BOWEN, DELISE.KALBACH,MOR TARA (ART2Z) C M0 5 E-42 CR LESS C CARRIGAN 74 CNTR Q=1/3C TO 24 12775
HAGJP AN 64 PRL 13 260 +SELCVEyEHPLICH, LEANY, LANZA, RAHM+ (P ENN4BNL ) < N0 1 E-39 OR LESS C CARRIGAN 75 HLBC NEU ENERGY=1.0 /76
LEIPINER 64 PRL 12 423 LETPUNER {CHU 4L AR SEN, AOA TSR (ANL+YALE] [4 N0 4 E-38 Ok LESS € CARRIGAN 75 HLBC NEU ENERGY=5.0 1/76
MORKISON 64 PL 9 199 MORR {SON (CEFND c N 0 1 E-37 OR LESS C CARRIGAN 75 HLBC NEU ENERGY=8.0 /78
SUNYAR 64 PR 1368 1157 SUNYAR, SCHWAB ZSCHILT, CONNDRS {BNL) 4 E 0 5 E-4% CR LESS C EBERHARD 75 CNTR M=0 TO 12 GEV 11775
C 1 0 2 E-36 OR LESS C GIACOMELL 75 PLAS M=0 TC 20 GEV 2/76
el ISE 65 PR 1408 458 DELISE.BGWEN (ARIZ} < A4 AMALDI 63 USES 28 GEV PROCT BEAM AT CERN PS, FIRSY RESULT IS FOR 12775
DORFAN 65 PRL 14 599 VEADES,LEDERMAN, LEE , TING (COLU 1 4 A PROTON TARGET, SECOND IS FOR NUCLEON TARGET INSIDE NUCLEUS. 12775
FRANZINT 65 PRL 14 196 HLECNTIC \RAHM, SAMINS, SCHWARTZ {ENL+COLU) 4 P PURCELL ©3 LGOKS FOR MONOPOLES PRODUCEC BY 30 GEV PROT AT THE AGS. 12/75
MASSAM 65 NC 4CA 589 MASSAM MULLER, Z1CHICHT (CERN ) 4 G GUREVICH T2 1S A SERPUKHGY 70 GEV/C P EXP. MASS LIMIT FRCM PP=PPMY  3/74
C C CARRIGAN 73 IS NAL 300 GEV P EXP. MASS LIMIT Q=12 GEV FAOM PP=PPMM 3474
BAKTCN 66 PL 21 360 BARTON, STOCKEL {NCPL} c M CARRIGAN 74 IS NAL 400 GEV EXP. MASS LIMIT 0-13.7 GEV/MONOPOLE. 12775
BUHLER-B 66 NC 454 520 BUKL ER-BRUGL TN, FORTUNATO, MASSAM + {CERN) C N CARRIGAN 75 REEXAMINES OLD CERN NEUTRING EXPTS IN HLBC. NEU ENERGY  1/76
CHUPKA 66 PRL 17 60 CHUPKA (SCHIFFER, STEVENS LANL) C N GIVEN AT RIGHT REPRESENTS NEUTRINO THRESHOLD ENERGY, 1/76
GALLINAR 66 PL 23 609 GAL L INAR (D, HGRPURGD (GENTI 4 N THESE VALUES ARE IN UNITS CM»#2/NUCLEUS. 1/76
KASHA 66 PR 150 114C KASHA,LETPUNER, ACAIR (BNL+YALE) 4 £ EBERHARD 75 USED NAL TARGETS — 30C GEV AND 400 GEV P ON ALUMINUM, 2r78
LAMB o6 PRL 17 1068 LAME s LUNDY , NCVEY s YCVANOVITCH (ANL) C E Q=1-7 DIRAC CHGS., USED SAME TYPE OF DEVECTOR AS RDSS 73. 2776
c I GIACOMELLI 75 IS CERN ISR EXP., 4=0-30 GEV, 0=0.4-2.5 DIRAC CHGS, 2716
BARTON &7 PRSL SC 87 BARTLN (NOPL )
BATHIW 67 PL 258 L& BATHOW, FREYTAG, SCHULZ 5 TE SCH {DESY) cs MONDPGLE PROD. CROSS SECTION - SEARCH -IN MATTER {CM%#2) /N LEON
BUnLEA-1 67 NT 4oA 209 BUMLER~5ROGLIN,FCRTUNATC, MASS AM+ {CERN) €S 6 0 5E-38 OR LESS 6070 &3 EMUL M=l GEV 12175
BUMLER-Z o7 NC 51A 837 BUMLER-BRNGL IN,DALPIAZ,MASSAM, Z T CHICHICERNY CS G 0 5 E-36 OR LESS G010 63 EMUL M=10 GEV 12/75
FUbS 67 PL 258 166 +GAREL ICK4HOMMA, LOBAR, CSBORNE,UGLUM  (MIT) ¢S 6 0 5 E-33 GR LESS 6070 63 EMUL M=100 GEV 12775
GOMEZ 67 PRL 18 1022 +KOBRAK, MCLINE s MULLTNSy ORTH, VANPUTTEN#(CIT) cs 0 3 E-40 CR LESS PETUKKOY 63 CNTR METEORITE 12/75
KASHA 67 PR 154 1263 +LETPUNER, WANGLER , AL SPECTCR ,ADATR { BNL+YALE } €S C 0 1 E-380R LESS CARITHERS 66 ELEC M=2 GEV 12/15
STGVER 67 PR 164 1599 +MORAN, TRISCHKA (SYRA) €$ ¢ 0 7 E-37 GR LESS CARITVHERS 66 ELEC u=10 GEV 12775
€5 C 0 1 E-350R LESS CARITHERS 66 ELEC M=25 GEV 12775
BELLAMY 68 PR 166 1391 +HOFSTADTER, L AKIN, PERL, TONER (STAN+SLAC) €S F 0 5 E-43 OR LESS FLEISCHL 69 CNTR M=1 GEV 2176
BJORNBUE 68 NC 853 24 +DAMGARLC +HANSEN, CRATTERJEE+ {BOHR +BERN) €s F 0 2 E-40 OR LESS FLEISCHL 69 CNTR 10 GEV 2/76
BRAGINSK 63 JETP 27 51 BRAGINSK F1,ZELDOVICH MARTYNOV (MCSY) ¢S F 0 3E-37 OR (ESS FLEISCHL 69 CNTR M=100 GEV 2r76
BRIATORE 68 NC 57A 850 +CASTAGNCL 1, BOLL INI,MASSAMS { FORT+CERN) €S F 0 5 E-34 OR LESS FLEISCHL 69 CNTR M=1000 GEV 2/76
FRANZINI 68 PRL 21 1013 FRANZINT, SHULMAK (coLyy €S F 0 1 E-29 OR LESS FLEISCHL 69 CNTR M=1G00G GEV 2176
GARMIRE 68 PR leb 1280 GARM IRE yLEONG , SREE KANTAN (MIT) €S K O 1 E-42 OR LESS KCLM 71 CNTR M=1.5 GEV 3/74
HANAYAMA 68 CJP 46 ST734 +HARAJHIGASHI s KITAMURA, MIONG+ (0SAK) €S K O 1 E-42 OR LESS XOLM 71 CNTR 3/74
KASHAL &8 PR 172 1297 +STEFANSKI (BNL+YALE) €S K 0 1 E-37 OR LESS KaLM 71 CNTR 3774
KASHAZ  ©8 PRL"20 217 KASHA,LARSEN, LEIPUNER,ADAIR {BNLeYALE) €S K 0 1 E-34 OR LESS KOLM 7L CNTR 3/74
KASHAZ 68 CJP 46 573Q KASHA,LARSEN, LETPUNER, ADAIR (BNL+YALE} s K 0 1 E-31 OR LESS XOLM 71 CNTR M=1500 GEV 3’74
K ANK 68 PR 176 1635 D.M.RANK (MICH) €S R 0 1 E-43 OR LESS ROSS 73 ELEC M=2 GEV 3/74
€S R 0 5 E-41 CR LESS ROSS 73 ELEC M=10 GEV 3/74
ALLABY 69 NC 64A 75 +BIARCHINIyDICDENS, CCBINSON,HARTUNG+ (CERN) cs R 9 5 E-38 OR LESS CL=.95 ROSS 73 ELEC M=100 GEV 3/74
ANTIPOVL 69 PL 298 245 +KARPOV,KHROMDV , LANDSBE RG 4 LAPSHIN4  {SERP) CS G GDTO €3 EXAMINES MAGNETITE ROCK IN THE ADIRONDACK MOUNTAINS. 12/75
ANTIPOVZ 69 PL 308 576 +BOLOTOV, DEV ISHEV, DEVISHEVA, 15AKOV+ (SERP) €S C CARITHERS 66 LIMITS ABOVE ARE FOR NUCLEDN-NUCLEON INTERACTIONS. 12/75
CAIRNS 69 PR 186 1394 +MCCKUSKER 4 PEAK , WCCLCETT (SYDNEY) €S C LIMITS FOR PHDTONUCLEON PRODUCTION ARE L0#*3 TIMES LARGER. 12775
CavK 69 PR 188 2092 +DEPASQUAL T ,FRAUENFE LDER, PEACOCK + (icL) CS F FLEISCHER 69 LOOKED FOR-MONOPOLES IN SEDIMENTS AT BOTTOM OF OCEAN 3/74
FUKUSHIM 69 PR 178 2058 FUKUSHIMA s KIFUNE ) KONDCy KOSHIBA+ (TOKY) €$ F DEPOSITED DURING THE LAST 16 MILLION YEARS. Q=60 DIRAC CHAR.OR LESS 3/74
MCCUSKER 69 PRL 23 658 MCCLSKER JCATRNS {SYCONEY} €S K KOLM 71 TRIED TO DETECT MONOP, IN DEEP SEAWATER Q=.2-27 CIRAC CHAR. 2/76
€S R ROSS 73 TRIED TO DEVECT MONGP. IN LUNAR DUST 4-36 DIRAC CHAR  2/Ts
CHU 70 PRL 24 917 CHUSKIM, BEAM, KWAK (OSU+ROSE+KANS} CS R OR LARGER CHARGES EXCEPT FOR G= N#36#GOs WITH N INTEGER. THEY ALSO 3/74
ALSO 70 PRL 25 550 ALLT SON,DERRTCK,HUNT, SIMPSON, VOYVODIC (ANL} €S R REPORY LIMIT OF DENSITY IN LUNAR MATERTAL AS L.7$10%%~4 MONOP./GM. 2/76
ELBEKT 70 NP 820 217 +ERWIN, HERB s NTEL SEN,PETRILAK ; WE INBERG { WL SC )
FALSSNER 70 PRL 24 1357 +HOLOERKRISTOR, MASON, S ANAF, UMBACH {AACH) F MONGPOLE FLUX IN COSMIC RAYS (NUMBER/CM¥#2-SEC-SR}
KRIDER 70 PR D1 835 KRIDER BOWEN,KALBACH (ARTZ) F 0 1 E-13 GR LESS G010 63 EMUL KE TO 10#+4 GEV 12775
MGRPURGD 7u NIM 79 95 MORPURGD, GALL INARO, PALMIERT (GEND) 3 0 5 E-15 QR LESS CL=.90 CARITHERS 66 ELEC 12/15
¢ £ 0 3E-19 OR FLEISCHZ 59 SCAN KE TO LO**10 GEV 12/75
ANTIPOV 71 NP 827 374 +KACHANDY \KUTJIN,LANDSBERG ,LEBEDEY + (SERP) F 0 2 E-18 OR LESS KOLM 7L CNTR KE TO 10%%5 GEV 12/75
CHIN 71 NC 24 419 CHINy HANAYAMA, HARA yHIGASHI » TSUJT {0SAK) £ R0 5 E-19 OR LESS CL=.95  ROSS 73 ELEC KE TO 10%%4 GEV 12/75
CLARK 71 PRL 27 5L +ERNST ,F NNy GRIFFIN, HANSEN; SMITHe (LLL+LBL) [ L 1E-13 PRICE 75 EMUL M GT 200 GEV 12475
HAZEN T PRL 26 582 HoE.HAZEN tMICH) F F FLEISCHER 2 69 LOOKED FOR MONOPOLE TRACKS LEFT IN OBSIDIAN AND MICA 12/75
F F OVER GEOLCGICAL TIMES. 12775
BEUCHAMP 72 PR D6 1211 BEUCHAMP ,BCWEN,CCX , KALBACH 1ARLZ) F R ROSS 73 INCLUDES DATA OF EBERHARD 71 PAPER. 12775
BOHM 72 PRL 28 326 +DIEMONT (FATSSNER ,FASCLD KRISOR+ (AACH) F P THE PRICE 75 EVENT COULD BE EXPLAINED AS DUE TO A FRAGMENTING HEAVY L1/76%
BUTT-BGD 72 PL 40B 693 BQTT~BODENHAUSEN , CALDWELL + (CERN+MPIM) F P NUCLEUS. SEE ALVAREZ 75, FLEISCHER 75, FRIEDLANDER 75,ANO RQSS 76. 11/76%
cax 72 PR D6 1203 COXy BEUCHAMP, BCWEN sKALBACH (ARIZ) F P SEE EBERWARD 75 FOR DISCUSSION CF CONFLICT WITH CTHER EXPERIMENTS. 12/75
CROUCH .12 PR D5 2667 CROUCH MCR1 , SMI TH (CASE) F P NOT CONSIDERED CONVINCING EVIDENCE FOR THE EXISTENCE OF MONOPOLES. 12/75
DARDD 72 NC 94 319 DARDOs NAVARRA( PENENGO, SITTE (TCRI) F P HAGSTROM 77 GIVES A REINTERPRETATICN AS A MEAVY ANTINUCLEUS. 3/77%
EVANS 72 PRSE A70 143 4FANCEY \MUTR \WATSCA (ECIN+LEED}
TONWAR 72 JPA 5 569 TONWAR {NARANAN 3 SREE KANTAN (TATA) o MONGPOLE DENSITY [N MATTER (NUMBER/L ITER }
0 s 1.6E~4 OR LESS SCHATTEN 70 ELEC MOON 4/777%
ALPER 73 PL 468 265 (C‘RmtlVP«LUNDoBCHRoRHELOS\'GHOBERGOLCUC) 0 € 0 4.4E-5 OR LESS CL=.95 CARRIGAN 76 CNTR AR 1777%
ASHTON 73 JPA 6 577 ASHTON,COCPER, PARVARE SHy SALEH DURH) 0 € 0 1.88-3 OR LESS (L2.95 CARRIGAN 76 CNTR SEA WATER L/77%
HICKS 73 NC 144 65 +FLINT,STANDIL (MANI) 0 S SCHATTEN 70 EXAMINED SATELITE DATA FCR PERTURBATIONS IN THE LUNAR 4/T7%
LETPUNER 73 PRL 31 1226 +LARSEN, SESSOMS, SMITH, WILLTAMS+  {BNL+YALE) o S MAGNETIC WAKE. LIMIT IS FOR THE DIFFERENCE IN NUMBERS OF NORTH AND  4/77%
0 S SOUTH MONOPOLES. 4/77%
CLARK 74 PR DIC 2721 SETNN, HARS EN, SKITH (it D C CARRIGAN 76 IS SENSITIVE TO MCNDPCLES WITH DIRAC CHARGE 0=1/6 TD 24 1/77%
GAL IK 74 PR D9 1B56 +JORDAN,RICHTER SEPPI s STEMANN +  (SLAC#NAL) © C AND MASS AS LARGE AS (7500 GEVI*Q. L/77%
KIFUNE T4 JPSJ 36 629 +HIEDA, KUROKAWA y TSUNEMDTO 1K [MURA+{ TOKY+KEK}
NASH 74 PRL 32 858 +YAMANOUCHT, NEASE, SCULLT (FNAL+CORN+NYU ) HREIER RESEERES AFCLhxyO * R bbbk S
ALEROW 75 NP B9T 189 +BARBER, BENZ+ (CERN+DARE +FOM+LANC +MCHS+UTR ) REFERENCES FGR MAGNETIC MONGPOLE SEARCHES
FABJAN 75 NP BLOL 349 +GRUHN, PEAK  SAUL I, CALOWELL + {CERN+MPIN}
HAZEN 75 WP 895 189 +HOD 50N, WINTERSTEN,GREEN, KASS¢ {MICHe LEEDS ) AMALDL 63 NC 28 T73 +BARONI, MANFREDINI, BRADNER +(ROMA+UC SD+CERNI
JOVANDVI 75 PL 568 105 JOVANGY ICH+ {MANT+AACH+CERN+GENO+HARVSTORT ) GOTO 63 PR 132 387 +KOLMFORD (TOKY+MIT+BRAN )
KRISOR 75 NC 27A 132 KRISOR (AACH) PETUKHOV 63 NP 49 87 +YAKTMENKD (LEBD}
PURCELL 63 PR 129 2326 +COLLINS, FUJIT, HCRNBOSTEL , TURKDT ({HARV+BNL )
BALDIN  T6 SUNP 22 264 +VERTGGRADOV, VI SHNEVSK I T, GRISHKEY ICH+ (4 INR) CARITHER 66 PR 169 107G CARI THERS , STEFANSKI , ADAIR (YALE)
BRIATORE 76 NC 31A 553 +DAKDO,P1AZZOLI (MANNCCCHI+  [LCG+FRAS+FREI) FLEISCHL 69 PR 184 1393 FLEISCHER, HART, JACOBS+ (GE SC+UNCS+GSCO)
STEVENS Té6 PR D14 716 +SCHIFFER, CHUPKA (ANL) ALSG 70 JaP 41 958 FLEISCHER, HART, JACCBS, PRICE, SCHWARTZ+(GESC |
FLEISCH2 69 PR 184 1398 FLET SCHER ,PRICE ,WGCOS 1GESC)
PEVIEW ARTICLES ALSC 7O J4P 41 958 FLEISCHER ¢HART, JAC OB S, PRICE + SCHWARTZ+{GESC}
ZAITSEV T2 SINP 15 656 +LANDSBERG {SERP) SCHATTEN 70 PR D1 2245 SCHATTEN (NASA)
JONES T6 MICH-HE-Té-42 JONES (7O BE PUB. IN REV.MOD.PHYS.) (MICH) KOLM 7L PR D4 1285 +VILLA,OGDIAN CMIT+SLAC)H
GUREVICH 72 PL 388 549 +KHAKIMOY ,MARTEMIANCV + (K1AE+NOVD+SERP )
waxwak ERERhRENE HE * * ALSO 70 PL 31B 394 GUREVICH  KHAKINCY + {KIAE+NOVO+SERP)
sarses Bexasuear ked SRR o rrEak ALSD 72 JETP 34 917 BARKOV, GUREVICH, (KTAE4+NOVO+SERP}
LARRIGAN 73 PR DB 3717 +NEZRICK, STRAUSS (FNAL)
ROSS 73 PR D8 698 +EBERHARD  ALVAREZ yWATT (LBL+SLAC)
ALSC 7L PR D4 3260 EBERFARD,ROSSy AL VAREZ s WATT (LBL+SLAC]
IM_AGNETIC MONOPOLE SEARCHES' CARRIGAN T4 PR D10 3867 +NEZRICK ,STRAUSS (FNAL}
CARRIGAN 75 NP B91 279 +NEZRICK (FNAL)
ALSQ 71 PR D3 56 CARRIGAN,NEZRICK {FNAL |
n R EBERHARD 75 PR D11 3099 +ROSS4 TAYLOR ) ALVAREZ , OBERLACK (LBL+MPT M}
i i in t ection. GIACOMEL 75 NC 26A 21 GIACOMELL I, ROSST+ {BGNA+CERN+SACL +ROMA Y
There is little new to report in S sec PRICE 75 PRL 35 487 +SHIRK ;OSBCRNE ¢ PINSKY (UCB+HOUSTON)
, . . ALSG 75 LEL-4260 LUIS ALVAREZ {isL)
However, we include the listings for completeness. ALSO 75 LBL-4289 PHILISPE EBERMARC (BL)
ALSO 75 PRL 35 1412 R.Ll. FLEISCHER,R.M.WALKER (GESC+WUSL)
. . s : 7 7 MW,
One interesting development is the proposed reinter- ALio Te taLa.te RGRALD RoSS T ‘il
ALSD 77 PRL 38 729 RAY HAGSTRCM 1LeL)
i 7
pretation of the PRICE 75 event by HAGSTROM 77 as a CARRIGAN 76 PR D13 1823 +NEZRICK, STRAUSS (ENALI
heavy antinucleus. ARRERE SERRANESS TEVERRERE EXOIEIILE HA
RRAEE AREERSIER RS
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Data Card Listings OTHER NEW PARTICLE SEARCHES

. “an M . v coar T AT =, UNITS LR E PRe CEV O MOMENTUY L/Tes

t © i< NULLFUS. 5/Tex

OTHER NEW PARTICLE SEARCHES L S e e e i s e e, S

- TOANTIPIWY2 71 1S FRONM SAME 7O GEV P EXP. AS ANTIPCVL 71 ANG FINON £5. 3/77%

4 L ALPER T2 1S CFEN ISR 2o+l GEV P+P EXPT, P>.9 GEV, .2¢ EETA <.65. SI76*

o & APFELL T4 15 NAL 300 GV Paw EXPEIMENT. STUDICS FOnwbkD PRCQUCTION 2/7¢

i A OF HCAVY (4P Th 24 GEV) CHARGED PARTICLES WITh MAMENTA [4~200GEVI(-? 2/7¢e

i A ANU 4U~150GEV [#LHGD. Al vF TYRICAL VALLE TS FUR 7% GEV AND IS 5/76%

o S1el oG 1 ol £ 4 i A PEx GFY MUMENTUM PIR NUCLECN. 5/76x

Wo collect here those searches which do not fit ‘ Y ey ith tovenn oEv. TrETAsYd ME. set AN

. N N . . L Fl15. 5 FOS MASS RANGES UP Ti 35 GEV. 1/77%

neatly into one of tlie abouve scarch cateqgories, J JGVANLVICH T5 IS A CERN 55 26426 AND 15+415 GEV P+P EXPER[MENT. 2/7¢

J FlG.e COVEPS RANGES €=1/3 T 2 AND ¥=3 T7 26 GEV. 2176

L } J VALUE 15 PER SEV MOMENTUM. 5/76%

° ° N 4 CALOIN 7¢ 1S A TU GEV f OEXP. VALUE 1S5 PEF AL NUCLEUS aT 1/77*

f LTt TN ENTESLCTL R C b THETA= 0. ENG CTHER CHAKGES IN RAANGE -0.5 TC =3.0, CL=.90 LIMIT [S L/TT*

e T ! Thod wnan A fecay ) b (¢ 6E=361/ABS (CHAKGE) FNk MASS RANGE (2.1 T6 O, 4GEVI®ABSICHARGE) . 1/77%

: o "'\’>‘5l-: '\': " “1”([“‘&““\/‘]"-"“05L ;I““;\:» L 8 ASSUMES STABLE PARTICLE INTERACTING WITH MATTER AS DU ANTIPRCTONS. 1/17%
B e TATE oneruy ChaRmTy a CRLSS=SEC FOR PRCU AND CAPT MF LING-LIVED WASSIVE PASTICLES (CMex2)

oo 3o sy o CFTL ERAL 300y Pet - Uh b3 J1-%E-3t [k LESS FEANKEL T4 CNTR T TOO 1000 MRS Tr7e%
L h Al Ta eSieyE Lpoc VLPN S[ANALS [okmog TWIs TeE  2/77% Ly %0 1.4-%E-3¢ QR LESS FRANKEL 75 CNTR TAyU=50 MS TC 10 #RS 2/77%

D NIl e Efeeb baos Lao-é ofv. TLiCIein Sane LIRCTIME eSS 2s77e | LA A9 SE-34 LR LESS ALEXSEEL 7€ ELFC TAU=100 M5 10 L DAY 4/77=
L L e G yeRp i ea VY. SUCGFeTe LIGHT VEv.MFS.(pHi). as77e | CA A0 .i-BE-34 OK LESS ALEKSEEZ 76 ELEC TAU=5 MS TC 1 DAY 2/77%

A : - LYM W T4 SPEC ENAL 200LcV PeCUMh 1777w (A F FRANKEL 74 (NOTKS FOR PARTICLES PROOUCEL TN THICK AL TARGETS 8Y 7/76%
e u eNYOAR T ST LTRECT i CLGNAL Gaxfod TIMES Twe spon YIELs fre  asyze | G800 F 3007e00 CEVAC BECIDNSL L e Ak
L L e sy JATREACTIRGy ST LLRET R VI 1 Co 4 AUSKSEEVULL2) Te ARE 61-7C GEV P SE<P ExPT. £5 LS PER PB NUCLEUS.  3/77a

B , gt < CERNTSk 7 26hHF ppG N
h T O AT SN VAL HEAVY PAKTICLE FLUX IN COSMIC RAYS (AUMEER/CM¥%2-SEC-SR)

U e ety Lant mE SHI ALt SINCE SMI TR keke AGT SEgN. 2777w ¥ 0 3.0€-10 Mk LESS RJCRARCE 68 CNTR M ABCVE 5 GEV “r77
ey PR debmAedie e bR LFM’MM‘ 75 BYUE e 3 0 5.08-11 Sr LESS CL=.90  JCNES &7 ELEC Mz5 TG 15 GEV 3777
AR 7, STSCLSAES AR VR rXBTS AAT ESCFAT UNBURLTSHED RFSULTS. 3777 F O 3.CE-8 MR OLESS CAREC 72 CNTR . AR
Corw SO LTurTde S PR MES3: ) wiLTTE MESh, WEAKLY DECAYING 277 £ O L.5E-9 Ak LESS JCWAR 72 CNTR MoT 1o GEV AN

N s v T To CrTE 3 ;7Q GEV PauE fL'J EVEEL) F Y 5 o©. E-S CR MURE YOLk T4 CNTR M GT €& GEV 1/76
oLl e CTEr0T wonn SIPANAL caof e TiMES Piru YIELE Fob 3717 F 0 7. E-10 P LESS L=.90  YNCK 75 ELFC 4= @ GT 7 OR LT =76 9/76%
[ NP LV AT MUS/4ds ¢ Bee. <ATLC MUs/PI+ IRCHEASES  3/77e | T T L e TRITone, L RETe FLEC Ay
e INCEEASY L ERE LY, IMTICATIRG NECAY OF MEAVY PARTICLE 778 F YoovuCK EVENTS © TTONS.

[ - VT TAL LT | ol LY aa e 5 — -
’ < LIGHT {BETWEEN MU AMNO E MASSES) PARTICLE MASSCUNITS-ELECTRON MASSES)
" 4 i 7 LV PROT ) *
T i s de viasutte (o GRS AT MR S BP0 I 0 NONE BETWEEN 6 AND 25  BELOUSGV 63 CNTR SPINAR,TAUSL £-8  5/7¢*
L arer ”,’,‘D et h5emr. 36, THIS WOULL TNDICATE THAT MUGNS COME 37774 ¢ O NCNE BETWEEN 2 ANG 25 GCRBUNOY 60 CC SPINOR,TAU>1 E-9@ 5/76%
T et Il Ay e VIR eK IMTOWACTIINS. FRSCSITE AZsoLT IS 17 3 o WONE BETWEEN 5 AND 175  COWARD ©3 TNTR  SPINDR,TAU>22 E-10 5/76*
L iy ,\“T‘;“_;U_ 76 aum LEIPUNER To ° - 3777 [4 0 NONE BETWEEN 5 AND 175  CCWARD 63 CNTR SCALAR,TAU>68 E-10 5/Te*
e e i e ATeT 76 CnTe ENAL 40uGEV PeNUCL  ayrme | € D0 NONE BETWEEN 2 AND 130 BLAGOV 75 CNT® SPINU®.TAU2E-10SEC  2/7¢
Liv < ef e £1NL TMAT MUY S1F PREOUCTICN LAN ACCTUNT 0% MGST M The ay77+ | € 9 O NCNE BETWEEN 2 AND 10.6 BLAGLY 75 CNTR SCALAR,TAU>2E-10SEC  2/7¢
po< . S NG TEATIRG SL ECTROMAGNET IC PP”CU:’;]/’]N MECKAN] S™ '3/77,, C D BLAGCY 75 BOUNDS CN LIFETIME DFPEND OM MASS AND TMPROVE AS MASS 4/TT*
f PR e T LAUTERBAC 76 (NTR FNAL 40O0GEY b;mu T ¢ D DECREASES. AT 2 GEV THE EXPERIMENT IS SENSITIVE TO TAU>3é-1l SEC 4ITTE
Lib T LE,Ti<rAUk To NeAsUAS LONG. POLARIZ. GF WIGH ©T DIRECT MUGNS To BE 3/s77x | ¢ T FOR SPINMR, TAU>SE-11 SEC FOR SCALAR. 47T
At ARSI N A FROCESSy NOT WKLDEC 27777 | savrus sommbuscs xskensns S5essxess SHOXsrass $sxevsss yEaresers sxexwiss
LoF : LT IPUt c 4 76 mMEASUSES Luhu. POLARTZ. CF FURAARD DEIRPELT MuGnS TC BE 3777 -
LG P d.cus-soli AS EXPELTET FCROELECTSTMACNVETIC PETCESS, NCT Wk, DEC. 3/77= KEFERENCES FOR CTHER NEW PARTICLE SEARCHES
> N BRANSON 17 SPEC 200 GFV/C PRCUT 4+ FE  2/77% _ -
PN ANson T7OFIRDS MU/P L RATIGE P.8-5 FOS PT LESS THAN L GEV/C. 3/77a | BELOUSOV 60 JETP 11 1143 *+RUSAKCV, TAVM, CERENKCY (LEBD)
e e T N e 0. Ten 3 f6 ALL BICWOT NUS AGE PRADUCED IN PATKS.  3/77 | UORBUNOV 60 JETP 11 51 +58RIDONOV, CERENKOV {LEBD)
N CUWARD 63 PR Ll 178¢ +GITTELMAN, LYNCH,RITSON (STAN)
DORFAN 55 PRL 14 595 +EADES JLEDERMAN  LEF s TING (cow)
I LHAr PO [uM - STATES NT . R < TILN #= w9, CMus2-mE
Ik " " 1 ty L»“;[ :E:(E rL:If_ »EC nf‘yﬁ:i,(‘Ec-yL[, GE ' it v 4777% JONES 67 PR lé64 1584 (MICH#WISC+LBL4UCLA+MINNACOSU+COLO+ MURA)
SUs : Silese T sacatrLur 7e 117 6JORNBOE 68 NC B53 241 +DAMGARC, HANSEN, CHATTERGEE+ (BOHR+BERN)
cel CkoLiss Cie.co  pACCr e WITT | BINN v P 20B 510 DUTE TL 4 KACHANDV , KHROMEV , KUTY TN+ (SERP)
¢ LoReRL e Liss Espes i "
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CROSS SECTION PLOTS

I T T I i

Neutral-current / charged-current
cross-section ratios

08 5 ® 7
Ry = oNC(UN=>2X) /o (s N+ X)
v
061 * GGM 7
L ® OF
041 , o HPWF ]

Antineutrinos, Ry

f
|

0.2

0 1 1 { 1 |
0 0.1 02 03 04 0.9

Neutrinos, R, XBL773-625

Neutral-current-to-charged-current cross-section ratios, neutrinos vs. antineutrinocs.
Determination by three separate experiments: Gargamelle collaboration [3.Blietschau
et al., Nucl. Phys. B118, 218 (1977)]; Caltech-Fermilab [F.S.Merritt, Ph.D. Thesis,
California Institute of Technology (1977); point has been corrected for experimental
cuts assuming a scaling model for charged currents and an antiquark fraction in the
nucleon of 17%]; and Harvard-Penn-wisconsin-Fermilab [A.Benvenuti et al., Phys. Rev.
Lett. 37, 1039 (1977)]. Because of the different energy regions and experimental
cuts involved, some care should be exercised in making direct comparisons.

T
wi | ¥(3685)
oL JAP(3100) |

2 3 4 5 [S) I 8
Ec.m. (GeV) XBL774-702
0(e+e_ - hadrons)

+ - + o=
A summary of the cross-section ratio R = . — where 0(e e > u ) is
gle e >uu)

.

2 2 + - .
taken from QED as 86.8/EC n nb-GeV~, and O(e e - hadrons) is generally taken as

the cross section of 3-or-more-prongs plus non-coplanar 2-prongs, as compiled by
Schwitters and Straunch [Ann. Rev. Nucl. Sci. 26, 89 (1976)]. Between 3 and 8

GeV there is an overall normalization uncertainty of the order of 10%, and a further
slowly varying uncertainty of as much as 15%. Below 3 GeV, the normalization
uncertainty is of the order of 50%.
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ERRATA

The following corrections should be made in should be marked to indicate that they apply in
the 1976 edition of "Review of Particle Propertiés", the (ab) c¢.m. system only.
Particle Data Group [Rev. Mod. Phys. 48, No. 2, Page S45 (72): In Section C.3, on multiple
Part II (1976)]). A second page number given in Coulomb scattering, the expression given for eégsj
parentheses following the first number refers to should have referred to GE?Ej [see v. 1. Highland,
the corresponding page in the 1976 Particle Prop- Nucl. Instr. and Meth. 129, 497 (1975); also private
erties Data Booklet; where the second number is communication]; the proper equation, for Gg?ij, is
absent, the correction was already made in the given below. The correct description of multiple
Data Booklet before it was issued. scattering is as follows. The probability of

Page S21: The mass squared of the WO should scattering through a space angle 0 into an element
read 0.0182 instead of 0.182. of solid angle df! = sinBdBd¢ in terms of a parameter

Page $24 (8): The magnetic moment of the | 60 is given to a good approximation by
should read 1.001 165 897 2;hc instead of ~62/62
1.001 166 897 =S, . £@an = ke a .

N EmUc o
Page 526: The width of the 7~ should read with K = l/(ﬂez). For this distribution, el/e, the

7.9520.55 eV instead of 7.810.9 eV; the width of 1l/e

angle such that f£(6
the 1 should read 0.85%0.12 keV instead of grms

Y/£(0) = 1/e, is equal to

= V<83 = 60. This distribution may be

+ .
2.6320.58 keV; and the percentage decay of the expressed in terms of the two projected angles Gx

1} into neutral and charged modes should read and 0 with df = 46 4o and the probability of
. '
y Xy

71. .0, i i . j i
1.0 and 29.0, respectively, instead of 71.1 one of the projected angles, say Bx, derived as

and 28.9. These values (or their equivalents) e2
are all given correctly in the Stable Particle - =

1 2(erms)2
Table. q(@x)dex = — e x as

VT o *

P
Page S32: The J of the A(1860) should read
.
3/2" instead of 1/2%.

. rms, 2 2 . . . . rms
Page $33: The mass of the I(1765) should wi52,2(ex )7 = 8, For this distribution, 8 " =
read 1773 instead of 1723. 8, /V2 is given by the expression
Page $35 (39): On the line giving the value
of what is called "u_", the notation should be rms 14MevV/c L 1 L Mz
P Oproj = 2 B 2ol )t e
changed to ”uN"; this is the nuclear magneton, p s

not the proton magnetic moment. The next line,
for the scattering of a particle of mass M, charge

giving u_/u , should be completely replaced by
p’ "Bohr zie[, velocity B, and energy E in a thickness L of
Hp/UBohr = 0.001521032210(18) 0.012 ; a medium of radiation length LR and atomic mass m_.
the up appearing here is the proton magnetic The distribution for g(ex) is accurate experiment-
moment. Additionally, the third expression for ally at the 5-10% level except in the tails, which
R should read mecaz/zh instead of me0a2/2h; are broader than the Gaussian form. For this
the numerical value is correct as it stands. reason, the notation "rms", which has come into
Also, the gravitational constant should read general use in this problem, is somewhat of a
6.6720(41)><10_8cm3g_lsec_2 instead of misnomer. It should be understood that this refers
6.6732(31)x10"8cm‘3g'lsec'2. And finally, on to the 1/Ve point of the distribution, i.e.,
the line giving the pressure of 1 atmosphere, g(egizj)/g(o) = e‘l/2 = 0.606, and not to the true
the word "dynes" should be replaced by "g(force)"; rms projected scattering angle (which is larger
also note that 1 bar = 106 dynes/cmz. than 6;?§j due to the large tails). Note that for
Pages 540-S41 (52-53): Equation II-19 incident electrons, positrons, or heavy nuclei,
should be deleted; also, both parts of Eg. II-20 this formula is inaccurate.
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A SPECIAL REQUEST

The Particle Data Group is currently compiling
a database of experimental high energy physics
reports and proposals. We publish an account of
active high energy physics experiments (LBL-91) and
will publish an index of high energy physics
reports (LBL-90). Our database will eventually
become directly accessible to users ;t any institu-
tion. An important feature of our system will be
a link between each report and the experimental
proposal that generated the data in that report.
In order to help make this link, we request that
publications ihclude the accelerator and proposal

number in a footnote.
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Statistical fission parameters Bf and ag/a,, are extracted from analyses of recently measured heavy-ion induced fis-
sion and evaporation residue excitation functions for medium mass systems using a formalism with spin dependent
level densities and multiple particle/fission competition. Results are compared with those of the less rigorous s-wave

apﬁroximation as treated in the code ALICE.

One property of nuclei at high angular momenta is
an increase in fissionability, such as that described by
the rotating liquid drop model (RLD) of Cohen et al.
[1]. The parameters which govern the (statistical) fis-
sion of these nuclei are therefore of interest since they
are related to the property of deformation versus an-
gular momentum. Most analyses have been performed
using formulations which either did not use appropri-
ate spin dependent level densities, or which ignored
consequences of multiple particle emission, or both.
Thus, it is not clear whether the parameters extracted
represent the approximations in formulations used or
the characteristics of the nuclei involved.

An additional problem of heavy ion fission data
analyses has been the data themselves. These have
often been only fission excitation functions, necessita-
ting arbitrary assumptions concerning the compound
nucleus formation cross sections and, therefore, the
limiting angular momenta (/ . ;,) for compound nu-
cleus formation.

Recently, a large body of data [2, 3] has become
available for which both fission and evaporation resi-
due excitation functions have been measured, spanning
a fairly broad compound nucleus mass range (4 = 97—
176). In this letter, we report analyses of these data
using a code [4] which treats multiple particle emis-
sion with spin dependent nuclear level densities. We
seek a description of the fission excitation functions
in terms of a parameter which scales the fission barrier

* Work supported in part by the U.S. Energy Research and
Development Administration.
! Supported by a grant from the National Science Foundation.

of the RLD model of [1], By, and a parameter which
represents the ratio of single particle level densities at
the saddle point to those at equilibrium deformation,
agla,. A recent application [5] of this code to the sys-
tem 40Ar + 109 Ag required a surprising liquid drop
barrier reduction of 40%. In this paper we investigate
the compound nucleus mass dependence of these fis-
sion parameters. Since many analyses are now being
performed with the simpler statistical code “ALICE”
[6] , we also compare results of the new code with
those of ALICE; the degree of agreement is found to
be mass dependent.

The fission and particle (n, p, &) emission widths
are given by

E-E (D)
Lre2r+1) pdE ~ Eg(1) —K) dk, (1)
0
and
i I+ E-Enin()-8,
I x2S, +1 20 (2J+1
v (25, )I=OJ=|I—ll( )f

0

X p(E — Epin (/) — B, — €)Ti(e) de,

where I and J represent emitting and residual nucleus
angular momentum, respectively, and S, the intrinsic
spin of particle »; ¢ its channel energy, and B,, its bind-
ing energy. The transmission coefficients T,f(e) at or-
bital angular momentum / are computed using the nu-
clear optical model with parameters given by global
sets [7]. Level densities given by py (U) = U2

X exp[2(a, U)112] are used; following Lang [8], the
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excitation energies are decremented by the appropri-
ate rotational energies. A value of @, = A4/10 is used.

The maximum compound nucleus angular momenta

used are determined from experimental fusion cross

sections using the sharp cutoff model.

The rotational energy of each nucleus in its equi-
librium deformed state, £, (/), and at the saddle
point, E Sp(I ) are initially calculated using the RLD
model. The saddle point energies are then adjusted in
the calculations by scaling the fission barrier B(J) by
the constant, B!

E (1) = Eqyn () + BU) By ()

where B(/) is the difference in RLD energies between
the saddle point and equilibrium deformed nucleus.

The code evaluates decay widths for the energy (£)
and angular momentum (/) cross section population
elements of each nuclide, with a mesh size of 1 MeV
by 1%, using a logic previously described [9] to follow
the entire decay chain.

This code was used to analyze both the fission and
evaporation residue excitation functions for the sys-
tem 40Ar + 109 Ag at bombarding energies between
169 and 340 MeV (Lab). While different parameter
sets could reproduce narrow ranges of these excitation
functions, it was found {5] that the entire range
could be reproduced only by a;/a, =1.03 +0.03, and
B =0.60 +0.05.

Beginning with this parameter set, we search for
best sets for the fission excitation functions for 33Cl
+62Ni, 1208 and 141 Pr at lab energies from 155 to
170 MeV, and for the system 20Ne + 107 Ag at lab en-
ergies of 110170 MeV. As before, analyses are re-
stricted to [, values given by the sharp cutoff ap-
proximation to the experimental fusion cross sections.

PHYSICS LETTERS
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The binary division yields from the system 33Cl + 62Nj
show some signs of mass asymmetry [2]. The com-
pound nucleus may be below the point at which fis-
sion is stable against asymmetry [10]. The yields
therefore may not be due to equilibrium fission and,

if they are, the statistical fission {11] approach may
not be applicable. The analyses are presented with
these reservations in mind; only a lower limit to By is
deduced for the 62Ni system for these reasons.

The results of table 1 clearly show that the fission
barriers must be reduced by factors of 30—50% from
results given by the RLD model; a value of a¢/a,, of
1.03 *+0.03 seems adequate for the entire mass range
which we have investigated. The B; factors of table 1.
indicate a minimum near A = 127. However, there are
uncertainties in the experimental data analyzed and
in the sharp cutoff approximation. The Cl-induced re-
action data span a dynamic excitation range of less
than 15 MeV, which makes unambiguous extraction
of parameters difficult. In view of these difficulties in
the data and analyses, a constant barrier reduction fac-
tor cannot be ruled out.

Some indication of the sensitivity of calculated re-
sults to parameter choices is indicated in the set of re-
sults of fig. 1 obtained using By = 1.0, a¢/a, = 1.25. 1t
may be seen that the sensitivity to parameter change
over a given excitation energy range decreases with in-
creasing mass. To further emphasize the desirability
of data over a broad range of excitation energies we
note the following example: At 200 MeV 33Cl (lab)
+141pr the calculated evaporation residue cross sec-
tion is 200 mb for B¢ = 0.65, a¢/a, = 1.03, and only
Z50 mb for B¢ = 1.00,a¢/a, =1.25. A more detailed
illustration of this sensitivity may be found in [5].

We can only speculate at this point as to the rea-

Table 1
Statistical fission parameters deduced in this work

Target ACN Epap (MeV) E* MeV)  Jorit (B Bs aflay,
and
projectile

62Nj + 35C1 [2] 97 155-170 8695 5866 $0.54 1.04
107 Ag + 20Ne [3] 127 118-166 75-122 37-60 0.51 = 0.06 1.04 = 0.03
109 40 + 404 [15] 149 169—337 71-194 49-108 0.60 + 0.052 1.03£0.032
16gy +35¢t [2] 151 155-170 63-74 43-60 0.57 1.02
141p 4 3501 [2] 176 155-170 49-61 24--49 0.6573:39 1.03t997

4 Result from [5].
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Fig. 1. Experimental and calculated fission excitation func-
tions. Filled circles denote the experimental fission cross sec-
tions from [2}]. Solid curves represent the present (MB-II) cal-
culations using the parameters given in table 1: dashed and
dotted curves denote s-wave (ALICE) calculations for NO and
YES options, respectively. Dash-dot curves also shown for
35C1 + 11630 and 35C1 + 141 Pr denote (MB-II) calculations
with ag/a, = 1.25 and By = 1.00.

sons for what may seem to be large discrepancies be-
tween the barriers deduced from these analyses and
the RLD model results. First, barrier calculations
which include an estimate of the finite range of nu-
clear forces [12] give 10—30% decreases in / = O bar-
rier heights in the mass range considered in this letter.
Second, for the partial waves relevant to these analy-
ses, the barriers are differences between two energies,
and the percent error in the saddle point energies
themselves are on the order of only 10%. Finally, it
must be kept in mind that the compound nucleus
model may itself be failing in the excitation ranges un-
der consideration since the lifetime is no longer far in
excess of the recurrence time [13]. Furthermore, in-
verse reaction cross sections may not be represented
well by ground state capture cross sections [14].
These questions must be investigated more thoroughly
before the significance of the results of this work are
fully understood.

Statistical fission parameters often are deduced
from analyses using a code due to Blann and Plasil [6]
which makes use of the s-wave approximation; in or-
der to understand how parameters deduced by means
of the s-wave approximation may differ from those de-
duced using the more rigorous angular momentum cou-
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Fig. 2. Experimental and calculated fission excitation func-
tions. Filled circles denote the experimental fission cross sec-
tions for 4%Ar + 199Ag [15] and 20Ne + 197 Ag [3]. Solid,
dashed and dotted curves represent the same quantities as in
fig. 1.

pling formalism of this work, s-wave calculations are
also shown in figs. 1 and 2.

In the formalism of [6], there are two options
available for fixing the angular momenta for which
ESp and £ ;, are evaluated. For one option (denoted
by NO), the angular momenta are taken as the en-
trance channel orbital angular momenta; for the other
(denoted by YES), they are taken as the orbital angu-
lar momenta decremented by a fixed amount follow-
ing particle emission (2% for neutrons, 3% for protons
and 10# for alpha particles). Results of calculations
performed for each option are shown in figs. 1 and 2;
the YES option provides results in better agreement
with those of this work. The differences between each
of the calculations increase as the mass number de-
creases, indicating an expected greater dependence
upon the angular momentum treatment for lighter sys-
tems. The comparisons shown in fig. 1 apply to the pa-
rameters of table 1. Further investigations reveal that
such differences are sensitive to ag/a, and B (they de-
pend upon the relative importance of multiple-chance
fission contributions and upon the steepness, with an-
gular momenta, of the fission branching ratios). How-
ever, for a fixed parameter set the mass dependence
should follow a similar trend to that of figs. 1 and 2.

To summarize, for all systems investigated we find
that the RLD fission barriers must be reduced by
from 30 to 50% (B; = 0.7 to 0.5) and ag/a,, =~ 1.03.
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There is some indication that By reaches a minimum
near 4 = 127; in order to firmly establish parameters
for 35C1 + 141 Pr and for heavy mass systems high ener-
gy evaporation residue measurements are required
with a simultaneous fitting criterion applied. In gener-
al, the YES option of [6] gives results similar to those
of the present work except for the lightest mass sys-
tem, although this last conclusion is not parameter in-
dependent.
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A classical dynamical model is applied to the deep inelastic reactions between heavy ions. Assuming that the range
of the nuclear interaction depends on the intrinsic excitation energies, the sharp angular distribution and the large
energy loss in the quasi-fission reaction are explained systematically.

In the heavy ion collision with energy above the
Coulomb barrier, it was found that the most of the
total reaction cross section o is distributed among
the deep inelastic process oy and the fusion process
Opys» and the ratio ODI/ opys changes considerably
depending on the masses of the entrance channel.

For the reactions induced by Ar or even lighter ions
on heavy targets [1], a large part of the reaction cross
section goes to the fusion channel and the critical an-
gular momentum {, for this process increases with
the incident energy. However, for the reactions in-
duced by Kr or even heavier ions on heavy targets
[2—7] the fusion cross section is only a fraction of
the total reaction cross section and the most part of
it goes to the deep inelastic process. Of particular in-
terest is that the mass of the outgoing particle is very
near to the projectile’s, whereas the total kinetic ener-
gy is grossly equal to what would be expected for the
fission of the compound nucleus (quasi-fission). In ad-
dition, the angular distribution is peaked very sharply
near the grazing angle, irrespective of the incident
energy.

Gross et al. [8], Bondorf et al. [9] and Tsang [10]
proposed a classical model with a phenomenological
friction force for these reactions. It was found that
the general trend of the critical angular momentum
for the fusion reaction could be reproduced with this
model when the incident ion is Ar or even lighter ones
[8,9, 11, 12], however for the reaction induced by
the heavier projectile it was hard to fit the angular dis-
tribution and energy loss of the quasi-fission reaction
and fusion cross section simultaneously. In fact Gross
et al. [11] calculated the Kr + Bi reaction at laboratory

energies 525 MeV and 600 MeV | and succeeded in ob-
taining the sharp angular distribution of 600 MeV
data. However, they could not reproduce the angular
distribution of the 525 MeV data well. For the 525
MeV data, Deubler and Dietrich [13] showed that the
angular distribution could be understandable as a con-
sequence of the ““double rainbow” type deflection
function. However, these treatments [11, 13] could
not reproduce the energy loss well and moreover the
comparison with experiments was limited to one or
two cases. These circumstances lead us to examine if
the characteristic features for very heavy ion reactions
could be reproduced systematically with a simple
model.

We start with the same equations of motion for the
classical system as used by Bondorf et al. [9]. In this
model, the Lagrangian of the system is written as

L=5(ui? +ur2dd + 1,62 + 1,63 — V() - V() (1)

where r is the distance between mass centers, g the
rotational angle of the molecular axis, §; the rotational
angle of the nucleus 7, u the reduced mass of the rela-
tive motion and /; the moment of inertia of the nucleus
i. After a suitable transformation of the variables, we
introduce three types of phenomenological frictional
forces which are assumed to be diagonal and propor-
tional to the velocities with respect to new variables.
They are called as radial, tangential and rolling fric-
tions, respectively. To reduce the number of param-
eters, we have set the coefficient of the rolling friction
to be zero. This will be admissible from the analogy

of classical mechanics where the rolling friction is
much weaker than the tangential one. We have also
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assumed that two nuclei have initially zero spins and
the moment of inertia /; is given by that of the rigid
body since the typical intrinsic excitation energy is
more than several tens of MeV. After some calcula-
tions, we obtain the following equations of motion

W Rlurd + 2+ V) = 1007
. @
ul=C,g(r) [51p/2—{5/2 + (R + Ry)*r?}1].

Here, C; and C, are the strength of the radial and tan-
gential frictions, f(r) and g(r) the form factors of the
radial and tangential frictions, / the relative orbital an-
gular momentum given by [ = urzé o and [y the initial
value of the orbital angular momentum.

For the nuclear potential V(r), we adopt the
“Orsey potential” parametrized by Ngo et al. [14].
It consists of the attractive Gaussian potential and the
repulsive one with quadratic form. It was found that
the potential reproduces the interaction barrier [15]
and the critical angular momentum for fusion [12]
fairly well. For simplicity we use the same value for
the radius parameters r as those given in table 2 of
ref. [14] to calculate the matter and charge radii
R;= rOAl-U 3_The Coulomb potential is assumed as

Ve=2,Zye%r for r>R|+R,,

3)

VC=V0—krn for r<R1+R2

where the value Vy is given by
Vy=32,Z,€*(5/[Ry—R3/R3)/10 for Ry <R, . (4)

The form of Ve, and the value of k and » are taken
from ref. [9], but the value of ¥, is determined by
using the sudden approximation under which the
charge density distribution at r = 0 is expressed as a
completely overlapped liquid drops. The form factors
f(r) and g(r) of radial and tangential frictions are as-
sumed to be equal and to have the same forms as those

given in ref. [9] inside the touching radius r =R + R,.

For the outer region, we assume that they have the
same forms as that of the nuclear potential Fy(r), al-
though the strengths are normalized so that they are

joined smoothly with each other at the touching radius.

This assumption was made in order to reduce the num-
ber of the fitting parameters. The coefficients C, and
C, are given in units of MeV/c fm* =10-23/3 MeV
sec/fm> throughout this article.

36

PHYSICS LETTERS

9 May 1977

Next, we introduce a new assumption about the
nuclear potential and friction form factors. It is moti-
vated by the fact that most of the classical dynamical
models give the smaller energy loss of the quasi-fission
reaction than the experimental data. This difference
amounts more than 30 MeV. In this respect, Bondorf
et al. [16] has pointed out that the potentials in the
incident and exit channels may differ very much.
Deubler and Dietrich [13] have performed the calcu-
lation taking into account the deformability of the
nucleus and showed that this effect causes the increase
of the energy loss. Instead of introducing other collec-
tive coordinates, we have taken into account the asym-
metry of the incident and exit channels by requiring
that the range of the nuclear potential increases with
the intrinsic excitation energy. We have assumed in
this paper that the width parameter « in the Gaussian
tail of the nuclear potential be expressed as

a=ay(l+C,\/AE), )

where gy, is the original width parameter and has the
value (v/1/0.27 = 1.92) fm [14], AE is the energy loss
and C, the parameter with the dimension MeV)—1/2,
The quantities AE and a are functions of time and are
calculated at every instant in the reaction process.

This assumption is phenomenological and in particular,
the functional form in eq. (5) is adopted tentatively as
a first choice. The underlying physical consideration

is the following.

In the Thomas—Fermi model of the nucleus, the
local matter density p(r) is expressed as a function of
the single-particle potential u(r) and the temperature 6.
If the function u(r) is approximated by the linear func-
tion of 7 near and slightly beyond the surface region,
then the density p () behaves as an exponential decay-
ing function of r in that region, the width of which is
proportional to the temperature §. The Fermi-gas
model gives the relation § « VAE, and so the density
p(7) stretches proportional to \/AE. We assume that
the stretch of the density p(r) causes the stretch of
the ion-ion interaction ¥ (r), which is proportional
to the former. This is approximately satisfied if we
construct the potential by folding the elementary in-
teraction with the density o (r).

If we use eq. (5), the attractive part of the ion—ion
potential becomes too large for high energy reactions
where the energy loss is very large. So we postulate a
kind of normalization that the potential depth at the



Volume 68B, number 1

8 (deg)
180 .
Kr + Bi (525 MeV)
90|~
92 (mbvsr)
I} 1 1
° 100 20 300 200
Vs
50} 100
1§ I N
100k 0 %0 90 120
) 8 (deg)
AE (MeV)
(a)
Kr+Pb {718 MeV)

@ (deq)

90 -g—g: {mb/sr)

45+ \/—\ 1500

H ! l

0 200,300 /400 1000

100 |- 500
2oor 0 30 & 90

8 {degq)
AE (MeV)
{c)

PHYSICS LETTERS

9 May 1977

8 (deg)
180
Kr +Bi (600 MeV)
20} —g%— (mb/sr)
600
3 1
0 0 200 3% 400
¥
50 200
100 o
150
AE (MeV)
Xe +Bi (1130 MeV)
8 (deg)
90}~
\_———-A
45}
L I | 1
O 365 400 0
100}~
200 0 30 60 90
o 8 {ab (deg)
3 -
AE (MeV) (d)

Fig. 1. Scattering angles 6 and energy losses AF as functions of the initial orbital angular momenta [/, and the angular distributions
for several reactions. Values of the friction coefficients (Cy, Ct) are set to be (500, 300) for all reactions and the parameter Ce is
set to be 0.07, 0.07, 0.05, 0.06 respectively for (a)—(d). Scattering angle 6 is defined in the center-of-mass frame except for that
used in the angular distribution of (d) where the scattering angle in the laboratory frame is adopted. The arrows in the energy loss
curves represent the experimental data. In the angular distribution curves, the solid lines are the calculated results and the dashed
lines are experimental data. Data are taken from (a) ref. [2]; (b) ref. [3]; (c) ref. [5]; (d) ref. [6].

touching radius decrsases as AE increases under the
condition that the potential depth at the half-depth
point of the original potential is kept fixed. Since the
friction form factors are assumed to be the same as
those of the nuclear potential, eq. (5) is also applied
to them except for the normalization.

In fig. 1, we show the results of our calculation for
typical very heavy ion reactions. Shown are the scat-
tering angles and energy losses as functions of the in-
cident angular momenta, and the angular distributions

together with the experimental data. The coefficients
of frictional forces are fixed to (C;, C;) = (500, 300)
for all reactions. As is seen in this figure, our model is
able to reproduce the focussing effect and the large
energy loss systematically. The deflection functions
tell us that the focussing effect in fig. 1(a) occurs
owing to the “‘shoulder” region located at / =140, 160,
on the other hand, the focussing in the higher energy
reactions (fig. 1(b)—1(d)) is due to the “double rain-
bow” scattering as discussed in ref. [13]. In accordance
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Table 1
Comparison of the calculated results with the experimental data. Listed are: E},, incident laboratory energy; Ce, the parameter
defined in eq. (§); ¢y, the critical angular momentum for fusion (Jo; = 0 means no fusion cross section); AE, the energy loss in the
focussing region; A/, the angular momentum loss at the focussing angle. The value of the friction coefficients (Cy, Ct) are set to be
(500, 300) for all systems.

System E(ab) Ce Ier(th)  Igp(exp) AFE (th) AFE (exp) Al(th) 6 (th) 8 (exp) Ref,
(MeV)  MeV)'12 @) ) (MeV) (MeV) @) (deg) (deg)

i+ Bi 525 0.07 0 ~0 107-48 100 31 86,5 90 2]
600 0.07 0 ~0 175-108 140 35 59.7 58 (3]
494 0.07 0 ~0 81-34 - 26 99.0 90 [5]

Kr + Pb 510 0.07 0 ~0 97-42 - 29 90.6 80 (5]
718 0.05 0 small 253-165 - 43 39.0 42 [5]

Xe + Bi 1130 0.06 0 - 324-210  300-0 56 2732 302 [6]
199 0.01 74 84 + 6 15b - 13 0.0 — [17]

Ar+ Sb 300 0.01 97 107 £ 10 77b - 18 0.0 - [17]

2 Focussing angle in the laboratory frame. b Maximum energy loss.

with ref. [13], the rainbow angle located at lower /
corresponds to the quasi-fission peak where the ener-
gy loss is very large. Our calculation always yields
either “shoulder” or “double rainbow” type deflec-
tion function for the reactions induced by Kr or Xe.
In table 1, we show our results of calculations to-
gether with some experimental results. Here, the fo-
cussing of the angular distributions for 525 MeV
Kr + Bi and 494 and 510 MeV Kr + Pb are “shoulder”
types, and for the remaining 600 MeV Kr + Bi, 718
MeV Kr + Pb and 1130 MeV Xe + Bi are ““double
rainbow” types. As seen in this table, no fusion cross
section is obtained for the reaction induced by Kr and
Xe. This is consistent with the experiments [2—7]
where the fusion cross section is a very little fraction
of the total reaction cross section. This is a natural
consequence of using the “‘Orsay potential”, because
its nuclear plus Coulomb potential for [ = 0 wave has
a potential pocket with almost zero depth for Kr + Bi
and Kr + Pb systems, and has no pocket for Xe + Bi
system. This is in contrast with the system Ar + Sb
where the total potential for / = O wave has a pocket
with a depth of about 15 MeV, which yields a large
fusion cross section as shown in table 1. In this respect,
the “Orsey potential” may be better than the folding
potential because the latter yields a moderately large
fusion cross section even for Kr induced reactions [11].
As seen in fig. 1 and table 1, the energy losses in
the quasi-fission reactions are nicely reproduced with
our model. This is entirely due to the assumption (5),
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that is, the ranges of the nuclear and frictional forces
stretch as the nuclei are excited intrinsically. Com-
paring with the entrance channel, the barrier of the
exit channel potential moves to the larger center sepa-
ration while reducing its height. As a result, the Kinetic
energy of the outgoing particle could be lower than
the barrier height of the incident channel, yielding a
large energy loss as obtained in the experiments. The
most interesting result in our calculation is that the
assumption (5) causes the focussing effect as well as
the increase of energy loss. This was checked by setting
the coefficient C, being zero. In this case, the 600
MeV Kr + Bi reaction still exhibits the double rainbow
structure but the second rainbow angle is about 10
degrees lower than the experimental quasi-fission peak.
Moreover, 525 MeV Kr + Bi reaction does not exibit

a focussing effect at all.

Though the parameter C, is treated as a free param-
eter in our model, it will be considered to represent
the ““softness” of the nucleus. The word “softness”
is used here to express how large the nuclear potential
stretches for a given intrinsic excitation energy. This
characteristic of the coefficient C, is seen from the
comparison in table 1 between the Kr and Ar induced
reactions. In the latter case, we must use the value
C, ~0.01 to reproduce the experimental data of the
critical angular momentum, and the value C, ~0.07 in
the former. Since the heavy nucleus is softer than the
light nucleus for the collective vibration, it may be
reasonable that the heavier system has a larger value
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of C,. However, in table 1, we can see two excep-
tional cases of 718 MeV Kr + Pb and 1130 MeV

Xe + Bi reactions where the values of C, are 0.05 and
0.06 respectively. On the other hand, a pure statistical
consideration based on the Thomas—Fermi model,
which was used to derive the functional form in eq.
(5), gives a contrary result. There, the larger mass sys-
tem has larger heat capacity and so results in a smaller
increment of the force range for a given AE. There-
fore we can say, comparing eq. (5) with table 1, that
neither a pure statistical consideration nor a pure col-
lective consideration cannot explain the whole data.
So at this stage, we regard eq. (5) as a phenomenologi-
cal assumption. Since we have got a fairly good result
with this assumption, we can say at least that the
range stretches according to the excitation energy and
the ratio C, becomes larger the larger the mass of the
system as a whole. In this respect, we do not want to
attach a definit physical meaning to the functional
form v/AF.

We have also examined the dependence of our
whole results on the value of parameters C; and C,.
As a typical example, 600 MeV Kr + Bi reaction was
chosen. When the parameter set (C;, C,) is varied from
(400, 200) to (600, 400), the second rainbow angle
changes +2 degrees. The energy loss corresponding to
this angle changes + 10 MeV from the value obtained
with the set (500, 300) used in the present analysis.
Thus we could say that our results are not very sensi-
tive to the value of (C;, C,). We think that this insen-
sitivity in our model is welcome when we think of the
crudity of the classical model.

In conclusion, our model could reproduce the an-
gular distribution and the energy loss of the quasi-
fission reaction systematically. The introduction of
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the “softness parameter” is very useful in the phenom-
enological analysis of the heavy ion reaction.

We are indebted to Dr. S. Igarasi for helpfull discus-
sions.
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Recent experimental results from Cd (*He, n) Sn reactions on a variety of Cd targets indicate that the proton
pairing vibration lies at an excitation energy nearly 2 MeV below the value suggested by binding energy systematics.
It is shown here that this large discrepancy, which is in contrast to the case of neutron pairing vibrations, may be ex-
plained by the effects of particle—hole (p—h) interactions which are large because of the Coulomb contribution. The
p—h matrix elements are obtained empirically from observed p—h separations and also calculated theoretically for
both Coulomb and nuclear contributions. These average empirical matrix elements from the Cd experiments give ex-
cellent agreement to the 2p—1h states in the 11511 (3He, n) experiment populated via L = 0 transfers. The agreement
in the latter case indicates a simple scaling of the interaction with the number of particles and holes.

The study of pairing vibrations in nuclei has proven
to be a significant facet in the field of elementary exci-
tations [1]. The preponderance of existing data on
pairing vibrations for medium to heavy nuclei is in
the two-neutron transfer reactions rather than the
two-proton reactions because of experimental difficul-
ties. These two-neutron transfer reactions show re-
markably small deviations in energy of the pairing vi-
bration state when compared to a simple harmonic de-
scription of noninteracting phonons [2]. Such devia-
tions vary from less than 5% (100 keV) of the phonon
energy in the lead nuclei to 10% in those cases where
only the neutron shell is closed. In contrast to this,
recent two-proton stripping reactions to the closed
Z = 50 shell [3] have shown over 40% reduction in
the centroid energy of the excited 0% state strength as
compared to the harmonic model prediction. It is the
purpose of the present paper to show that this dis-
crepancy is due to the large Coulomb particle—hole
{p—h) interaction and that when this correction is
taken into account, the proton pairing vibration has
similar features to the neutron pairing vibration.

Results published on proton pairing vibration stud-
ies previously have been confined to the f—p and s—d
shells where protons and neutrons are in similar orbits

* Work supported in part by the U.S. Energy Research and
Development Administration.
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and an isospin representation of the data is required
[4]. The results of Fielding et al. [3] represent the
first data in the heavier nuclei where the isospin T is
sufficiently high that almost all of the transfer strength
appears in the lower 7T state. The actual L = 0 strength
is fragmented among several levels, presumably states
of the same T, and it is assumed that these are two
quasiparticle neutron states which are mixing with the
two-particle-two-hole proton pairing vibration. In the
present discussion we are only concerned with the
parentage of the L = 0 proton excited strength and
thus the total observed strength and energy weighted
centroid. These latter values are shown in table 1 as
columns 3 and 2 respectively for each final nucleus .
(column 1) observed in the work of ref. [3]. The
strength is given in terms of the enhancement factor,
¢, where do/d§2 = Ne(do/dS2pypy ) so that e repre-
sents a relative cross section strength corrected for
Q-value and mass effects. The protons were assumed
to strip into the 2dg, orbit. At the bottom of each
column is the average value for all nuclei considered.
The errors on these numbers are probably on the order
of £20—25% if both absolute cross section errors of
+15% quoted by Fielding et al. [3] and possible miss-
ing strength are considered. A definite trend with neu-
tron number is difficult to establish.

Columns 4 and 5 of table 1 contain the harmonic
estimates of the pairing vibration energy and strength
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A compilation of the (3He, n) L = 0 energy centroids and total strengths leading to residual tin nuclei (column 1) is given in col-
umns 2 and 3, respectively. Columns 4 and 5 give the harmonic model predictions and expected total strength based on the Te
ground state intensities. Empirical p—h corrections are in column 6 with their predicted effect on the P.V. energy in column 7.
Theoretical Coulomb and nuclear matrix elements for the 114Sn case are given in columns 8 and 9, respectively, with the predicted
P.V. energy from this method in column 10.

Final Experimental results ~ Harmonic predictions Empirical p—h corrections Theoretical values
nucleus
Ex(PV.) Te Ex(®PV) Te E (p-h) Ey (P.V.) Coulomb  Nuclear E@®V)
(MeV) MeV) MeV) MeV) E (p—h) E (p—h) MeV)
(MeV) MeV)
108Gy 3.49 1.99 - - - -
1126y 3.59 1.40 “.77)2) 1.93 - -
H4gy 2.89 1.60 5.14 - —0.46 3.30 —0.267%)  -0.078D)  3.76
116gy 3.02 2.12 5.54 1.52 —0.60 3.14 —0.2749  -0.053¢) 3.83
118gy 2.57 1.30 5.19 1.10 —-0.55 2.99
1206y - 5.26 1.53 —0.54 3.10
Average 3.11 1.68 5.28 1.52 ~0.54 3.13

a) Mass uncertain.

b) Based on g_gl/gds/z-

©) Based on ggls g7/2-

respectively. The energy is found from the usual pro-
cedure (see, e.g. ref, [1]).

E,(P.V.)=B,,(48n) — By, (A+2Te),

where By (1Z) is the two-proton binding energy of
the elements Z with the atomic number 4. The har-
monic strength expected, as given in column 5, is the
ground state 4 Sn > 4+2Te enhancement factor which
is assumed to be the addition phonon which yields the
strength seen in the (two-phonon) pairing vibrations
of the tin nuclei. Excited 0% states in the Te nuclei
have been ignored. A comparison of columns 3 and 5
indicate a reasonable consistency of total pairing vibra-
tion strength to harmonic strength supporting the con-
cept of parentage in this one-phonon state and that

no major unexplained mixing is occurring. The average
values at the bottom of the table more clearly show
this. The deviation between harmonic energies and ob-

served energy centroids is in excess of 2 MeV, however,
far larger than the values observed in neutron cases [2].

In order to understand the existence of a weakly
excited O* state in the 210Pb (p, t)208Pb reaction [5]
at ~5.2 MeV in excitation, Blomqvist [6] suggested
the possibility of a proton pairing vibration which
was weakly mixed with the neutron pairing vibration
and brought down from an unperturbed energy of
6.60 MeV to 5.30 MeV by p—h interaction. The exact

nature of this state in 208Pb is still unknown and this
interpretation remains unconfirmed. However, the

same concept may be applied to the new Cd (3He,n)Sn
data. Column 6 of table 1 contains an empirical esti-
mate of the proton p—h matrix element using single-
proton transfer data. These results are from the (3He,d)
reaction on targets of 112Cd [7], 114Cd [8] and 116Cd
[9] and the 1218b(d, 3He) reaction [10]. The relations
used to obtain the p—h energies were (following the
usual procedure, see e.g. ref. [11])

(®He,d), 2E(p—h)=B,(4*2Sb)+E,(p) —B,(1In),
(d,3He), E(p-h) =B,(A*1Sb) + E,(h) —B,(*Sn),

where Bp(A Z) refers to the binding energy of a proton
and £, (p) and £, (h) are the energy centroids of the
ds/, and gy, particle and gg, hole orbitals respec-
tively. This calculation gives a difference between the
unperturbed particle and hole states given by the B(p)
values and the perturbed particle—hole state given by
the observed excitation energy. The 2J + 1 weighted
averages for the values of £(p—h) for the (g9/2d5/2)J
and (g9/2 87/2); configurations are quite close together
and the results tabulated in column 6 of the table
represent an average of the two values for each nucleus.
This procedure should be considered as somewhat of
an upper estimate of the p—h energy for these p—h
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configurations as missing strength may occur at
higher energies which effectively reduces £'(p—h).
Column 6 of the table indicates a remarkable uni-
formity among the values obtained for the different
reactions with an average value of £(p—h) = —0.54
MeV obtained. An empirically corrected pairing vibra-
tion energy is then given by

E(P.V.)) = E(HAR) + 4 X E(p—h) ,

which yields the values given in column 7 of the table.
The average expected excitation energy of the pairing
vibration centroid is thus at 3.13 MeV which agrees
with the observed energy average of 3.11 MeV. Indeed,
the close agreement must be considered fortuitous be-
cause of the intrinsic errors associated with the energy
centroids of the particle and hole states in the reac-
tions cited. The factor of 4 above assumes a simple
scaling of the p—h interaction.

The values of £(p—h) may be used to predict the
centroid of the L = 0 transitions to the 2p—1h proton
states seen in the 115In(3He,n)!17Sb [12] reaction.
The centroid position is given by

E,(2p—1h) = By, (1168n) — B, (}18Te) - 2E(p—h)

which results in values of 1.83 MeV and 1.71 MeV
using the single-particle transfer value of E(p—h) =
—~0.54 MeV and the (3He,n) value E(p—h) = —0.59
MeV respectively. The experimental energy of the cen-
troid is 1.83 MeV. This close agreement shows that
the effects of the particle hole interaction can be ap-
proximately scaled with the numbers of particles and
holes.

It is also possible to estimate the £ (p—h) term
from shell model considerations. The Coulomb term
may be calculated for various orbitals separately from
the nuclear term using Woods—Saxon wave functions
for the orbitals. Columns 8 and 9 of the table give the
theoretical estimates of the Coulomb and nuclear con-
tributions for the 114Sn case. Both (ﬂg§/12 nds ) and
(ng§/12 ng7/2) are shown and it is seen that they yield
similar results. The nuclear contribution was obtained
using matrix elements supplied by Vary [13]. The
matrix elements will have a slow 4 dependence over
the Sn isotopes and will not modify the conclusions
presented. The dominant term, as expected,is seen to
be the Coulomb term which explains the large discrep-
ancy between neutron and proton pairing vibration
agreements with harmonic model predictions. The
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nuclear and Coulomb terms do add constructively to
give a value of ~—0.34 MeV. This number still lies
about 0.2 MeV below the empirical £{p—h) resulting
in an 0.7—0.8 MeV discrepancy with the experimental
E(P.V.) centroid. It is not clear whether the error be-
tween the empirical and the theoretical E(p.h.) lies

in the value of E(p) used in the first case or the nucle-
ar matrix elements from the latter. The major effect
in the energy shift is certainly explained by the theo-
retical estimate.

We have explained here the large energy shift from
the expected value which was noted in proton pairing
vibration strength in the Cd(3He,n) reaction studies
by Fielding et al. [3]. These effects can be expected
for all medium to heavy nuclei and substantiate the
suggestion by Blomqvist that the proton pairing vibra-
tion state in 208Pb will also be lower than originally
anticipated.

We are grateful to the authors of ref. [3] and [12]
for providing us with their data on the (3He,n) reac-
tion prior to publication, as well as to S. Harar for
data on the (3He, d) reaction. We would also like to
thank J.P. Vary for the nuclear matrix elements.
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We calculate the differential cross sections at various angles for reactions >He(p, pp)d and 3He(p, pd)p at 35 MeV
and 45 MeV incident proton laboratory energy, solving the integral equations of four-body theory with separable, S-
wave, spin-dependent two body forces.

We have applied the four-body theory of Grassberger-Sandhas [1] to calculation of differential cross sections in
3He(p, pp)d and 3He(p, pd)p reactions at 35 MeV and 45 MeV incident proton laboratory energy. Our calculations
are performed with model separable, S-wave, spin-dependent nucleon-nucleon interaction with Yamaguchi form-
factors.

Even with such an extremely simple two-body interaction and after partial wave decomposition we have to deal
with a system of integral equations in two variables, which at present seem to be numerically untractable.

Approximating by separable expressions the T-operators for scattering in all possible subsystems entering the
kernel of equations, one obtains a system of multichannel integral equations in single variable. However, the com-
plicated structure of singular kernel causes, that the contour deformation technique, so helpful for finding an ex-
act solution of genuine three-body problem [2], is here impracticable, since in fact we do not know a full analytic
structure of kernel, but only its numerical behaviour. Therefore, we have to look for another technique, keeping
in mind, that any approximation to be used should preserve the unitarity of solutions, if we want to avoid the
drastic deviations from the exact solution.

The most powerful method for appropriate handling with unitarity constraints is the K-matrix method, where
we explicitly include the cut structure of integral kernel. The applicability of this method as well as a failure of
standard non-unitary Bormn-type approximations has been numerically demonstrated in three-body calculations of
n—d elastic scattering [3], in calculations of three-body break-up process n +d - n +n + p [4], and in our previ-
ous work [5] in four-body calculations of n + 3He - n + 3He and d + d - n + 3He reactions. In this paper we con-
sequently apply K-matrix method for calculations of four-body break-up collision p + 3He>d+p+p.

In Grassberger-Sandhas theory the desintegration occurs via the production, free propagation and subsequent
decay of clusters in all possible two-fragment channels. The general expression for break-up amplitude describing
the transition from r-state in initial two-fragment channel p (in our case r represents helium or triton, since we do
not include Coulomb forces) to nucleon pair 8 in deuteron state and two free nucleons is

Xﬁd =_Z)EZ) E E Z} Tﬁd'ynT»ynU'ynozmwam) (1)

A p 7CAn=d,p aCp m=d,¢

The summation over index X extends over all these among two-fragments channels in which interacting pair §
can be found, i.e.

(i) over two among four channels if (k) (/) type with three simultaneously interacting nucleons 7,7, k and

(ii) over one among three channels of (i) (k!) type with two independent pairs of interacting nucteons. The in-
ternal summation over vy and « involves all pairs of interacting nucleons to be found in channels X or p, respective-
ly. We have assumed that any pair of interacting nucleons can be only in deuteron state d or in virtual singlet state

0.
1 0on leave of absence from Institute of Theoretical Physics, Warsaw University, Warsaw, Poland.
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The operator Tﬁg”“’” is the transition operator for elastic or rearrangement scattering inside cluster A and in-
dex p denotes the set of quantum numbers of cluster. For example, if A = (123)(4) and p ={S, , I} = {% ,%} then
T}(\”)"” 23 gescribe the rearrangement process in three nucleon system with triton quantum numbers, transform-
ing the initial configuration with free nucleon 1 and nucleons 2 and 3 in deuteron state into final configuration
with nucleons 1 and 2 in virtual singlet state ¢ and free nucleon 3. This is exactly three-body amplitude X87,7"
of Lovelace [6], immersed in the four-body Hilbert space with fourth nucleons as a spectator.

When X represents one of 3 channels () (kJ), i.e. A = (12)(34), then T)(\%4)¢’(34)d transforms the initial configu-
ration with nucleons 3 and 4 in deuteron state and free nucleons 1 and 2 into final configuration with nucleons 3
and 4 in virtual singlet state ¢ and free nucleons 1 and 2. Since the relative motion of groups (12) and (34) is here
unaffected, operator T,(\3,4)¢’(34)d represents in fact the scattering of nucleon 1 from nucleon 2, whereas the spec-
tator pair (34) changes its quantum numbers, but the sum of internal energies of both pair is fixed, as well as the
sum p of their quantum numbers.

The ket lq&%”) is the component of initial state wave function describing the relative position of pair a with
quantum numbers m inside the state r of cluster p, and operators Uy ,’J""m are the basic transition operators of
four-body theory [1]. Finally, the propagator 77" is the energy-dependent part of two-nucleon separable T-opera-
tor Ly

t=— 21 Iy ke, @)
k=d,¢
where |yk) are the Yamaguchi formfactors with parameters fixed by low-energy two-nucleon data.
When all cluster-operators T, in (1) are approximated by the separable expression

Br,ym — Br \ , ym
e 2 >\pv>"7'~1p'7w' <>\pv,,, (3)

'
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we obtain

SEDIDVDIDIEDVEDIEDY,

A p YCAw' n=d,paCp m=d,¢

pd >;Fd,n , Xn.em
MJV Ap,vv T Apv,pr’ (4)
where X 2™ %" are matrix elements for rearrangement transitions between two-fragment channels. We have used
the Bateman method for generating the separable form (3) and indices v, v’ denote Bateman formfactors. We have
included only /= 0 partial wave and all possible combinations of quantum numbers p of intermediate clusters A.
Details of these procedure are given elsewhere [7], here we point out that resulting propagators Tr',\p, »p' for Aof
type (i) have the pole on real energy axis when p is a state with triton quantum numbers. The two-deuteron pole,
which appears in propagators of type (ii) do not contribute to actual process due to isospin conservation. Finally,
the form factor of physical state r appears to be (on-energy shell) a linear combination of Bateman formfactors.
The rearrangement amplitudes X, ;, o satisfy after partial wave decomposition the system of integral equations
{hereafter we omit for simplicity all subindices)

Bd
XO, pr

non

XOS,pI(q:J’qp;E)=ZUS,pr(q:J’qp;E)~§ qu}\q}\zzgs,}\p(q:pq'}:!E)?Ap(E—qxz/zu}\)X}\p,pr(q'}::qp’E)
(%)

where potentials Z; , are constructed from form-factors entering eq. (3) and propagators 77K given by eq. (2).
The details of equations, as well as the discussion of consequences of identity of nucleons and spin-isospin analysis
are given in separate paper [8].
We split the integration over triton pole in ?Ap in principal value integral and delta-part integration
1 1

" T " + imd " . (6)
7 oo "4 -4 @ -9

44



Volume 68B, number 1 PHYSICS LETTERS 9 May 1977

63=1¢5., 91' =451 _93 =45791' =35

~N
~
o
o

16001

0o
o
o

=

d30v/(dng d, dT;) [ pb/MeV-sr2)]

0

5 10 15 20 25 5 10 15 20 25

1000} 83 =40; 8, =40°

I!
Il I
II] !
600 !

800

400

{ub/(MeV - sr2)]

Illn, '| ! !
200

10001 85 =50 94=50]||
|

do/(dn,da, dTy)

T; {(MeV)

Fig. 2. 3He(p, pd)p cross sections at 45 MeV in first-order K-
matrix Born approximation. Symmetric coplanar angles 6 3
=04 =40° and 8 3 = 84 = 50°. Data from ref. [10].

Fig. 1. 3He(p, pd)p cross sections at 35 MeV in first-order K-
matrix Born approximation. Coplanar angles 83 = 84 = 45°
and 83 = 45°, 84 = 35°. Data from ref. [9].

bl 85=40°, @,=40"

[ub/{MeV - sr2)]

d’o/ld0,dn, dTy)

T, (MeV)

Fig. 3. 3He(p, pp)d cross sections at 45 MeV in first-order K-
matrix Born approximation. Symmetric coplanar angles:
(@a)03=04= 30°; (b) 63 =04 = 40°;(c) 83 =04 = 50°. Data
from ref. [10]. Theoretical curves normalized to pp QFS
peak i.e. divided by 5.0, 1.57 and 1.35 at (a), (b) and (c) re-
spectively.
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Then the half-on-energy-shell amplitudes X, are given by set of algebraic equations

s, pr
XOp,pI(qO’ q;) > E) =K0‘p, pr(qO’ q;) ’E) —im Z}} Kap,}\p(qo ’ qO ;E)RMX}\p,pI(QOs (I;, > E)y (7)
where quantities R, ,, are the residua of propagators "T'N, at triton pole. The amplitudes K op, pr A€ the solutions of

eq. (5) with integral replaced by principal-value integration and can be found in iterative way. However, the calcu-
lation of higher orders in perturbative expansions is extremely time-consuming, due to considerable number of
amplitudes, and on the other side the higher orders give only small corrections, since they involve the principal-
value integration of monotonic functions over a simple pole. Therefore, we restricted ourselves to first-order Born-
approximation to K-matrix

Kop,pror 453 E) = Zgp oy 4,3 E) (8)

and put this expression into eq. (7).

In figs. 13 we present the resulting cross sections. In general, despite the very simple model interaction used
in calculations, the agreement with experiment is not bad, especially for 3He(p, pd)p spectra. Further we point
out, that the observed shift in position of p—d QFS peak away from theoretically predicted position [12] in
3He(p, pd)p data, previously fitted by addition of the neutron pick-up amplitude to the QFS amplitude [9], is
not reproduced by our four-body theory. Since the contribution of neutron pick-up mechanism is here provided
by inclusion of channels (ii) in intermediate propagation in eq. (1), and on the other hand the off-shell effects in
analogy to the three-body case [11] are expected to be of minor importance in region of QFS peak, our results
seem to suggest that the inclusion of Coulomb forces is necessary for explanation of this phenomenon as well as
for obtaining the quantitative agreement in the 3He(p, pp)d spectra, where our theory gives too big values for p—p
QFS peak (fig. 3). The calculation with Coulomb forces are actually in progress.

The author would like to thank Professor Konrad Bleuler for his kind hospitality extended to him at the
Institut fiir Theoretische Kernphysik der Universitdt Bonn where this work was done and Professor W.T.H. van Oers
for providing his with details of experimental data [10].
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AVERAGE EFFECTIVE-INTERACTION CALCULATIONS
IN A SIMULATED HARTREE-FOCK BASIS

P. GOODE!
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B.R. BARRETT?
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The averaged effective interaction for mass-18 nuclei is computed through fourth-order perturbation theory in
both a pure harmonic-oscillator basis and a simulated Hartree-Fock basis. Going to a Hartree-Fock basis does not
eliminate the large fourth-order averages found earlier by Goode and Koltun using an harmonic-oscillator basis.

A major problem in nuclear effective-interaction
(V,¢p) calculations is whether or not meaningful re-
sults can be obtained for <V, ¢ using low-order pertur-
bation theory. The work of Schucan and Weidenmiiller
[1] demonstrated that the perturbation expansion for
Vs, using the Bloch-Horowitz-Brandow linked-clus-
ter theory [2], will diverge in most cases of physical
interest, due to the presence of so-called “intruder
states” in the same energy regime as the model-space
states. In such cases the perturbation expansion for
V¢t can, at best, be asymptotically convergent. The
unsolved problem is then to determine at what order
of the perturbation expansion the results for V¢
has converged to its asymptotic value. Much formal
work is being carried out on this problem at the pres-
ent time, but no conclusive results have been obtained
{3].

Another related problem is the very large results ob-
tained for the average value of V¢ in fourth-order
perturbation theory by Goode and Koltun [4]}. They
calculated the average value of V¢ from first through
fourth order for mass-6 and mass-18 nuclei and found
in all cases that the fourth-order average values were
as large or larger than either the second- or the third-
order average values. They pointed out in this work

! Work supported in part by the NSF (Grant No. MPS75-
06858).

2 Work supported in part by the NSF (Grant No. MPS75-
07320).

that the large fourth-order values were due to the
structure of the number conserving sets (ncs) [5, 6] in
this order (and also higher orders). The most disturb-
ing result of their investigation was that these large
fourth-order values for the ncs appear to be in no way
connected with the intruder state problem, discussed
by Schucan and Weidenmiiller. Thus, even if one had
some criteria for predicting the particular order at
which the expansion should be asymptotically con-
verged due to the effects of intruder states, fourth-
and higher-order results would still be large due to the
ncs.

Since most perturbation-theory calculations of
V. ¢¢ have been performed in an harmonic-oscillator
(HO) single-particle (s.p.) basis, it has been suggested
[7] as a possible solution to the above problem that
performing the same calculations in a Hartree-Fock
(HF) s.p. basis would cause'the fourth- and higher-or-
der ncs to be significantly smaller and would also im-
prove the relative convergence of the perturbation ex-
pansion in the lower orders. The purpose of this letter
is to redo the average calculations of Goode and
Koltun for mass-18 in a simulated HF basis and to com-
pare the results with those obtained using an HO basis.

In order to carry out our simulated HF calculations
we use the technique of Goodin, Ellis, and Goede
(GEG) [7] . For the Os and Op orbitals, which make up
the 160 core, they employed HO wavefunctions with
a fixed oscillator parameter of by = 1.7 fm. For the
(15 0d) and (1p Of) shells they also used HO wavefunc-
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Table 1
Average effective interactionqy‘(l’;)) a
Pure Harmonic Oscillator basis (bg = by, = 1.7 fm)
Order in Configuration (z, b) €
PT Db
4, 4) 4,5 4,6) ¢,%9) 5,6 (6, 6)
First -1.034 -0.534 —1.060 —3.863 -0.534 -1.019
Second —-0.008 0.240 0.099 —0.200 0.240 -0.069
Third -0.079 0.138 -0.115 0.153 0.138 -0.051
Fourth —-0.461 —-0.022 —0.551 —-0.755 —0.022 -0.558
Simulated Hartree Fock basis (bg = 1.7 fm, by = 2.0 fm)
Order in Configuration (e, b)
PT IS
4,4) 4,5) 4,6 5.9 5,6 (6, 6)
First -0.761 -0.510 -0.771 —-1.847 -0.510 -0.756
Second -0.057 0.040 -0.010 -0.191 0.040 —0.084
Third —0.042 0.040 —0.054 —0.068 0.040 —-0.034
Fourth —0.148 ~0.019 ~0.166 -0.311 —-0.019 -0.199
4 See eq. (1).
b pT = Perturbation theory.
C g and b denote the s.p. orbitals, i.e. 4 = 0dg/p, 5 = 1812, 6 = 0d3y,.
tions but allowed the oscillator parameter b, to vary. averages” and define it by
In order to make the wavefunctions orthogonal when 1
by # b, they performed a Schmidt orthogonaliza- QA 3 2 [Kw i, 2
a<sb

tion, in which a small Os component was admixed into
the 1s wavefunction, with a similar treatment for the
p orbitals. Since HO wavefunctions with b, = 2.0 fm
have been found to overlap quite well with their HF
counterparts, GEG took 5, = 2.0 fm to simulate an
HF basis. We make the same choice for our calcula-
tions.

Using the two-body central interaction employed
by GEG for both by = b, = 1.7 fm and by = 1.7 fm
and b =2.0 fm, we calculated the Goode-Koltun
average-values of V¢ from first through fourth order
in G for mass-18 nuclei, which we defined by

3y 7 JT(abITIV 8 abI T)
2 T ’

v = 1)
where the superscript # denotes the nth order term in
perturbation theory, 2 and b denote s.p. states and J
=2J + 1, etc. These results are given in table 1. Table
2 lists the simple average of the absolute value of the
averages in table 1. We call this “the average of the
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where q?l%) is given by eq. (1). We take only a simple
average, so as not to give too much empbhasis to states
of high J (which are related to large values of j, and

ip), since these have already been weighted in eq. (1).

Table 2

Average of the absolute values of the averages Yinh a,
Order in HO ¢ SHF d Reduction
PTDb factor ©
First 1.341 0.859 0.64
Second 0.143 0.070 (0.70)*
Third 0.112 0.046 0.74)°
Fourth 0.395 0.144 0.78)*
4 See eq. (2).

PT = Perturbation theory.
€ Pure harmonic oscillator basis (bg = by = 1.7 fm).
d Simulated Hartree Fock basis (bo = 1.7 fm, by, = 2.0 fm).
€ See the text and ref. [7].



Volume 68B, number 1

Column four in table 2 also indicates the factor by
which the pure HO results must be multiplied in order
to obtain the simulated HF results.

The numbers in table 1 clearly show that the simu-
lated HF results are generally reduced relative to the
pure HO results but that the fourth-order averages are
still larger than either the second- or third-order aver-
ages.

Column four of table 2 shows that each order in
(VY ™) is reduced by a different amount, defined by
X" for n =1 to 4, respectively, in going to the simu-
lated HF basis and that the factor X steadily increases
as the order » increases. Hence, the fourth-order re-
sults are reduced proportionally less than the lower or-
ders, and the fourth-order averages are still significant-
ly larger than either the second- or third-order averages,
even in the simulated HF basis.

" In general, most fourth-order terms are small and
fall off fast or faster than the (0.78)# listed in table 2.
This overall larger factor comes from the fourth-order
ncs, which can contain a hole-hole interaction. This
argument is similar to but more complicated than the
one given by Goode and Koltun for why the ncs can
be large in fourth order, as can be seen from the fol-
lowing examples.

Let us first consider the fourth-order ncs generated
by fig. 1(a). Fig. 1(b) shows one particular averaged
diagram which can be obtained from fig. 1(a). The
solid arrows denote valence particles. The ncs denoted
by fig. 1(a) is similar in structure to the second ncs in
third order [6]. Because of the presence of a hole-
hole interaction in this ncs, each term in this ncs falls
off more slowly than other fourth-order terms, namely
as (0.77)4. This result is simple to understand, since
the hole-hole interaction is totally within the 160
core (i.e. by is fixed at 1.7 fm), and, consequently,
does not change in going to the simulated HF basis. It
is worth noting that the factor would be (1.0)% if all
interactions in the diagram were hole-hole interactions.

Now let us consider the fourth-order ncs coming
from fig. 2(a), of which fig. 2(b) is one particular aver-
aged diagram in this ncs. The ncs denoted by fig. 2(a)
is similar in structure to the first ncs in third order [6].
It contains no hole-hole interaction, but instead a par-
ticle-particle or particle-valence interaction. As a result,
the terms in this ncs fall off more rapidly than the
terms in the ncs illustrated in fig. 1(a).

We would also like to point out that the degree of
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X
(a) {b)

Fig.1(a). A fourth-order number conserving set (ncs) similar
to the second ncs in third order (ref [6]). (b) One particular
averaged term in this ncs.

cancellation among the terms in the ncs depicted in
fig. 1(a) is not increased by going to a simulated HF
basis. This can be understood in the following manner.
From fig. 1(a) we can generate two terms, one in
which the bare valence line interacts with a particle in
the “dressed valence” line and the other in which the
bare valence line interacts with a hole in the “dressed
valence” line. This produces a valence-valence interac-
tion in the former case (see fig. 1(b)) and a valence-
hole interaction in the latter case. As one goes to the
simulated HF basis the overlap between valence and
hole wavefunctions is reduced, while the valence-va-
lence interaction is also weakened. Consequently, the
degree of internal cancellation among terms in the ncs
also remains the same.

Thus, the ncs tell the story in fourth order. They
can contain hole-hole interactions and hence fall off
at a slower rate than other fourth-order terms and all
lower-order terms.

In conclusion, the most important result of our cal-
culations is that going to an HF s.p. basis does not
eliminate the large fourth-order averages found by
Goode and Koltun using a pure HO s.p. basis. Conse-
quently, further investigations must still be carried
out to understand the real significance of these large
fourth-order results and how to incorporate them cor-
rectly into future perturbation theory calculations of

Ve

(a) (b)

Fig. 2(a) A fourth-order ncs similar to the first ncs in third
order (ref. [6]). (b) One particular averaged term in this ncs.
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Gamma-rays from the 13%Tb (14N, axn)!®®°*Yb reaction, in which non-evaporation a-particles are emitted, have
been identified. Yields of E2 cascade transitions suggest that the angular momentum distribution of the entrance
channel leading to this reaction is localized just above the critical angular momentum for complete fusion.

It was first pointed out by Quinton et al. [1] that
in the bombardment of Ni, Au and Bi with 12C, 14N
and 100, high-energy a-particles were emitted predo-
minantly in the forward direction. Recently, Galin
et al. [2] have reported a similar phenomenon for the
103Rh + 14N reaction. Their results indicate that the
process, in which high-energy a-particles are emitted
in the forward direction only, exists generally in 12¢,
14N and 160-induced reactions, and competes with
the evaporation following compound-nucleus forma-
tion. Observation of y-rays, following such forward-
peaked high-energy a-particle emission, would be
interesting because the starting population for -
emission might be different from that in the compound
nucleus.

Here, following Britt and Quinton [1], we shall re-
fer to the forward-peaked high-energy a-particles as
“direct” a-particles.

159Tb was bombarded with 95 MeV 14N beams
from the IPCR cyclotron, this combination being
chosen because the likely reaction products are well-
known rotational nuclei. The 159Tb target was a self-
supporting metallic foil 2.1 mg/em? thick. The “direct”
a-particles were detected with a Si surface-barrier
annular detector at 0° to the beam, the solid angle
subtended being 0.73 st (6 = 16.7°—32.6°). In order

! present address: Department of Physics, Osaka University,
Osaka, Japan.

2 On leave from Department of Physics, Kyoto University,
Kyoto, Japan.

to make the contribution from the evaporation pro-
cess negligible, a-particles with energies below 33 MeV
were cut off by placing a 400 um thick annular alumi-
num foil in front of the Si detector. Gamma-rays were
observed in coincidence with the a-particles thus de-
tected, the y-detector being a 60 cm3 Ge(Li) counter
placed at 90° to the beam and at a distance of 4 cm
from the target.

Protons and a-particles were separated by operating
the Si detector with a depletion depth which was thin
to protons. The yields of d, t and 3He were shown to
be negligible by using a AE — E counter telescope.
The energy spectrum of a-particles, observed at 25°
to the beam, was found to peak at about 25 MeV, the
highest energy being at about 60 MeV.

For comparison, we also observed y-rays in coin-
cidence with “compound” a-particles emitted in the
backward direction. The same annular detector was
placed at 180° to the beam, the detection angle being
147.4°-163.3°, but the 400 um foil was replaced by
one of 100 um.

Fig. 1 shows y-ray spectra observed in coincidence
with (a) “direct” a-particles and (b) “compound”
a-particles, together with a singles spectrum (c) for
comparison. Accidental coincidences have been sub-
tracted. Energies of the y-rays identified agree with
those reported already [3—5] within 0.5 keV.

As is seen in fig. 1a, the strongest y-rays coincident
with “direct” a-particles are from the
139Tb (14N, a3n)166 Yb reaction. This suggests that
the “direct” a-particle is emitted first and in most cases
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Fig. 1. Gamma-ray spectra abserved in coincidence with (a) “direct” a-particies emitted in the forward direction (Eg = 33 MeV)
and (b} “compound” a-particles emitted in the backward direction (Ey 2 15 MeV) in the bombardment of 159Th with 95 MeV
14N A singles spectrum {c) is also shown for comparison. The indication x = 4 relates to y-rays from the other bands of 165 yp,
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Fig. 2. Gamma-transition intensities relative to the 4* - 2*
(17/2* — 13/2* for 165Yb) transition in de-excitation of the
159Th + 95 MeV 4N reaction products. The upper drawing
shows the data obtained in coincidence with “‘direct” a-
particles: o for 166 v} and o for 165Yb; the solid line was ob-
tained for 196Yb (see text). The lower drawing shows the data
on the residues of compound-nucleus formation: o for 168y,
o for Y66Yb, ® for 155Yb, and & for 164Yb; for 15Yb the
normalization was made at 0.54 on account of the spin con-
cerned, and a line is drawn just to guide the eye.

is followed by three neutrons. This reaction can be
regarded as incomplete fusion. It is interesting to note
that y-rays from the 139Tb (14N, a5n)164Yb reaction
are hardly seen in fig. la.

Fig. 2 shows intensities of E2 cascade transitions
relative to the 4% 27 transition of the residual nuclei,
164y, 166 Y and 168HF; for 165Yb, the intensities
are given relative to the 17/2% - 13/2* transition which
is associated with the i; 3/, decoupled band [4]. For
166'Yb produced by the incomplete fusion reaction
(fig. 1a), intensities of the cascade transitions have
been found equal up to the 10* » 8* member, and
then the yield decreases considerably. This indicates
that the starting population for y-emission was loca-
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lized somewhat larger than J= 10 and only the ground-
state'band members were fed. This tendency also
seems to hold for 165Yb. For the residual nuclei asso-
ciated with compound-nucleus formation (fig. 1b, ¢),
however, the yields of successively higher cascades
showed a near exponential fall, conforming to the
general trend reported so far on y-deexcitation of
compound-nuclear reaction products in this mass re-
gion.

It seems possible to reproduce the y-transition yields
recorded in coincidence with the “direct” a-particles
by assuming a Gaussian shape for the spin distribution
of the starting population for y-emission. The upper
solid line in fig. 2 shows a fit to the data on 166YD
corresponding to Gaussian distribution with a half-
width of 27 and a mean of 13 /. Here, we have tenta-
tively assumed four statistical dipole transitions prior
the entry point into the ground state band.

The change in angular momenta during the particle
emission can be approximately estimated as follows:
the angular momentum removed by the “direct”
a-particle emission is on average 214, this being a semi-
classical value determined from the average kinetic
energy (40 MeV in lab) of the recorded a-particles;
and according to the prescription given by Alexander
and Simonoff [6], three neutron evaporation will re-
move 6%. Thus we have a mean value (/) = 40% for
the angular momentum distribution of the entrance
channel of this reaction. This seems quite a reasonable
result because the 14N projectile probably just grazes
the 159Tb nucleus in order to transfer as many as ten
nucleons and the impact parameter should be rather
close to the value corresponding to the critical angular
momentum /., for compound-nucleus formation,
which is estimated to be 37/ on the basis of cross-
section measurements [7].

In conclusion, we have indicated that for the 159Tb
+95 MeV 14N reaction, unlike compound-nucleus
formation, the “direct” a-particle emitting reaction
involves incoming partial waves with angular momenta
restricted to values just above / . Because of this,
high-spin states in the residual nuclei can be populated
selectively. This is probably true for other heavy ions,
such as 12C, 160 and 20Ne. Therefore, measurements
of y-rays coincident with “direct” a-particle$ appear
to be a promising technique to study properties of the
yrast region, for example band intersection in deformed
nuclei. A detailed study of the angular momentum
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distribution of “direct” a-particles would provide
important additional information.

We would like to thank Prof. H. Kamitsubo and
Dr. T. Nomura for valuable discussion in connection
with this study. Comments on the presentation of the
manuscript by Dr. J.C. Lisle are gratefully acknow-
ledged.
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Angular dlstnbutlons for polanzed proton inelastic scattering cross sections along with the analysing power for

the reaction 1°0(@, p') !

60* (27, 8.88 MeV) atE =42.5,44.0 and 49.3 MeV have been measured. A semidirect re-

action analysis augments the evidence for octupole giant resonance strength in the 30 to 50 MeV energy region.

The identification of hadronic inelastic excitation
of giant-multipole resonances [1] (GR) other than E1
and E2 modes is still in a rudimentary stage. The lack
of information about higher modes is partly due to
their appearance at high energies, where smooth, fea-
tureless spectra loaded with pile-up background make
identification difficult. In this unyielding situation the
semidirect approach involving analysis of inelastic scat-
tering mediated by virtual excitation of giant reso-
nances has been useful.

Recently reported measurements [2] along with
the theoretical analysis of polarized proton inelastic
scattering to the 8.88 MeV 27 state in 16¢ gave evi-
dence for excitation of the octupole GR. The extrac-
ted strength distributions permitted the conjecture of
the existence of a sizeable fraction of the E3 mode
localized above 40 MeV. To check this possibility ear-
lier measurements have been extended to higher ener-
gies, E, = 42.5,44.0, and 49.3 MeV using an improved
polarized ion source but with otherwise the same ex-
perimental procedure as described in ref. [2].

The distorted wave theory [3], used in the evalua-
tion of the theoretical transition amplitude, distingui-
shes a direct and semirdirect process in the form

T = Toa Hop) + X OB GO K p 1 ¥ O
1)

In the evaluation of the semidirect amplitude (the sec-
ond term in eq. (1)) excitation of E1 through E4 modes
are allowed. The strength of each is determined by the
coupling constant

7n@=- o}, iy

X 1
@ - E, +@i/2)rh

@l ,10) AE) @)

in which |¢> ) denotes the intermediate states with ex-
citation energy Ej; &y, are the collective transition
operators, rt signifies the escape width, and Q is re-
lated to the projectile energy E, and the binding en-
ergy of the spectator ¢; withQ=F_+ € (e =0.6 MeV).
The coupling constant is obtamed From the experimen-
tal angular distributions by a x> fitting procedure.

The final results of this calculation along with the
data are shown in figs. 1a and 1b. The analysis [2]
yielded the coupling constants yx(é) for each multi-
polarity and energy Q as shown in fig. 2 for the E3
mode supplemented by the results of ref. {2].

As expected, we observe A = 3 excitation to pre-
vail in the 40 to 50 MeV region with diminishing
strength towards higher energy. The contribution
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from other excitation modes was found to be small
and smooth. The contributions from E1 and E2 modes
have a slight influence on the quality of the fit but no
concentration of strength was seen.

In order to have a closer comparison with the RPA
calculations and the information available from the ex-
periment we feel here the need of a detailed discussion
concerning the strength distribution, in particular for
the octupole GR, which is related with the coupling
constant y3@). This will yield an estimate of the li-
near energy-weighted sum rule [5] (EWSR) depletion
and other relevant information expected to be useful
in the understanding of the higher modes. Towards
this end, first we consider eq. (2) which on evaluation
of the two matrix elements contained in it, can be writ-
ten as

2
S
xt+1)

xF ———r

@ - E, +(1/2)ir'")

Here Bx is identified with the usual collective model de-
formation parameter which measures the total transi-
tion strength whereas Ia(E )| is the normalized strength
distribution. The mtegrated value of the imaginary part
of the coupling constant can be expressed as

y;\(@) ==

WEN AE,.  (3)
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Fig. 1_ . (a) The differential cross section for the transition to
the 2" level in 90 with the best fit curves obtained in the
present analysis. (b) The analysing power analysis of the data
in (a).
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citation energies. The integral on the left hand side of
eq. (4) is a lower limit to the total A-pole strength. Be-
cause Im y(Q) falls off fairly rapidly away from a reso-
nance, the left hand side is also a fair approximation
(errors of ~ 10% might be expected) to the total
strength within the experimental region of Q. Unfor-
tunately, the phases of y(Q) are not well determined by
the current analysis, so the value of eq. (4) is diminished,
and we use it here only for a consistency check.

We have therefore gone to an alternative procedure
for the determination of the fraction of the octupole
strength in the experimental region. We simply try to
reproduce | y3(§)l obtained from the analysis using
several discrete resonances, each with its own strength
and width,

_ B8 la, I
y3@ == ?m &)

Although the parameters and number of pole terms are
not uﬂique, the value of (Enlanlz)ﬁg summed in the re-
gion Q = 30—50 MeV is stable within extremes of about
16%. The effect of putting in known low-lying octupole
states and an assumed isovector resonance of 15 MeV
width at 60 MeV was tested and, as expected, their in-
clusion does not alter the result by more than 10%.
Estimates of B% obtained from the fit are 0.28 £ 0.02,
while the estimate from eq. (4) obtained by roughly in-
tegrating the experimental data and using the phase
from the fitted curve also gives B% = 0.28. Integration
of the fitted curve directly in eq. (4) gives B% =0.26.
Estimates of the quantity = B%Ianl E , are in the
range 11.2 + 0.8 considering the error bars and the non-
uniqueness of the parameters of eq. (5) determined from
the data. The percent depletion of the EWSR is obtained
from the formulas given by Satchler 5], with the den-
sity parameter k = 1 as required for consistency with
the collective inelastic form factor. The result is

R* R?
0.0653 X 2JE, la, | 62 A" %) ()
“*
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where R is the half-maximum density radius.

For a light nucleus like 160 the expectation value
o depends very sensitively on the details of the mass
distribution. From electron scattering reliable informa-
tion is available about the RMS radius (2.71 fm) and
skin thickness (2.0 £ 0.2 fm) of 16y, Using these values
and a Saxon-Woods mass density gives parameters R
=1.085 A'/3 fm, 2= 0.455 fm. The EWSR depletion
evaluated taking into account the uncertainties in the
determination of 85 and in the skin thickness amounts
to (70 £ 10)%. It is only a coincidence that this num-
ber agrees with the sum rule fraction of ref. {2]. That
value was calculated with a Breit-Wigner fit to the data
between 30 and 40 MeV and the uniform model for
calculating moments of the mass density, both of which
lead to an overestimate of the EWSR fraction. By com-
parison, theoretical calculations of Krewald et al. [6]
give a depletion of 130% of isoscalar EWSR, but there
both isoscalar and isovector excitations appear in the
30 to 50 MeV region. Similar results are given by Liu
and Brown [7] as well as by Shlomo and Bertsch [8].
In the lower energy regions up to 20 MeV sum rule de-
pletions of 20% have been attributed to the 6.13, 15.41
and 19.0 MeV states by Harakeh et al. [9].

Adding these values to the 30 to 50 MeV region
gives the result that (90 £ 10)% of the octupole iso-
scalar sum rule value is exhausted by the observed E3
strength.
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The high momentum tail of the momentum distribution of the nucleons, emitted in the yD > ppn~ reaction, is
explained in terms of single pion nucleon rescattering.

The usefulness of the yD — ppm~ reaction, for measuring the yn = pm~ reaction cross-section, has been
recognized a long time ago. Several bubble chamber experiments were perforrhed {1, 2]. They were analysed in the
frame work of the spectator nucleon model, where the cross section is related to the elementary process cross sec-
tion do(Q, w)/d€2, and to the momentum distribution p(py), of the spectator nucleon, by

dpjgﬂf“ + cos os)p(pga%;lﬂ @ ). (1)

The total energy in the 7N center of mass is @, and the angle between the incoming photon and the outgoing pion
is w. The momentum, the angle and the velocity of the recoiling nucleon are respectively p,, 6 and §,. The flux
factor (1 + B cos 6) appears because the incoming photon sees a moving neutron target. This model has been
proven to be successful for low momentum values of the spectator nucleon [1, 2]. However, strong discrepancies
appear when this momentum becomes high. In fig. 1 we have plotted the experimental momentum distribution

dN/dps(arbiirary units)

o
=

1 Il L i 1

1
100 200 300 400 500 60
pS(MeV/c)

Fig. 1. The momentum distribution of the slowest emitted nucleon: dN/dpsapép(ps). Dashed line curve: spectator nucleon model.
Full line curve: rescattering effects included. Experimental points from ref. [1].
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obtained in [1]: in the framework of spectator nucleon model it is nothing but the wavefunction of the deuteron
in the momentum space (dashed line curve). As said above the agreement is good for low values of p, but the theo-
retical momentum distribution falls too quickly above 200 MeV/c, and one has to explain a factor of about four
between the theory and the experiment when pg ~ 500 MeV/c.

In this note we are interested in that region where the spectator nucleon model fails: we do not consider the
deuteron as a neutron target but we use the YD —> ppm~ reaction as a way to manufacture the A(1236) resonance
and we consider the deuteron as a laboratory to study the A—N interaction.

We showed in [3] that it is possible to reproduce the pion photoproduction reactions on free nucleon by con-
sidering the few number of diagrams labelled I in fig. 2. The creation of A(1236) in the s-channel (diagram Ie)
plays a capital role, but the Born terms (diagram Ia, b, ¢, d) are also important and are computed with pseudo-vec-
tor coupling for the 7NN vertex. We were able to reproduce the experimental multipoles [4] with a great degree
of accuracy; the details are given in [3]. If the target nucleon is bound in deuterium and if the emitted 7-N pair
is not disturbed by the other nucleon, we are left with the spectator nucleon model (diagrams II in fig. 2) where
the elementary process occurs on a quasi-free nucleon. Of course final state interactions exist and they are de-
picted by diagrams III (pion single rescattering) and IV (proton-proton rescattering) in fig. 2.

Considering this set of diagrams we have been able to reproduce the high momentum part of the recoiling nu-
cleon distribution (full line curve in fig. 1). Before detailing our method we would like to put the emphasis on
the two following points, which qualitatively explain this flattening of the momentum distribution. Firstly, when
the recoiling nucleon momentum increases, the contribution due to the graph II decreases as the momentum dis-
tribution of the nucleon inside deuterium. But this momentum is shared between the two nucleons when rescat-
tering occurs (III and IV) and we are mainly sensitive to the low momentum part of the wavefunction, even if the
recoiling momentum is high. The second important point is that the pion nucleon scattering (or proton-proton
scattering) can occur on shell. Two consequences immediately follow: (i) the singularity of the matrix element
lies very close to the physical region and it is therefore strongly enhanced; (ii) there are no (or little) ambiguities
in the choice of the elementary operators and we can use their on shell parametrization [3], which provides also
a good way to extrapolate near the mass shell.

O XE Y <
DD NP e
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kP
PH\E "_'(\-{. }—{\.9. :'{\4. +_—l:K
Pr a c e
ko p D ,
rd V Vs ,/
"R n . Ny A T DX
P K/
5 = ( + _/\‘<+ (+ C +
P2 a b c d e

Fig. 2. The relevant diagrams. I: reaction yN ~ Nu; II: Spectator nucleon model; III: pion nucleon single rescattering (note that the
dizgram IIId is forbidden by isospin conservation); IV: proton-proton rescattering.
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Let
0_
*° = 1k1, k), W°.m), @), p)), 3. P,)

and (E = p(I) + uo, P =P1 1) the quadrimomenta of the incoming photon, the outgoing pion, the two outgoing
nucleons and the outgoing A(1236). The cross-section is related to the matrix element via:

do _ 5
dp——deﬂ_A EZ;/{ M(p,, m, py, my, &, M) — M(p,, my, p, m, €, M)I°, )
my,my

where A is a kinematical factor including phase space and normalization factors and where the indiscernability of
the two outgoing nucleons has been taken into account. The sum runs over the magnetic quantum numbers of the
deuteron M, of the two nucleons m and m, and the photon polarization vector €. According to fig. 2 the matrix
element is split into three parts

M=My+ My + My (3)

Describing the nucleons in a non relativistic way, the photon and the pion in a relativistic way, the matrix ele-
ment for the quasi free process II is (see [3]):

— 1 1 ~
My =i ;; mZ) Tyn(n, m, py, my) Umysm (1 MYG m_3m, Isms),ul(pz)Ylml(pz), 4)
s b Mg, My
where the elementary process matrix element T, was obtained in [3] by computing the non relativistic limit, up
to the order p2/m2, of the relativistic matrix element associated to the diagrams I. The wavefunction in the mo-
mentum space ug(p) and u,(p) are chosen of the form:

> ¢ 6 dl. p2
ug(p) = 47N 2J e () =4Np 2 L b (5)
l=1p +al_ l=1p +ﬁl ai

wherc the constants NV, p, ¢;, a;, d;, and §; are given in [5]. This is a good parametrization of the standard deuteron
wavefunctions.
The matrix element for the single pion scattering diagram III is:

1
My =—i————25 Gm_im 1 M{T(yn~pr~)T(n p~>n-p)— T(yp~> pr)T(n%n~ pr~)}
i (2#)3\/41Tmnmp 2 n2
» (6)
[ Pl®
72—

™

The energy integration, in the loop, has been replaced by the residue associated with the nucleon pole: the nucleon
which does not absorb the photon is put on his energy shell. We have done further assumptions to obtain this sim-
ple formula: each of them has been checked numerically. The influence of the D-state in the deuteron wavefunc-
tion is negligible, and we restrict ourselves to the dominant S-state part. The most important contribution to the
integral comes from the low momentum part of the wavefunction and it is legitimate to single out the elementary
matrix elements 7, and T,y the corrections coming from the Fermi motion do not affect qualitatively the re-
sults reported here. Therefore we have kept in the integral the two quantities which are quickly varying in the inte-
gration domain: the wavefunction and the pion propagator. It is essential to keep this propagator inside the inte-

gral, because its denominator vanishes for some values of the integration variable p. The pion can be on its mass
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shell and we have to deal with on shell pion nucleon rescattering. The form [5] of the wavefunction allows to com-
pute analytically this integral and to split it into its singular (on shell) and its principal (off shell) parts:

24,2
dpu,(p) 3 5 : P +a P, p_
f—O—:M 2 ; C. _llog ; lz—arctga——afctg? N (7)
q2~m2 Py i=1"! 2 p_+al_ i i

where p, = (pA/Q)E; + (pg/Q)p', the energy and the momentum of the nucleon, in the center of mass of the
interacting mN pair in the final state, being respectively E1’> and p'. The momenta |p_] and p, are nothing but the
limits of the physical region for an on mass shell pion-nucleon scattering. It should be noted that the most impor-
tant contribution coming from this integral is its singular (on shell) part, which is a strongly varying function of
the external kinematics. By varying the experimental kinematical conditions it is possible to maximize the singu-
larity of the rescattering diagram and to obtain strong variations in the cross-section.

The elementary pion photoproduction amplitudes T(yn = pm—) and T(yp - pa¥) are those of ref. [3], where-
as the pion-nucleon matrix element T, is described by the s-channel A(1236) formation diagram:

+
s ps q
st ) ®

T . =2MC GZ(X
N w3\ my QZ—M2+iMF

with the following parameters:

31+ (Rlg,1)? g, . [1+(Rig,1)?
M=1231 MeV, F=1o9["’—'|] A—l——ﬁ7, G3=—3 —w—"—z— R =0.00552 MeV~1
la,l1 @ 1+ mo¥ 1+ (Rig))
2 9)
g5 =2.13 org3/47r =(.37.

The isospin coefficient C, depends on the charge of the exchanged pion (C,, = 1/3 for 7~ exchange and C, =\2/3
for n0 exchange). This amplitude is a good parametrization of the dominant J = T = 3/2 channel, the other chan-
nels being much more smaller.

The proton-proton rescattering amplitude has been computed in the same way and we have parametrized the
nucleon-nucleon elementary amplitude by its partial wave expansion [6] up to and including L = 2.

With these formulae we have computed the momentum distribution of the spectator nucleon in the following
way. Firstly we define the spectator nucleon as the nucleon with the lowest momentum. We then compute the
cross section (2) and extract, with the aid of (1), what we call the momentum distribution p(pgy) and we compute
a mean value of p(p,) by a Monte Carlo procedure, varying the remaining independent variables 6,,0,wand ¢,
(the pion azimuthal angle) in the whole available phase space. This is a way to simulate the experiment [1].

The results are depicted in fig. 1, and have already been discussed in the beginning of this note. However, it
should be pointed out that the contribution coming from the proton-proton rescattering diagram is very small
(a few percent for pg ~ 500 MeV/c) and the effect is entirely due to the single pion-nucleon rescattering process.
The assumptions that we have done in evaluating the matrix element (6) lead to variations of the results of the
order of magnitude of the experimental error bars; our model is precise enough to reproduced the factor four
needed to fill the gap between the experimental data and the spectator model prediction. The exchange current
diagrams I1la and IIIb lead to contribution as important as the contribution due to the A(1236) formation dia-
gram Iile.

We have also computed the matrix element corresponding to double rescattering of the pion and we have found
that its contribution do not change significantly the results. An important conclusion for the A—N system imme-
diately follows: the diagram in which a single pion is exchanged, without iteration (diagram Ille in fig. 2) would
be responsible for the main part of the A—N interaction. This is not surprising since the exchanged pion can be
real, and therefore the singularity of this diagram is strong.
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Of course more detailed experimental studies are needed to check this idea. We have compared our model to an
integrated quantity, mainly sensitive to the main features of the A—N interaction. A detailed (exclusive) experi-
ment, with high statistics and in which all the kinematical quantities would be measured, would be of great help.
Such an experiment is being performed in Saclay [7] and we are carefully comparing our model to it. The results
of this comparison, together with the details of the calculation reported here, will be published elsewhere.
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Hidden in a class of gauge theories is a global symmetry which is only apparent after spontaneous breakdown of the
local gauge symmetry. A particularly interesting outcome of this hidden symmetry is the possibility of spin-zero lep-
tons, which could be responsible for the anomalous eu events seen in e*e” annihilation, as recently proposed by Ma,
Pakvassa and Tuan.

In a spontaneously broken gauge theory, the original symmetry of the Lagrangian is represented in the unitarity
gauge (U-gauge) by a certain set of relationships among the coupling constants. The simplest example is that of a
vector gauge boson A, interacting with a complex scalar field ¢. This Lagrangian is given by

= 30,4, - 3,4 )2+, +ied )" (0" —ied") — u(d"9) — N ). M

For /.12 < 0, spontaneous symmetry breakdown occurs and the resulting Lagrangian in the U-gauge takes the form
L=—4(0,4, 0,4, +3)A2 +10, H? — 0H” — i’ —

+ eszf‘H +1 ezAﬁHz, @

where v = (—u2 /)\)1/ 2 and H=+/2 Re ¢ —v. It is clear that the right-hand side of eq. (2) has more terms than there
are independent parameters; but it is not obvious at all how one could use this information to deduce eq. (1). The
original symmetry of the theory is therefore no longer apparent.

Remarkably, the reverse of this situation can also happen. In the following, it will be shown that there exists a
class of gauge theories, in which a particular (global) symmetry is only apparent after spontaneous breakdown of
the local gauge symmetry. This hidden symmetry will be represented in the original Lagrangian as a relationship
among coupling constants, in analogy to the situation described above. In particular, if two Higgs doublets are in-
troduced into the standard SU(2) X U(1) gauge model of the weak and electromagnetic interactions, it is possible
to have a pair of spin-zero particles which behave exactly like leptons with their own conserved lepton number,
such as to explain [1] the e*e™ anomalous eu events [2].

Consider a local gauge theory based on the group SU(V). Let the symmetry be broken with m scalar multiplets
d)("), (a =1, ...,m), each belonging to the fundamental representation. Let the Langrangian be invariant under the
discrete reflections ¢(”) - —¢(‘1), as well as the interchange of any two scalar multiplets ¢(") and ¢(b). Then the
most general gauge-invariant Higgs potential (i.e., the interaction Lagrangian of the scalar multiplets) is given by [3]

m
Ly =D 6@ )2 dn 23 [0 @@ [6D6®)] +4p 20 [p@i0)] [40Ve@ )
a=1 a#b a+b

+}o % {[¢(a)i¢(b)l_] 2, [¢(b)i¢(tl)i] 2}, 3)
a

* Work supported in part by the U.S. Energy Research and Development Administration under Contract E(04-3)-511.
1 On leave of absence from Institute of Theoretical Science, University of Oregon, Eugene, Oregon 97403.
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where the sums over 7 and j from 1 to N are understood. The four coupling constants (A, 1, p, ¢) are in general un-
related; but if the condition

A—n—p+o=0 “)

is imposed, then there will always be a global symmetry left over in the physical Lagrangian after spontaneous
breakdown of the local symmetry. The former symmetry is therefore hidden in eq. (3), and is only represented
by eq. (4). An example of this has been given [4] in the case of two triplets in SU(3), where a global SU(2) sym-
metry is recovered by using eq. (4).

To show that eq. (4) is a consistent assumption even after renormalization of the field theory, one can either
demonstrate explicitly that a global symmetry results for the spontaneously broken theory in the U-gauge, or cal-
culate the effect of renormalization on the quantity A —n — p + 0. Both of these were done [4] for the specific
SU(3) example cited above. However, for the general case under discussion here, it is best to use the latter method.
The renormalization-group equations for the quartic scalar couplings in eq. (3) are given in Appendix B of ref. [3].
They are

2 2
8n2 S = W+ a2 4 om — 1) Wn? + 02 +02) 4 2(m — Tmp ~3(NN_ D2 ¢ 3W - DWV"+2N —2) 4.

dr 2
4N
, ) (%)
— +
8"2%7'7= [(m = 2N+ 2% +p2 + 0% + 2N + D\q + 200 + 20m — 2mp — 20~ D 2 SO +2) 0.
t N 4N?
2 2 ©
87{22= (N+m —2)2 +(N+2)a2 + 200 +4np —3(N.—._1)og2 +3(~]-v~—_—4—) gt (7)
dt X rdi AN Ve d ¥ N o 4N (=] 7 AN 7
and
2
81297 = o [2n +an + 20V + Do — (m - 200 XD 2, ®

where, as usual, the parameter ¢ is minus the logarithm of the scale by which the renormalization point is changed,
and g is the gauge coupling. Combining these four equations, one easily finds
3V -1
82 L0 n—p+0)=(mn—p+o) [V + N - V- D +Np - (V+ 20 D2y )
which shows clearly that if eq. (4) is satisfied by the bare couplings, it will also be satisfied by the renormalized
couplings. (Notice that A —n = 0, for example, is not a consistent assumption.)

Consider now the case of spontaneous symmetry breakdown of SU(2) X U(1) via two scalar doublets W ana
6. Of the initial eight degrees of freedom contained in them, three are absorbed to form the massive intermedi-
ate vector bosons W¥ and Z, but the other five will remain physical and they can be arranged to define the U-gauge
as follows:

. s
\/illf —\/'2—11/

, 6@ = ) (10)
YH+E+ix) PH-§—ix)

Eq. (3) then becomes

¢(1) =

— L kO +p o) WY +3EE D2+t —p — OH [P YT +3ER X))

tde M tn +p+ o) + R — HAE? + (0 — IHE + [Ty +3EHE +E2 + XD, (11)
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where the last term has been added to provide the spontaneous symmetry breaking, so that (H) = /2 and u2

= %020\ +n+p +0). Itis clear from eq. (11) thatif A\ —n — p + 0.=0, then 52 + x2 is an invariant and a global
U(1) symmetry exists. The respective masses of the physical scalar particles are now

m(H)=v(2n +20)12,  m(y*)=v( — 7 - 20)12, (12)
and
m(E £ ix) = v(2A — 20 — 2p)1/2,

Let £ +ix be denoted by l[/O, then it can easily be shown that the doublet (Y, wo) interacts with the vector
gauge bosons W*, Z, and A in exactly the same way as a lepton doublet with its own conserved lepton number.
This conservation comes about because the discrete symmetry of the Lagrangian under the interchange of oM
and ¢® holds even after spontaneous breakdown of the local gauge symmetry, so that the states Y™ = (¢(1)+
— ¢@*)/7 and Y0 = (V0 — $P0)/\/Z which are odd under this transformation must only appear in pairs. This
means that there can be no three-point coupling between vFor d/o with a pair of fermions, even if oM and 6@ are
coupled to them to begin with. (The other Higgs boson H behaves as usual and is coupled to fermions in the normal
manner.)

Once ¥ is produced, it will either be stable or decay via a W* into d/O plus a pair of leptons or quarks (which
recombine to form one or more hadrons). This is then a possible explanation [1] of the anomalous ey events seen
in ete™ annihilation [2]. Notice that y* and wo must have different masses, because according to eq. (12), if their
masses were equal, then X — 1 = 0 which is an untenable situation as indicated earlier. Finally, it should be point-
ed out that from eq. (8), o can be set equal to zero, so that A —n — p = 0 and by eq. (12), m(\lzo) becomes zero as
well. Therefore, not only can there be a pair of spin-zero leptons (Y™, l[/O) with their own conserved lepton number,
but it is also possible to make y0a spin-zero counterpart of a massless neutrino. The analogy is therefore complete.

I thank Professor S. Pakvasa for useful discussions.
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Photoproduction of ortho and para charm-anticharm bound states is considered in the framework of the Cheng-Wu
picture. Non-Abelian gauge gluons mediate the interaction between the cC-pair and the nucleon. The angular distribu-
tions of ¥ ¢ and n¢ are determined. The influence of multigluon exchanges and quark mass variation is studied.

Photoproduction of particles which are bound
states of heavy quarks [1] permits the study of several
theoretical assumptions in strong interaction dynam-
ics and gives the possibility of investigating the dynam-
ical implications of the large charmed quark mass [2].
The binding of the quarks into physical particles is
supposed to be due to a linearly growing confinement
potential [3]; this assumption was extensively used in
charmonium calculations [4] and there have been
many attempts to explore its deeper foundation in
field theory [3]. The interaction between the quarks
is commonly thought to be due to the exchange of
colored gauge gluons whose interaction strength de-
creases with increasing gluon mass [5] ; the attractive
features of a gauge theory as a basic concept [6], as
well as its successful application in phenomenology
[7], give strong arguments in favour of such a point
of view. The large charmed quark mass has dynamical
implications which have been pursued in deep inelas-
tic processes [8] but are little understood in photo-
production reactions [9]. On the phenomenological
side one wonders why y-photoproduction is sup-
pressed in comparison to photoproduction of the
lighter vector mesons and why its angular distribution
turns out to be less peaked in the forward direction
[1].

In this note we assume that strong interaction dy-
namics is correctly described by field theories of the
non-Abelian type with colored gauge gluons mediating
between the quarks. We therefore study the interaction

* Work supported in part by the Energy Research and Devel-
opment Administration.
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of a bound constituent pair with a nucleon by gluon
exchange. Within the framework of quantum electro-
dynamics such a problem has been studied previously
by Cheng and Wu [10] and a number of other authors
[11].

In the following we present the results of a simple
model, which, we believe, already shows many of the
characteristics resulting from our stated framework.
We consider the scattering process of a pair of
charmed quarks in a scalar 1/r (long range) potential.
The influence of the bound state nature of the quark-
pair is indicated in the formal presentation of the
model; however, it is dropped in its numerical evalua-
tion since we are mostly concerned here with the con-
sequences of gluon exchange. We first present the
form of the scattering amplitude as given by Cheng
and Wu [12}. Subsequently, we give the angular distri-
bution of the ortho and para cC-states; and, thirdly, we
numerically determine the dependence of the scatter-
ing amplitude on the quark mass and study the in-
fluence and behaviour of the multigluon exchange con-
tributions.

In the present approach the scattering process
shown in fig. 1 occurs in three steps: first, the incom-
ing physical photon fluctuates into a system of freely
moving constituents (c-quarks), the partons in the
DLY approach [13]. Second, each individual constitu-
ent undergoes instantaneous, elastic multiscattering
processes in the gluon potential of the nucleon. There
is no interaction between the quarks during this pro-
cess. However, they finally interact to form the ob-
served bound state. Within the gluon exchange frame-
work, this three-step picture is expected to be valid at
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Fig. 1. Three step picture of y(cc) photoproduction in the
gluon potential of the nucleon.

high energies where the fluctuation life time is much
larger than the time needed for the interaction with
the external gluon potential.

This picture has been elegantly formulated by
Bjorken et al. [14], using the infinite momentum
frame calculus [15]. The incoming photon state is ex-
panded in terms of the bare photon and the parton
states |1 as:

M=z, [W) + a0, My, D 1D+ } ; (M)

where dI" represents the phase space factor for the par-

ton states and M7 is the matrix element describing the
fluctuation of the photon into these states; both quan-
tities are determined in the infinite momentum frame.

The “fluctuation wave function” M7 is determined
in the infinite momentum frame [14] and depends in
a simple way on a longitudinal momentum 7 and a
transverse momentum p formed by the photon and
the two constituents’ momenta.

The same reasoning can be applied on the final
state |y} (where we however exclude the existence of
a bare state [{)) leading to the bound state fluctuation
wave function MY (p', §'). It is related to the ordinary
Schroedinger wave function ¢5(p) (which describes
the bound cc-pair), via the arguments of Cheng and
Wu [12]:

MY(p', B") =2My ¢ (@', BMR) C(3, Ny 5, My 15, N).
)

p' and 8’ are transverse and longitudinal momenta of
the cC-bound state system and My is its mass. The
Clebsch-Gordan coefficient (1...) describes the spin
coupling of two fermions with helicities A, into the
ortho and para charmonium state of spin s and helic-
ity A. This spin-coupling approximation is legitimate
since the constituents’ internal motion is small in the
infinite momentum frame. The overall amplitude is
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constructed by sandwiching the scattering operator R
=S — 1 between the above initial and final states |y
and |y leading to the amplitude

o= __d_q_ F —
Tya n? [F_(u+q)F(u—q) )

—(2m)*82(u + q)5%(u — @)1 Jy\(u, q),

where A = (p; — py) = 2u and p;(p;) represents the
transverse momentum of the initial y-state (final -
state). The “impact factor” J,, contains all informa-
tion on the creation process and final state binding of
the constituent system through the fluctuation wave
functions introduced above:

J)\’)\(“, 9
+1/2 +oo dl )
= [ d P 2 MU+ m, HMY(1—m, B,

where m =3¢ — fu and the sum extends over the

fermion helicities which we have omitted. The differ-
ential cross section is

o _ 1
da?  (4m)3
The S-matrix amplitude describing the interaction of

each constituent with the gluon potential is paramet-
rized by the eikonal form

‘2|Tm|2. (5)

+oo
F.(¢)= f db e~ igbe*ix(b), (6)

— o0

such that each constituent acquires an eikonal phase
shift whereas their longitudinal momenta and helicities
remain unchanged. Assuming a Coulomb-like gluon po-
tential one finds

4moag eFi®(ag, 1) (7

=4+ —

Folp=2i (q2)2(1¢ias)
with the phase factor ® (o) depending logarithmical-
ly on the small photon mass u which was introduced
in order to prevent infrared divergence. o, = e52/411
stands for the strong coupling constant with the strong
interaction “charge” e.

We now have assembled the necessary ingredients
of the T-matrix for the description of photoproduc-
tion of a bound quark-pair. In the following we ignore
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Fig. 2(a) Photoproduction of ortho-charmonium (W) The
solid line represents 2, 4, 6, ... gluon exchange, the dashed
line indicates the importance of 2-gluon exchange alone,
whereas the dash-dotted line shows the cross section size of
4, 6, ... gluon exchange. The parameters are: mg = 1.5 GeV
and ag = 0.5.

the influence of the bound state and replace the
bound state wave function by a §-function. Defining
the amplitudes for ortho and para charmonium pro-
duction as

leTﬂ,il =+/2rR1,

TI=Ty, =rRY, (8,9
we have

e

Rg =0, [L1(0)+L3(0) + ] =04 1(0) V(l) (10)

32
= [Ly(0) + Lg(0) + ] = 2()’1‘//5;1“(61 50D

where the variables

_a2\2 u,
0=M, e=(1 G) y Op =, U, U, +1u 12
1+02 oM

have been introduced. The two functions

V(e)=,F (—iag, tiag, 1;€) (13)

W(e) = ,F (1 —iag, 1 +ia, 2;€), (14)

describe the modification of the “Born amplitude”
due to multigluon exchanges. The normalization fac-
tor is given by

68
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Fig. 2(b) Photoproduction of an ortho q@-state (\pq) The
solid line, dashed line and dash-dotted line represent 2, 4, 6,

... gluon exchange. The parameters are: Mg = 0.3 GeV and og
=0.5.

r = —8n2eyy(0)a2m; /2 (15)

with Y (0) the bound state wave function at the ori-
gin in configuration space. The functions L) corre-
spondto1,3,5,..(2,4,6, ..) gluon exchange in para
(ortho) charmonium [19] and are determined by use
of Mellin transformation techniques [12, 16] for small
AZ? with the result:

N S S
LI(U)_zas 02(1 +02) (16)
L4(0) = 2ia,[2 Re y(1 +ia) — 29(1) — 1 +In4],

_ 1 2 20 \?
o

These results reveal the following properties:

(1) Keeping only L, in RO, we find the Born am-
plitude of single gluon exchange (forbidden by color
conservation!) which reveals an angular distribution
with a sharp spike near the forward direction and
which then falls to zero.

(2) The amplitude R1 reveals a zero at |A| =
due to the In-term in L,(0);in L, (o) there appears
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Fig. 3(a) Photoproduction of para-charmonium (n¢g). The
solid line represents 3, S, 7 ... gluon exchange, the dashed line
indicates single gluon exchange (which is forbidden by color
conservation!) and the dotted line indicates the size of the 3-
gluon exchange near the forward direction. The parameters
are: m¢ = 1.5 GeV and a5 = 0.5.

N
™

also a pole at o = 1 which is cancelled by the e3/2.
term in R1,

(3). Both amplitudes depend on the variable o
=|A|/2m and therefore scale in the c-quark mass
(apart from the normalization).

(4) As we go to larger m_-values, the amplitudes de-
crease like ~m_7/2 and the shape of the angular distri-
bution is shifted towards the origin.

(5) Since we are working in the infinite momen-
tum frame, the dependence on the initial energy £y
has completely dropped out; our formalism is there-
fore only valid in the asymptotic region where diffrac-
tion dominates.

(6) The above results show no dependence on the
target (nucleon) size since we have used an infinitely
extended 1/r-potential.

(7) Our formulas are easily extended to photopro-
duction of electromagnetic bound-state systems as for
instance “heavy leptonium” [17] ; the bound-state
wave function at the origin reads:

2
1 Ry= 2 a=Z (18)

¥p(0) = \ﬂT—R—_g ’ m.a 4n
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Fig. 3(b) Photoproduction of a para qg-state (nq). The solid
line, dashed line and dotted line represent 3, 5, 7, ... gluon ex-
change, single-gluon exchange and 3-gluon exchange. The pa-
rameters are: mq = 0.3 GeV and o= 0.5.

and the replacement o, > (Za) is used. Z(~100) stands
for the electromagnetic charge of the target atom.

We have numerically evaluated the shape of the dif-
ferential cross section for y -photoproduction adjust-
ing Y5(0) in eq. (15) such that its size agrees with the
data at Ecyg ~ 120 GeV. In fig. 2a (and fig. 2b) we
show its shape for m; =1.5 GeV (and mg = 0.3 GeV)
and a = 0.5. The dashed lines (2-gluon exchange rep-
resent the lowest order contribution. The solid lines
(2,4, 6 ... gluon exchanges) take multigluon correc-
tions into account and the dashed-dotted lines (4, 6,
... gluon exchanges) have the 2-gluon exchange sub-
tracted. One notices that the 2-gluon exchange approx-
imation is damped down by the higher order multi-
gluon exchanges which however interfer such that
their contribution is about one order of magnitude
smaller. An exponential fit in the region 0.1 < —¢
< 0.6 (GeV/c)? gives a slope parameter b ~ 2 — 4
GeV—2;it is less for 4, 6, ... gluon exchange. Mass ex-
trapolation to my = 0.3 GeV (fig. 2b) brings the zero-
point in the amplitude R} (see eq. (11)) to — =0.36
(GeV/c)2. This diffraction minimum is not observed
in p-photoproduction [18] and it might well disap-
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pear in our model if the relativistic bound state nature
of the p-meson is taken into account™.

In figs. 3a and 3b we show the analogous curves for
photoproduction of the para states n; and . For il-
lustrative purposes we have drawn the Born-approxima-
tion (which however is forbidden by color conserva-
tion); it is strongly peaked for small |¢|-values. 3, 5,

... gluon exchange is flat over a long -range and bends
off towards zero in the extreme forward direction.
The same calculation with m_ = 0.3 GeV shows a ris-
ing curve towards smaller |¢]-values with b ~ 5 GeV—2
and a falloff to zero in the extreme forward direction.

Increasing o leads to a stronger influence of the
higher order gluon terms besides rapidly increasing the
amplitudes. The global features as presented in figs. 2
and 3 are however not substantially changed.

In this note an attempt at the descriptions of Y-
photoproduction in the gauge theory framework is
sketched by assuming that gluons are responsible for
the interaction between the quarks. This picture leads
to characteristic consequences in the shape and size of
the angular distributions of ¥ and 7. In particular,
the differential cross section for n -production is 12
orders of magnitude smaller in comparison to Y -pho-
toproduction and remains constant at large energies.
The above presented results are distinct from other ap-
proaches and permit experimental tests.

I would like to thank Hannu Miettinen and Fred
Gilman for their reading of the manuscript and clear-
ing discussions and I have enjoyed the warm hospital-
ity of Prof. S.D. Drell and SLAC. A fellowship from
the Swiss National Science Foundation is gratefully
acknowledged.

* Note that three ... (four ...) gluon exchanges could also con-
tribute to ortho (para) charmonium production by taking
tree-like gluon exchanges into account which have been
ignored here. A simple estimate shows that their contribu-
tion is small and that no substantial changes may be ex-
pected. In addition, we have neglected higher symmetry fac-
tors due to color.
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RIGHT-HANDED NEUTRAL HEAVY LEPTONS IN e*e~ ANNIHILATION?*
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The experimental implications of neutral heavy leptons N in e'e annihilation are examined. We calculate the pro-
duction rate of lzoth right-handed and left-handed N’s at SPEAR and PEP/PETRA energies and show that observation
of the process e ¢ = vN, N — ¢ (or u)m allows the determination of both the mass and handedness of N.

Considerable interest has recently been shown [1—6] in the possible enlargement of the leptonic world to en-
compass right-handed neutral heavy leptons. In such schemes, neutral leptons E and M, forming right-handed doub-

lets
S}

are added to the original Weinberg-Salam (W-S) model [7]. Here

E =cos¢Ne+sin¢N“
()
M=—sin<;bNe +cos¢Nu,

N, and N, are mass eigenstates, and ¢ is an undetermined mixing angle, The neutrino neutral current is as in the
W-S model; however, it follows immediately from the assignment (1) that the electronic and muonic neutral cur-
rents are purely vector. Consequently, parity-violating effects in atoms are suppressed, a desirable feature if the
measurements of the optical rotation in bismuth by the Oxford and Washington groups [8] remain at their present
value. Further, the mixing scheme (2) implies the existence of lepton number nonconserving processes such as

u— e+ for which the current limit [9] on the branching ratio is 2.2 X 10~8. This may be just an order of mag-
nitude above the value predicted by the model (1) *1_ The N’s are expected to decay into a pair of conventional
leptons (plus a neutrino), a lepton and hadrons such as m, p, A}, and, if sufficiently massive, into a conventional
lepton plus a heavy charged lepton. They may be produced in deep inelastic up and ep experiments and would be
expected to appear in the decay products of charmed mesons D, D* F,F*.

In this letter we examine the experimental implications of such leptons in e*e™ annihilation. We address our-
selves to the question how and where they can be found and what theoretical information can be extracted from
the data.

We begin our discussion with N production and distinguish between the reactions e’e™ > VN, (vNe) and e*e”
> NN,. The former occurs through W-exchange whereas the latter receives contributions from W- and Z-exchange
diagrams.

The distributions in the center-of-mass scattering angle 6y for single and pair production of N,-leptons are

* Work supported in part by the Energy Research and Development Administration.
#1 For example with the choice ¢ = n/4, my, = 1 GeV, mN,, = 2.4 GeV, Tpey/T ~ 107°.
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G c032¢(1 —m? /s)2

do + _ F N 2 2
—_ (eTe” >IN )= 21 + 0 —mZ [s) + B + N1 +m2 Js)
d cos Oy 31 - yME)? N N

4o

+2(1 — A) cos Oyt a-na - mlzq/s) cos? BN} = cosng ﬁé; (3a)

do e >N.N )= G%és {cos4¢ (1+6 cos BN)2 . 003220W(1 +82 cos? 05
d cos Oy e b (1—o/M2)?  20(1 —s/ME)? +T2/M2]

c0s 20y, cos?g (1 +8 cos 0y )2 (1 — /M3, doy, do do, .
+ }E cos4¢ q 7 +d 7 + cosZ¢ Toos b= (3b)
(1 — t/M3) [(1 — s/M3)? + T2 [M7] cos by deosfy cos Oy

5 is the center-of-mass energy squared, ¢ is the momentum transfer squared, I'; is the width of the neutral inter-
mediate vector boson, and § = (1 — 4m12\1/s)1/ 2 The phenomenological possibility of a left-handed N has been al-
lowed for by the introduction of the parameter A = £1 for V £ A e—N, coupling. In the case of N,-production,
cos ¢ is replaced by sin ¢.

For right-handed coupling, the distribution (3a) is isotropic as expected from angular momentum considera-
tions¥2. The V — A case shows a characteristic (1 +cos GN)2 behaviour in the region s > m%: a left-handed heavy
lepton is produced preferentially in the forward direction.

Eqgs. (3a) and (3b), integrated over 8, are plotted in fig. 1 as functions of s¥3, Single N-production outweighs
N-pair production by one order of magnitude outside the Z-resonance region; N-pair production obviously domi-
nates around the Z. Changing V + A to V — A does not affect o(N,, ﬁe), whereas the single-N channel is reduced

#2 There is some suppression in the backward direction due to the effect of the intermediate vector boson propagator.
#3 Here we have assumed for definiteness a mixing angle ¢ = 7/4 and take the Weinberg angle to be sin? ow = 0.35.

10—32 T \T\IT” T T \llle T T T]IIIII T T ITTTH[ T T !\KITT[ T T \T‘\\w T T
_33 e mN=O.5 GeV
0= F . my= 1.0 GeV t (V+A)
}0_34 L mN=3.O GeV
E —— myn=3.0GeV }(V-A)
T 107k
= 07 L 3
b ~-37 [ ]
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i e . 3
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Fig. 1. The total cross section for the processes e'e = vNg and ee — Neﬁe, computed from eqs. (3a) and (3b), with ¢ = w/4 and
.2
sin“gw = 0.35.
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20 T T T T Table 1
Production rate of neutral heavy leptons at representative
80 - SPEAR and PEP/PETRA energies.
70 - & ptm) _ Coupling Events/day Percentage
pair-produced
360 - 7 \2L5=4 GeVv  (V+A 09 12%
o SPEAR V-A 0.4 41%
E 50 +— (er/-L+evl"') — E/E ) ©
& Y-=16GeV  [V+A 128 20%
2 40 - - (PEP/PETRA) | V-A 50 48%
I
o
= e, n+hadrons
S 30| (G )
o
20 —
e, u+E
oL (e,urE") |
0
0 } 2 3 4 5 6 7

my  {(GeV)

Fig. 2. Branching ratios for the decays N— e (or u) + ... asa
function of mn.

by a factor 2—3. When (mlzq - m%le) <, the total heavy lepton production cross section becomes independent
of the mixing angle and is

0ot =2 o(eTe™ —>17N)+0(e e” —>VN)+Z; 0(e+e_—>NN) 26 +0,) toy +o,, )
i=e,u
From eqs (3a) (3b) and (4) we find that, for a PEP/PETRA energy of +/s/2 = 16 and a projected luminosity of
1032 cm=25 ! the production rate of right-handed N’s is 128/day, of which 20% are pair-produced. The cor-

respondlng results for the V — A case and the rate at maximum SPEAR energy \/s/2 = 4 and luminosity 103!
em~2 sec™! are shown in table 1.
A particularly clean reaction for the detection and the study of N-leptons and their dynamical behaviour is the
chain
efe™ >IN
— e(or ) + 7, (%)

as has been emphasized by Bjorken [10]. The N-momentum can be reconstructed from events with only a charged
pion and lepton in the final state, allowing determination of the heavy lepton mass. Furthermore, the differential
distributions of the final state products depend sensitively on the handedness of the N-e () coupling. The N’s are
produced polarized, leading to a characteristic decay angular distribution in the N-rest frame.

The counting rates for this reaction depend on the branching ratios for N decay; these have been calculated fol-
lowing refs. [11] and [12]. For m, /my < 1, they are independent of the mixing angle ¢. Our results are shown in
fig. 2¥*. The e (1) w mode is dommant for my < 1 GeV, dropping rapidly to 5% at my =3 GeV. As an example,
let us assume right-handed N, and N, of masses 1.0 and 2.4 GeV. Then the cross section for reaction (5) is 2.0

*4 We have assumed the existence of a charged sequential heavy lepton of mass 1.9 GeV [13].
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Fig. 3. The decay I?J} ~> ¢ (u)m in the heavy lepton rest frame.
The initial e and e define the z-y plane and the positive z-
axis is opposite the direction of the produced antineutrino.

20X 10737 cm? and 2.7 X 10736 cm? at V/5/2 =4 and 16 GeV respectively. This means 0.2 and 23 events per
day;in the V — A case the corresponding numbers are reduced by a factor 4. The rate may be an order of magni-
tude smaller if N, is as heavy as 5 GeV.

The electron decay angular distribution in the N-rest frame (see fig. 3) is

G4 2m3, cos*o 1 dcosfy
gﬂ(e e~ >N ):%_(1 —m2m2 ) (1 —m2 [s)? N
dQ2 e 11 3 "N N 22
L—)er{ 2 FNTf 1 (1 — t/MW)

X {4s(1 + (1 +Xcos &) +(1 —N)(1 +cos ) )[s + m%, +(s — mIZ\]) cos Oy
— A cos Hs — m%l +(s+ m%) cos Oy)] +2my Vs(1 —N)sin (1 +cos 0y) sin ¥ sin o} 6)

where f_ is the pion decay constant. The dependence on the azimuthal angle disappears for V + A coupling and in
any case is suppressed at high s. In the high energy regime, the N is preferentially polarized along its flight direct-
tion if its coupling to the familiar leptons is right-handed or opposite if the coupling is left-handed. In both cases
the decay electron prefers to emerge in a direction close to that of its parent.

The characteristics of the center-of-mass distributions of the final state electron are:

(i) do/dE, grows linearly within the kinematical limits

min m%I — mﬁ ax m%l — m72r i

E =—F F =————""4/5.
¢ s ¢ 2m2
N

(ii) The slope of the curve for (V + A) e-N coupling is substantially bigger than for V — A coupling.

(iii) The average electron energy (E,) =~ 2.5 (10.0) GeV for V5 = 7.0 (30.0) GeV grows linearly with v/s.

(iv) do/d cos 8, is represented in fig. 4. One notices a near isotropic angular distribution for (V + A) coupling
whereas a (V — A) coupling leads to an angular distribution which is strongly suppressed in the backward hemisphere

These characteristics reflect the behaviour of do/d cos 6y as given in eq. (3a).
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Our investigation shows that neutral right-handed heavy leptons, if they exist, should be detectable at PEP/
PETRA energies and their dynamical characteristics can be determined in several ways by the experiment.

The authors thank Fred Gilman for invaluable discussions. One of us (B.H.) appreciates the financial support
of the Swiss National Science Foundation, and the other (P.S.) wishes to thank the Lindemann Trust for a Fellow-
ship. We are grateful for the warm hospitality of Professor S.D. Drell and SLAC.
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Using a Schwarz inequality, derived recently from unitarity and Zweig suppression, we estimate a lower bound
on the muoproduction of charm, in terms of forward y-electro (muo) production, which in turn is extrapolated from
y-photoproduction. The resulting bound on the o (uN — puX)/o (uN — uX) ratio (> 'SIW) is already comparable to
the experimental rate, which strongly suggests charm as the dominant mechanism for muon induced dimuons.

Muon induced dimuon events (fig. 1) have been re-
ported by the Michigan State-Fermi Lab Group [1]
recently, with a 150 GeV muon beam. Their estimated
rate is

o(uN->uuX) 1 (1)
o(wN—->uX) 1000°

This rate is of course, based on an extrapolation be-
cause of the experimental cut in the slow muon energy
E,, > 11 GeV. And since the statistics is rather low
(~25 events), the extrapolation is strongly model de-
pendent. In fact an extrapolation from the same data
by Barger and Phillips [2], using a detailed model for
charm excitation and decay, gives a rate

oWN->puX) 1 @)
o(uN—->uX) 200°

Their detailed model may or may not be valid, but it
illustrates, the range of uncertainty involved.

On the theoretical side, the charmed particle exci-
tation is the leading candidate for these dimuons as
in the neutrino induced case (WN = u~ u*X). From the
standard frame work of the Quark Parton Model and
the GIM prescription, however, one cannot estimate
the rate of muon induced dimuons unlike the neutrino
induced case. For, we have here a diagonal excitation
of charm which can come only from the ¢c component
in the sea. One has no estimate of this component, but
it is usually assumed to be much smaller than the other
three (n, p and A) in view of the large SU(4) breaking.
There is also a kinematic suppression here, since the
diagonal excitation can only produce charmed particles
in pairs. Thus one expects the rate of muon induced
dimuons to be significantly smaller than the neutrino

76
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T

Fig. 1. The muon induced dimuons uN — yuX. The v 4-momen-
tum square is ¢2 and the energy of the yN system is W.

induced case, but one has no estimate of this rate.

We have tried to estimate the charm contribution
to these muon induced dimuons without invoking the
Quark Parton Model or even the GIM prescription
for charm. Our result would be valid for generic charm.
What we are able to obtain in fact, is only a lower
bound on the charm contribution. None the less it is
a phenomenologically significant estimate, since the
bound is already comparable to the observed rate.

The starting point is the usual assumptions of uni-
tarity, Hermitian analyticity and crossing, which give
the well-known Schwarz inequality

IIm A;(6=0)] = |§A1MALf|

1/2

< (AZJ) |AiM|2)l/2 (% |AfM|2) : ®)

i.e. for a dominantly imaginary amplitude

T T
— (=) oo .
dr Tlém\f ) it )
This relation has often been used before to obtain a
bound on diffractive excitation in terms of the total

cross-sections of the initial and final state particles [3].
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Y N
Fig. 2. The diffractive amplitude yN - ¢ N. The intermediate
states are indicated by M.

Recently Sivers et al. [4] have noted a very interesting
consequence of this relation, for the diffractive process
yN = N (fig. 2). It involves splitting the intermediate
state M in (3) into C, containing charmed particle

pairs and NC containing non-charmed particles, and
applying Schwarz inequality to each part. We get

doyN—>\pN(9=O)< 1 (k‘PN)( cL CL, NCi ch)

B z+0'
dr T6m \N J INTyNT TN

where the first part includes contributions from the
bound cc states like W and ¢, which are however,
quite small phenomenologically. Now in the limit of
exact Zweig rule a'%g - 0, giving rise to a stronger
relation

dz 161T k’yN 7N \DN

Although Zweig rule is not exact (exact Zweig rule
would, in fact conflict with unitarity) any phenomeno-
logical estimate of the Zweig suppression factor Z
would suggest the oN term in (5) to be negligible com-
pared to the left hand side. To see this we can com-
pare (5) with the analogous relation for p, which is
known to be an approximate equality

do, N— N(0=0) 1 kpN ,
) G TS

The left hand side is suppressed by a factor ~10-3.
However the ¢*! ﬁ is suppressed relative to aN ¢ by the
Zweig factor Z ,, which is < 10~5. This is most easily
seen by recalling that the analogous factor for ¢ ~ 102
and the ratio I'(y — pm)/T' (¢~ pm) ~ 103, despite

a bigger phase space for Y - pm. Thus we expect (6)

to be a good approximation to the Schwarz inequality
. +1
ie.

7N~ 216w (klPN )]
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This relation is expected to hold not only for on-shell
photon, but for any general value of 2.

Thus we have a lower bound on the electro(muo)-
production of charmed particles in terms of the -
electroproduction. Unfortunately we have only data
on Y -photoproduction, but not so far on electropro-
duction of Y. Therefore, we have to do an extrapola-
tion from q2=0. The standard VMD extrapolation

[dod(;lz)jla-o [dZ(IO)] 3 (1_ %jf, )"2

k(0) 2
(k(q )) exp B (min@®) — 10O} (®)

is known to work reasonably well for the electropro-
duction of p and w, where B denotes the slope and
my; the vector meson mass [5]. For ¥, however, VMD
seemns to be inadequate over the time like region 0 <
g2< mi . An adequate representation over this region
is obtained, both for ¥ and the p, w, ¢ mesons, by in-
corporating a form factor of the type [6]

F(g?)=(1-q*(my+1)2)2. ©

Therefore we incorporate this form factor in the extra-
polation formula (8) to estimate y(g2)N - N forward
cross-section*? from the photoproduction data [7].
The form factor is, of course, a fairly mild one over
the space like region of interest. Its effect on the inte-
grated cross-section (10) below is only 30%.

Putting the above y(g2)N - ¥N forward cross-
section and the experimental value [7] UINﬁ 2.75mb
in the inequality (7), we get a lower bound on

N(q2 W). Using the standard relation between this
virtual photon cross-section and the electro(muo)pro-
duction cross-section [8] do/dg? dW, and integrating
over g2 and W we get a lower bound on charm contri-
bution

0C>035nb. (10)

The integration incorporates the experimental cuts

*1 we replace UgN by U$N since we are only interested in an
inequality and besides the total ¢ N cross-section is ex-
pected to be saturated by the charm contribution, any way.

*2 This i ignores the longitudinal photon contribution. How-
ever, we are only interested in a lower bound, and besides,
the longitudinal contributionis pressumably small as in the
p, w case.
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[1] on the fast muon energy Eﬂ > 17 GeV and angle
0,4, > 13 mrad.; and uses a charm threshold of W =

5 GeV as suggested by y-photoproduction {7,9]. The
corresponding quantity from ordinary (noncharmed)
final states is obtained by integrating the SLAC elec-
troproduction cross-section with the same cuts. Using
the parametrisation of ref. [8] for the SLAC structure
functions we get

o=60nb . (11)

The alternative parametrisation of ref. [10] gives prac-
tically the same value.

The resulting lower bound on charm contribution
to the dimuon rate is

o(uN > puX) _ 5 p 0°
o (uN - uX) ko

1

where the muonic branching ratio of the charmed
particles is taken as B, >~ 0.2. A value of 0.2-0.25 is
suggested both by the latest dimuon rate from narrow
band neutrino beam [11] and the DESY rate [12] on
ete™ - e*K¥ + Hadrons. It is also consistent with the
relative rate of trimuons to dimuons in the above muon
beam experiment [1].

The above inequality becomes an equality in spe-
cific models like the VMD. However, the VMD is known
to breakdown for the electroproduction cross-section
in the deep inelastic region, and specific modifications
like the generalised VMD [10] have been suggested.
Without invoking any such specific model, we can
only obtain a lower bound on the charm contribution,
It is significant, however, that this lower bound is
already in the range of the experimental estimate
(omo —780)- It is strongly suggestive of charm excita-
tion as the dominant mechanism for muon induced
dimuons.

We believe the uncertainty in the estimated bound
is around 50%, arising largely from the off shell extra-
polation. Of course, the uncertainty in the present ex-
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perimental estimates, including the £, extrapolation,
is much bigger. This situation should improve soon,
as the Michigan State-Fermi Lab. group are planning
to increase their dimuon sample [1] by a factor of
fifty. The lower bound estimate can be made more
precise if we have data on electro(muo)production of
Y. More importantly this will enable us to estimate
the bound as a function of g2, to see for instance the
charm contribution to the 15% scaling violation ob-
served in the large negative g2 region |1]. It seems to
us possible to measure Y electroproduction and
muoproduction at SLAC and Fermi Lab.

I gratefully acknowledge discussions with my
colleagues here'and correspondences with Roger
Phillips and Vernon Barger, I am also grateful to
S.M. Roy for a careful reading of the manuscript.
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By using the dimensional regularization procedure, we explicitly calculate the coefficients of conformal anoma-
lies in a general background metric due to scalar, spin 1/2 fermion, gauge and gravitation fields.

Recently there has been renewed interest and pro-
gress in understanding the problem of regularization
of the energy momentum tensor of a matter field in a
general background metric [1—10]. The connection
between the conformal anomalies and the Hawking
effect [S] adds a special physical significance to the
former. In the dimensional regularization procedure
the existence of the conformal anomalies was noted
some time ago by Capper and Duff [3], a general for-
mal discussion has been presented by Deser, Duff and
Isham [4] and the form of anomalies has been clari-
fied by Duncan [7]. In brief, the anomalies arise be-
cause of the need to regularize the theory by adding a
counter term to the original Lagrangian;i.e.,

L=L,+(1/e)L,, (1)

where € vanishes at the physical space-time dimension.

The trace of the energy momentum tensor is defined*
to be

H = —2 g 8L ,
G ELR Vg

@)

=T, + (1/e)TH,.
For a conformal invariant theory, one has
(_g)1/2 To#n = eLo
(V2T H, =eL,

SO

! Work supported in part by the U.S. Energy Research and

Development Administration under Contract Grant No. EY-

76-C-02-2232B*.000.
* We use the convention of Misner et al. [11], and natural
units,

(_3)1/2T“u|e=0 =Lc!e=0' &)

This is the conformal anomaly. In general we have

T (n=2)= 41—77(K0R)

1 4)
TH (n=4)= — (K, H+K,G)
K 1622 * 2
with
_ 1
H=R,, R*" —3R?2
)

G =R,,\sR¥MN — 4R R™ +R?

and possible matter contributions. The numerical val-
ues of K3, K and K, in some special cases have been
calculated [6-10].

The purpose of this note is to point out that these
coefficients can all be calculated by an algorithm,
which is a generalization of that of ’t Hooft and
Veltman [12]. We state the algorithm: given a
Lagrangian function of ¢; in a general background
metric g, and external fields ¥ “’]- , X;j in n space-
time dimensions

L= (_g)l/2 [SO*g“V(DI,; +NM)(DV +Np)‘p+‘p*X‘p] 4:1 s

the one loop counter terms are of the form
1
L (n~>2)=5-(~g)2[$R + X] (8)

Lo 4= (-9 BGR +X)
©)

1 1 1
t13 YuVY#v+60H+mG]

1 [ ] means trace over the internal index of ¢y, D, is the co-

variant derivative of the metric Ew
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with
Y,=D,N,-D,N, +N,N,~ N,N,,.

This algorithm can be derived by using the n-dimen-
sional generalized [8, 9, 14} proper time method of
Schwinger and DeWitt [2]. All the key elements are
contained in the thesis of Christensen [15]. Note that
in eq. (8) and eq. (9), we do nor make use of the topo-
logical identities:

fR(—g)l/2 d2x = constant,
(10)
f G(—£)1/? d4x = constant.

As emphasized by Duncan {7], in the spirit of dimen-
sional regularization, one can only use these identities
that have meaning for all n.

By using the algorithm, it is straightforward to cal-
culate the L, and hence TH,, for a matter field in a
general background metric, we only list the results:

(i) conformal scalar, Ky =%,K; = 60,K2 555

(11) real spin 1/2 fermion, K = & K, = 55, K,
=755 '3
(iii) gauge field [13],K; =r/5,K, = — g7 and in

addition one has T# | (n = 4) matter =(1/1672)e2
X i; C(F D)z w1thr = rank of the gauge group, C

fabcfabm = gauge coupling. e N
(iv) gravitational field [12,15]},Kq = 13,K, = 735,
and if we do not use the equation R, — 3¢, R=0

we have additional contribution
1 7
TH =4)= —— (L w4 35 2
p (1=4) = = (5 Ry, R + 35RY)

Our results in the scalar and fermion case agree
with other calculation [8, 10]. For a U(1) gauge field,
our result agrees with Brown and Cass1dy [9] but not
with Buch and Davis [10], they get K, = 55. In the
gravitational case, because Ky <0, it seems to indi-
cate that in 2 + € space time dimension$ the Einstein
theory is asymptotically “‘safe” in the.sense of
Weinberg [16]. Finally, we would like to point out
that one can use our algorithm to calculate the full
one loop counter terms of quantum gravity interacting
with a matter field [12, 13]. Only the “G’ term need
be added to previous calculations.

* Detail will be published elsewhere.
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In summary, we have presented a general algorithm
for calculating the counter terms at two and four space
time dimensions and we have calculated the conformal
anomalies of scalar, spin 1/2 fermion, gauge and gravi-
tation fields.

The author would like to thank S.L. Adler, L.S.
Brown, A. Duncan and L. Ford for helpful discussions
and J. Bernstein and W. Marciano for critical reading
of the manuscript.
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We show that a recently proposed unified dual model for interacting open and closed strings actually describes
Pomeron—Reggeon amplitudes of the conventional Veneziano model. We prove, in particular, that the Pomeron am-
plitudes are given by the Shapiro—Virasoro model.

[t is not clear whether the existing dual models [1] could be modified to describe the real world of hadrons, or
whether they will ultimately be supplanted by completely different models. However, it is a matter of fact that
the internal consistency of these models is so accurate that it may compete with field theory. A beautiful example
of this consistency is the way in which the second order perturbative unitarity is restored at the critical value of
the space-time dimension. Indeed it is well known that at non-critical value of the dimension the simple non-planar
orientable loop shows, besides the unitarity cuts, new unitarity violating singularities [2] in the channel with vacu-
um quantum numbers. At the critical value of the space-time dimension these singularities become a series of poles
[3, 4] located on a linear Regge trajectory with twice the intercept and half the slope of the input trajectory; they
have been identified with the Pomeron poles.

Since these poles are factorizable [5, 6], they represent a new set of resonances which are required by unitarity.
Then one is urged to answer the following questions:

(i) what is the spectrum of the Pomeron resonances?

(ii) what are their scattering amplitudes?

(iii) what are their couplings with the ordinary resonances?

The first question has been recently answered by Olive and Scherk [7], who showed that the Pomeron sector
of the conventional Veneziano model coincides at the critical dimension with the spectrum of the Shapiro—Virasoro
(SV) model [8].

In this paper we answer the latter two questions by showing that:

(a) the scattering amplitude of on-shell Pomeron states coincides with the corresponding SV amplitude, in agree-
ment with a previous conjecture [9];

(b) the mixed amplitudes among Pomeron states and ordinary resonances coincide with the ones we have con-
structed in the framework of a unified version (ref. [10] hereafter quoted as I) of the conventional and SV model.

Our starting point is the string picture [11] of dual models or, more precisely, the formulation of the interacting
dual string given in ref. [12]. In this work it has been shown that the interaction among strings can be represented
by switching on a suitable external field acting on a free siring. Indeed this procedure allows to reproduce quite
naturally the dual amplitudes in their most manageable form [13], that is, schematically

! Address after May 15, 1974: NORDITA, Copenhagen.
2 Permanent address: Istituto di Fisica dell’Universita di Torino.
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A2, N)= [dV A1V, V5. Yy IV, : (1)

where the vertex < is the interacting part of the Lagrangian of the string and the physical states {V) and (1] are
respectively the initial and the final state of the string.

Such a string picture gives a simple and intuitive description of both the conventional model (open string) and
the SV model (closed string) and suggests, as noted in ref, [12], a way to construct a unified model of interacting
closed and open strings which include as special cases the conventional model and the SV model.

The detailed features of this model are discussed in I. In order to prove the equivalence between this unified
model and the Pomeron—Reggeon amplitudes, we quote here the main result, that is the amplitude 4(VR, MP)
for the interaction among /N open strings and M closed strings (see fig. 1, where continuous (dotted) lines represent
open (closed) string states) that can be written for instance in the form:

N M d zj
A(NR, MP) = f l:l 19(xl+1 x)f

In eq. (2) V,(x, p) is the usual vertex [13] of the conventional model associated with a physical state |, p) of
momentum p and labelled by the set of indices a; “Wﬁ(z Z;q) is the vertex associated with the closed string and
is related to <V by

Wy(z,2:9) = Vo (2;q/2) V 57 q/2) (€))

where @ and & are the two sets of indices of open string which characterize the closed string *2 Jabelled by the
indices .

The open string variables x are integrated over the real axis (x,;_; = 1) while the closed string variables z are
integrated over the upper half part of the complex plane. T indicates that the closed string vertices must be ordered
among themselves and with respect to the open string ones according to the increasing modulus of the variables x
and z; instead the ordering of the open string vertices is fixed by the ¥ functions.

Clearly the amplitude (2) is explicitly factorizable in a multiperipheral configuration where all the intermediate
resonances are open string states. Moreover we show in I that it is factorizable in all the channels which should
resonate according to the dual rules, and all the poles are associated with open or closed string resonances (ordi-
nary or SV states, respectively).

#1 7 js the complex conjugate of z.

#2 Actually the space of the physical SV states of momentum q is the direct product of two spaces of physical states of the open
string belonging to the same level and with momentum q/2. The vertex (3) is obtained from the usual SV vertex [given, e.g.,
in (6)] by identifying the two sets of oscillators appearing in it.
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Fig. 2a. Fig. 2b. Fig. 3.

The link between our formalism and the dual loop theory is given by the non-planar orientable graph of fig. 2a
which, at the critical value of dimension can be factorized by means of the states of the dual Pomeron sector
(fig. 2b). The analogue of the graph of fig. 2b can be calculated with our method using the propagator of the SV
states and the transition amplitude from an off-mass shell SV state to N on-mass shell Reggeons. As shown in I,
both these quantities are obtained factorizing the mixed amplitude A(NR, MP) (eq. (2)) in the channel pictured
in fig. 3.

One gets:

AR, MP) = 25 0] 01 AL, 2, ... MIN, @/ |11, /2,
A’“’

X f~—<?\ q/2127 Lo~ IN g/, q/21B (1,2, ., M, —q/ 2 (s, —q/2127 L0, —q/D) )

where:
(i) the amplitude

501 £01 (1,2, ..., M)\, g/ |1, /2,

=/ 1 H ,,<0| LOITIW ey, Z1300) - WL Lapp)] 1N /2yl /2, &)

is the (M + 1) SV state amplitude (with the state of momentum ¢ off-mass shell); in (5) the integration is extended
over the whole complex plane and

WE(2,2,q) =V, q/2)VEE, q/2) (6)

is the usual SV vertex;
(ii) the quantity

d2
f 2 a2z Lo\, q/2) ¢, —q/212 TE0 7, —q/2)

d z -1, -
=J 5 s al2lmar2e Lop=tz Lo 11\, /2y 11, 412, Q)
r
where the integration is extended inside the unitary circle in the complex plane of z, (7) is the propagator of the SV
states ¥3;

#3 et us notice that the propagator (7) forces the Reggeon states, |A, g/2) and |u, ¢/2) to belong to the same eigenvalue of Lg;

hence their direct product is a SV state. Moreover, due to the projective invariance properties of A (1, 2, ..., M) the only states
|, ¢/2) that contribute to the sum in (4) are the physical ones.
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c'NoM

Fig. 4.
(iii) the amplitude N
K

2
N q/2AB (A, 2, .., N, —q/2) = ein@D) [ II2 do; 9(0;—0;_;)
0o '

XA\, q/21V (1;91) Vo, (1925 p5) = Yy (€N ppy)lis; —q/2) (8)

is the amplitude that connects the off-mass shell SV state of momentum ¢ with N external Reggeons ¥*.
By sewing together two of these amplitudes B by means of the SV propagator (7) one can write the following
expression for the many Reggeon — SV state - many Reggeon amplitude depicted in fig. 4

2n M
f I—[ dU 19(0 l 1)‘0/V ]I;Iz dUN+j

PB(VR >P->MR) = Z)
f 1z12 p
X HOp4j— Oya o) O™ N, gl2lz7 ket (15p)) W, (€92 py) %N(ei"N ;P) Pl —q/2)

—Lo—1.

XA, —q/21Z °‘N+1(1 pN+1)CV (elaN+2’pN+2) "‘N M(e'°N+M;pN+M)|>\’q/2>' ©)

In this expression we have introduced the projection operator P on the physical Reggeon states because, as the
factorization (4) shows, the off-mass shell states | A, ¢/2) and |, =~ g/2) must be physical.
After use of the transformation property of the vertices

z7LoY (x;p)zto = ‘Va(g;p) with z=re 101 (10)
and the change of variables 0; + 6 > 0; (i = 2, 3, ..., N) the expression (9) becomes

iog io
B(NR-P-MR) = eing? E deO\ q/2lV, ( ,pl) Y, (er—2;pz)

(e UN +2

10
e N 2
- q}“N(Hr ?pN) r2Lo 2Py, —q/2)u, =421V, (LPy )Y, sPN+2)

AN +2
Voo & VM D aa)I N, a/2) (1)
where the integration domain is given by

#4 In1it is shown that when the states |A, g/2) and |u, —q/2> are on their mass shell, the amplitude (8) becomes the mixed ampli-
tude (2) for N Reggeon 1SV state. The proof is performed by writing (A, /2| as

lim <0/(V/z)(z; —q/2) and |u, —q/2> = lim (V/2) (1/Z; —q/2)i0),
z—0 z—0
and then sending the unitary circle into the real axis by means of the projective transformation z—z' = —i(z + 1)/(z — 1).
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1 d Qo o1+27 N In M
r
de=f 7-[ dOl f 1'1:[2 doié(oi—ai_l)f j_2d0N+j0(0N+i_°N+j—1)’ (12)
0 0 g1 - 0 -

and corresponds to the unitary circle for the variables of the vertices N+ 1, N+ 2, ..., N+ M and to a larger circle
(of radius 1/r with r integrated between 0 and 1) for the variables of the vertices 1, 2, ..., V.

The completeness of the states |A) and |u) allows to write the sum over |A) and |u) as a trace in the harmonic
oscillator space without zero mode:

. iO’l 10']V
BWVR>P>MR) = eing? der—(qz/Z)-Z Tr I:O(q/2|PCVa1 (eT;Pl) q}aN(eT ;PN) r2R I—q/2>0

X o¢—q/2l Vay,, (eloN+1;ppy ) CVQN+M(ei°N+M;pN+M)|q/2)O (13)

where the vectors | £q/2)y(o{¥q/2|) represents an incoming (outgoing) state of momentum *4q/2 in the space of
the zero model only and L = —(p(2)/2) —R.

The trace appearing in (13) is formally that of the planar loop; then the projection operator P is equivalent (at
the critical value of dimension) to the factor

fe2 =1 a—rmye. (14)

Now one can easily recognize that (13) gives exactly the same amplitude ¥° of the graph of fig. 2b at the critical
value of the space-time dimension (see, e.g., refs. [5] and [6]). It is quite amusing that expression (13) is obtained
in the dual loop theory after the Jacobi transformation in the graph of fig. 2a; however, this fact is not surprising
because our integration variables have been chosen from the very beginning in such a way as to make evident the
Pomeron poles. In our formalism the amplitude (13) can be written in a self-consistent way also for a number of
dimensions less than the critical one ¥6; however, if d # 26 it is different from the expression obtained in the loop
theory; it seems interesting to investigate the meaning of that amplitude in such a case.

Our procedure for constructing the twisted loop diagram shows that the Pomeron is a factorizable pole and
that the corresponding decay amplitude of a Pomeron into N Reggeons is given by the expression (8), which, on
the mass-shell of the Pomeron, coincides with the 1SV state—N Reggeon amplitude as given by (2). It would be
interesting to study more closely the relationship between our procedure of factorization and the one used in
refs. [5] and {6].

More generally, it is immediate to prove that (2) is actually the M Pomeron—V Reggeon amplitude (when all
the external particles are on their mass shell). In fact, factorizing the one-Pomeron decay amplitude one gets the
vertex ¥7 of an on-mass shell Pomeron between the two off-mass shell physical Reggeons (fig. 5):

m
N =1 |W @) P> =\ —p ] [ do V,(e0;q/2)V 5 (e /D) 1 py) - (15)
0
*5 Due to different conventions about the zero mode, the quantity

N
exp {’7%( ‘El p,-)i}o«) V@1V @2) - Vipp) 0y
i=

given in ref. [6] is equivalent to our o(q/2iV(p 1)V (p2) - V(pp)1—q/2 with g = EiA:,lPi-

#6 The only difference is that the projection operator is no longer £ (*2)2, due to the presence of the Brower states [14].

*7 As shown in I, the vertex (15) can be further factorized in a Pomeron—Reggeon transition vertex and in a three-Reggeon vertex;
hence it may happen that the expression (15) diverges because q? isjust on the pole of a Reggeon; in such a case, it is under-
stood that the residue must be taken.
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MR OB

Fig. 5.

These vertices can be sewed together and with Reggeon vertices (by means of Reggeon propagators attached to
off-mass shell Reggeon legs) to form a tree ¥® representing an M Pomeron—/ Reggeon transition amplitude; the
amplitude so built coincides with the M SV state—N Reggeon amplitude. Moreover, the unified model amplitude
(2) factorizes in the SV amplitude (see I and also eq. (4)); hence the N on-mass shell Pomeron amplitude coincides
with the SV amplitude.

We can then conclude that if from the loop theory one can extract in a consistent way Pomeron—Reggeon am-
plitudes, the spectrum and the interaction of the Pomerons coincide with the ones of the SV states.

Let us stress that our results are not the complete many-loop dual theory ¥°. We have only formulated the
theory (complete at the lowest order ¥1© in g — i.e., at the tree level) of the interaction of the particles of the
Pomeron sector among themselves and with Reggeons; these results could also be obtained, in principle, by con-
sidering the dual Reggeon graphs containing only non-planar orientable loops and taking their residua when all
the Pomerons are on-mass shell.

Because in all the treatment of this work (and of I), only the projective properties of the vertices <Y and W
have been used, the extension of our results to the Neveu—Schwarz model ought to be straightforward.

We acknowledge useful discussions with M. Ademollo, D. Amati, E. Del Giudice, S. Fubini, E. Galzenati,
R. Musto, F. Nicodemi and D. Olive. We thank D. Olive for a critical reading of the manuscript.

*8 If the tree is ended by physical states there is no trouble with spurious states, due to the good projective transformation prop-
erties of the V’s and theW’s (see Appendix A of I).

#9 The amplitudes we have written in this work (and in I) can be topologically characterized according to the number of borders
of the world surface of the interacting strings. The interaction amplitude among Pomerons only (the SV amplitude) do not
involve open strings and hence corresponds to a surface without borders; the Reggeon amplitude (the conventional model)
and the mixed Pomeron—Reggeon amplitude (given in I and written in eq. (2)) correspond to surfaces with one border; the
one-loop amplitude of fig. 4 (and the analogous with some external Pomerons, that we can easily write) corresponds to a sur-
face with two borders. It is not immediate to write in a closed form amplitudes with a larger number of borders.

#10 The three-Reggeon coupling constant.g determines uniquely also the coupling constants gp (three-Pomeron vertex), £pr
(Pomeron—Reggeon transition) and gprR (Pomeron—Reggeon—Reggeon vertex). In fact from the dual identities

- iy

and from the identity of fig. 2a and fig. 2b, one gets (with oR =1): £PR ~ &; §PRR = &P =~ &°-
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The unconventional states of qqqq, qq and pure gluon type, appearing in BB dual diagrams with nonplanar bary-
ons are discussed, treating their interpolating fields in a confinement approach to QCD due to Migdal. The mass spec-
trum is given to lowest order and the quantum numbers are discussed. It is argued that some of the resonances should
have narrow width and hence could be identified with the narrow resonances in pp scattering.

The observation of narrow (I" ~ 3—20 MeV) reso-
nances in BB scattering [1] has renewed the interest
in unconventional meson states. It is an attractive idea
that the binding of such states is closely related to
that of the baryons [2]. Baryons are expected to be
non-planar objects in space time in the (non Abelian)
quark-gluon gauge theory of strong interactions
(QCD). The three quarks of a baryon are argued to be
confined by three strings — realized by gauge gluons
— which are coupled together in a central region anti-
symmetrically in the colour indices. The 1/, topolo-
gical expansion [3] (V. = 3 in QCD) breaks down in
that central space-time tube as elaborated by Rossi
and Veneziano in ref. [4]).

Dual diagrams first introduced as a convenient
means to handle group theory, obtain a dynamical in-
terpretation in the string picture. In BB scattering
with triple string baryons there are then two types [4]
of duality diagrams instead of one conventional dia-
gram (the latter one leads to inconsistencies, as is well
known) (fig. 1). In graphs 1a and 1b there appear un-
conventional meson states of type qqqg and qq; graph
1c contains a pure glue state.

In this note we present estimates for the mass spec-
tra and quantum numbers of these three new types of
states as well as some considerations about their decay
properties. This is done by constructing gauge invar-
iant local field operators interpolating these states and
treating these operators in an infrared regularization
procedure recently proposed by Migdal [5].

The essential idea of this approach is to extract in

! On leave of absence from: Institut f. Theoretische Physik,
Universitit Heidelberg, Germany.

(a)

(b)

[ ‘.i____‘l_____é:'j
(c)

Fig. 1. Dual diagrams for BB scattering and string states corre-
sponding to the dot-lined cross-section [M%, M%, M%, respec-
tively in the notation of ref. [4] ]. The solid lines in the dual
diagram represent quarks, the dashed ones represent non-
planarity lines.

a unique way a set of particle poles from vacuum ex-
pectation values of time-ordered products of gauge in-
variant local field operators calculated in QCD pertur-
bation theory (in g2). Confinement, not present in fi-
nite order perturbation theory, is enforced by a Padé
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Table 1
(I'y, I'z) SU3 flavour JP; Cn I'Mi1I'M2
CAS) le8 1% - (s, 1), (1, ¥5), (1, 1), (¥4, vM), (v 5 vH, 594
(S, v, (L), (Y5, ¥S v, (1, yS M)
O, M+ (M, ) 8& (10 +10) 0,1,2%;+ (%, ¥4, (1, vH4)
(5%, (L), (1, 1), (4, v, (759B, oSy
@, 7™ — (4, ) 8@ (10-10) 0,1,2%, — O, ¥, (L Sy
%, %), (L, 4%, (1, 1), (v, vH), (S yk, v 5ok
(YM, vH) 198@27 0,1,2,3% — as for (I'1, T2) = (v5, v%)

First column: (1) and r'(?) of interpolating fields of type q)ﬁo) (see eqs. (4) and (S)), which are argued to lead to the lowest masses

of the qgqq system.

Second column: SUj; flavour classification, spin, parity and charge conjugation of the neutral member. Note the parity doubling

due to both parities of Fy,;.

Third column: Matrices I'\{1, I'M2 for which the three-point function (T’ dbﬁo)d)M 1$M2 vanishes up to g2; oMx) = N@(x)‘,_UI‘Miw(x).
For pseudoscalar, scalar, vector and axial vector fields we have I'p; = vs, 1, y# and ySy, respectively.

approximation in the Mandelstam variables, general-
ized to tensor functions around a point A in the deep
Euclidean region where asymptotic freedom justifies
perturbation theory. The Padé approximants of order
(M, N) turn out to have a unique limit for M, N, A

- oo if (MN/A2) = R? is kept fixed in a fixed order of
perturbation theory: R (a kind of “bag radius™) is sup-
posed to be pushed to infinity in higher orders in g2

if the parameters (R, g2) are fixed by two experimen-
tal masses.

In zeroth order the QCD structure does not enter
explicitly, but only as a justification of the method
starting from asymptotic freedom. The mass spectrum
appearing in the two-point functions of local gauge in-
variant operators of dimension d is in this approach
given by the zeros of the Bessel function

J,_2(2RM) =0. (1)

The direct influence of the gluon interaction will be
discussed later. The parameter R fitted by Migdal [5]
to the meson spectra (in particular the vector-meson
trajectories), also gives satisfactory results for the
baryon spectra [6] and will be used here to estimate
the spectra of the unconventional states.

Examples of local field operators corresponding to
the states M% and M% of figs. la and 1b are:

-

¢1 () =N 4, () Ppa (%) %“lcdl Dy g€

n“n

i

(2a)
X Yl x) ‘P?'(x))f”bc €rb'e’ Lin; wn's

90

¢2(X) =N($a’K(X) (Z) #1bd1 (Duedeb’ (D“e+l cde+1

Dy g € VX)) €Dy T o (2b)

Pure gluon operators have been discussed in ref. [S].
Here x, A denote spinor and flavour indices,

.3 . ,
Dy =5J—c:‘ 8. +ig/l2A N5, 3)
is the covariant derivative.

N indicates normal product and normalization fac-
tors. ¥ is the quark and 4, the gauge gluon field. In
¢; and ¢, there is also the possibility to attach covar-
iant derivatives to the spinors before contracting with
€ (corresponding to string pieces directly connected to
the quarks).

A great manifold of the states of type ¢; and ¢, is
coupled to zeroth order in g (i.e., by overlap) to the
conventional meson states*!. The operators of lowest
dimensionality of type ¢; not coupled to zeroth order

*1 These states are not supposed to be narrow. Those of type
¢1 — starting from

NPa)T paCw @ (0D (x)eableypre

could be used in order to explain the broad bumps in the
T, U region, similar to ref. [2]. Their lowest dimension is
d = 6 (with maximal spin 2), and hence the 7 and U region
would be reached by the third and fourth recurrence, re-
spectively.
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to conventional states¥2 are
$1000) = N( 1y (¥) U pp (%) F, ()€ oL .
, . (42) i ‘.
X lp,{’a (x) wk’b (x)) edbc ea'b’c' FKA, Kl}\,l’ 6 L °|
e b
and of type ¢, L
¢20(x) =N(wax(x)F“y(x)bb Fpa(x)cc h
(4b) 2
X lpa'x’(x)) eabe €'b'c FK;K' . r l ! 1 | | | ]
0 1 2 3 4 5 6 7

The gluon field tensors F v arise from the antisymme-
trization of covariant derivatives (3). For the spinor
part of T, . ,'a» We choose the form (without loss in
generality)

Fiasien’ = FK?\(I)C X CTFK'?\’(Z) (%)

with the 16 Dirac matrices I'. The most prominent s
wave couplings correspond to I')) = Vs> Yu (see the
table 1).

The simplest pure gluon operator with e—e struc-
ture is given by

¢30 :Fuv(x)aa,Fﬁ'v’(x)bb,Fﬂ"v"(x)cc’ea'b'c’eabc' (4¢)

With massless quarks, all the states of the same type
(4), according to eq. (1) have to Oth order the same
mass, determined by the dimensions of qb(lo), ¢(20) and
¢(30), dy =8,d, =7 and d3 = 6. The first non-trivial
zero of the “Bessel function” yields the masses

M;0=1990MeV, M,0=1760MeV, M;0=1520MeV.

(6)

Here we have used R = 2.500 GeV~1, fitted in ref. [5]
in order to give the correct p mass (for comparison:
the lowest nucleon mass (V, A) with this value of R
is 1100 MeV, the N--A splitting coming out correctly
with the gluon corrections). The zeroth order trajecto-
ries are given in fig. 2.

The influence of gluon interaction up to order g2
— for normal mesons [5] and baryons [6] simply to
be taken into account by adding in eq. (1) anomalous
dimensions of the operators — is more complicated in
the case considered here. There are transitions be-
tween operators of types and (1) and (2) to order g
and also decays into conventional mesons to that or-

2 They are, however, coupled to daughters of highly excited
planar meson states with F;;, coupling. We do not consider
these as conventional.

M? (Gev®)
Fig. 2. Trajectories with maximal spin (Jy5%) for unconven-
tional meson states: qqdq (¢1), qd(¢2), pure glue (¢3).

der not suppressed in an 1/NV_ expansion. We hence
give only some plausible arguments on the effects of
gluon exchange.

(1) The combined self-interaction of the fermions
and gluons will decrease d and hence the mass. The
anomalous dimension (in Feynman gauge) of the
gluon is v, = —13/3 £2/872; of the fermion g
=2/3 g2/872,¢2/872 = 0.31 fitted in ref. [5] to the p
trajectory.

(2) Gluon exchange inside the qg(gq) system de-
creases the dimension most for I“(“') =3, less for y*.
This leads to a splitting between a pseudoscalar and
vector diquark system of about 100 MeV.

Mass corrections to the quarks make s wave (s, ;)
diquarks lighter than p wave (1, y57;) diquarks. Hence
the states listed in table 1 should be the lightest states
of type qqqq (with an increase in mass from above to
below).

Since in states of types ¢, and ¢3, two and three
gluons, respectively, are present, the mass of these
states will be lowered considerably due to the large
negative anomalous dimension of the gluon.

We now present some arguments on the decay
width of these states. In order to calculate these
widths in accordance with the regularization scheme
of ref. [5] one had to apply the Padé procedure to
the V point functions (T¢;, $p; -.- dm,,) governing the
decay. Here we argue that the three-point functions of
some of the fields of type ¢, 0 and interpolating fields
of the most prominent mesons vanish up to order g2.
This is due to a cancellation of the contribution of the
(divergent) diagram 3a with that of b. In the last col-
umn of table 1 we indicate the three-point functions
which vanish up to order g2 due to this cancellation
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M, M, M )
(a) (b) (c) (d)

Fig. 3. Diagrams for the n point function of the field ¢(0)
with (a), (b) two (conventional) meson fields (M(l),M(2));
(c) one meson field; (d) two baryon fields.

or trace identities. Furthermore, by the same argu-
ment the 5,7, ..., point functions of the operators
listed in the table with scalar or pseudoscalar fields
vanish up to order g2, thus forbidding to this order,
e.g., 4m, 67 ..., decay.

The two point function of ¢>§0) with conventional
meson fields (diagram 3c) vanishes up to order g2 be-
cause of symmetric integration.

The decay (and production) of states correspond-
ing to ¢; in channels with a baryon-antibaryon pair is
allowed to order g and hence should compete with
mesonic decay modes in spite of the smaller phase
space.

By ordering according to g we have assumed this ef-
fective coupling constant to be still small, since the
soft gluons are taken care of already in the zeroth or-
der calculation of this procedure [5]. Note that the
numerical value of R used here is adapted to a calcula-
tion up to g2.

The decay and production amplitude of states cor-
responding to ¢, and ¢ is of order g2 and g3, respec-
tively. In our approach based on low order perturba-
tion theory we do not see the suppression of purely
mesonic channels as compared to baryonic ones as
proposed in ref. {4].

It is tempting to attribute the observed narrow reso-
nances in the 1900 MeV region to ¢§°) type states
since — following the above arguments — these are
coupled stronger to BB than ¢, and ¢4 type states
and since their mass is also in the range predicted
(e.g., eq. (6)). If one also wants to associate the 1795
NN bound state with the ¢§°) type one would be
urged to identify this state with one of the (vs, v5)
species and the 1935 MeV states with the (y*, ¥*) spe-
cies since they both have decay channels suppressed
in a similar way. There are enough candidates to have
several states in the 1935 MeV region. An analysis of
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quantum numbers of the states and of their decay
channels of course would make an identification ac-
cording to table 1 much more stringent.

There are also further states of predicted narrow
width of ¢, and ¢3 type with masses below the pp
threshold. Altogether there is a vast number of new
states which wait for an experimental check. The pure
glue state is predicted to have the lowest mass of the
baryonium (ee type) states. It is supposed to couple
weakly only as a resonance in BB, but this does not
imply a weak coupling as a “Regge” trajectory in BB
scattering according to common ideas about the
Zweig rule; and hence the proposal [4] that this type
gives the leading Regge trajectory dual to leading
three-meson (jet) production is not contradicted.

In our discussion of the lowest baryonium states no
arguments about highly excited states on leading
straight trajectories corresponding to stretched strings
enter. On the contrary, the quarks and gluons seem to
sit together as close as possible. Narrow-width effects
seem to arise — not from a long straight string but
from “string nodes” 7.

Therefore a determination of the angular momenta
would be especially sensitive to the ideas presented
here: all the resonances could have small angular mo-
mentum (see table 1) without losing their narrow
width.

We would like to thank D. Amati, J. Ellis, G. Rossi
and G. Veneziano for interesting discussions and com-
ments on the manuscript. One of us (M.G. Schmidt)
would like to thank A.A. Migdal for enlightening con-
versations about his paper.
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Veneziano’s topological expansion is extended to duality diagrams involving mesons and baryons.

Veneziano [1] has proposed a unitarization scheme
for planar dual models, known as the topological ex-
pansion, which is based on the parameter 1/V, where
N is the number of flavors in the model, and is related
to the topology of duality diagrams in such a way that
each order of the expansion contains diagrams with
the same topological structure. In this scheme, planar
diagrams are defined as diagrams that can be drawn on
a plane without any quark lines crossing each other.
Higher-order diagrams can be drawn in the same way
on closed surfaces of increasing genus, or number of
handles. All meson diagrams can be associated with
oriented bordered surfaces embedded in these closed
surfaces, and can be classified by the number of their
boundaries b (lines to which the external mesons are
attached) and the genus & of the embedding surface
[2,3]. In this note, we extend Veneziano’s scheme,
which was formulated only for mesons, to include dia-
grams involving mesons and baryons. This treatment
is a variation of a scheme proposed by Stapp [4] but
is a closer to the conventional representation of baryons
in dual diagrams. It also differs from Stapp’s treatment
in the way it deals with baryon loops.

Baryons have to be represented by three quark lines
going in the same direction in a symmetric way, so that
none of them occupies a special position. This can be
done by drawing the quark Jines on a cylinder, or
sphere. Thus we shall represent a baryon as shown in
fig. 1, where dotted quark lines are understood to run
on the back of the cylinder. The cylinder axis has a
definite direction and represents the flow of baryon
number. We shall call it the baryon axis.

* Participating guest: Lawrence Berkeley Laboratory.
! This work was done under the auspices of the Division of

Physical Research of the Energy Research and Development
Administration.

E— e — ——
=) - =) - | D) e
—_—— —P_:— 7Y —

Fig. 1. Quark lines of a baryon embedded in a cylinder.

The cylinder or sphere, then, is the minimal embed-
ding surface suitable for diagrams involving baryons.

All such diagrams which can be drawn on a sphere shall
be called planar. Mesons can be connected with any of
the three quark lines making up a baryon, e.g., as shown
in fig. 2.

In order to classify duality diagrams according to
their topological structure, we have to associate them
with oriented surfaces. Such an association is not ob-
vious for diagrams involving baryons because of the
fact that the three quark lines making up a baryon run
in the same direction. Stapp [4] has proposed the im-
age of a baryon as an arrow with three feathers at-
tached to it, each of them representing an oriented
surface, and he has given a prescription of how to “cap”
these three strips so that they form a single oriented
surface. Drawing the three quark lines on a sphere, we
do not need Stapp’s arrow image and capping prescrip-
tion but simply close the quark lines on themselves to
obtain the same oriented surface. This is shown in fig. 3
where the shaded part of the sphere is the oriented bor-
dered surface associated with the baryon. We shall inter-
pret the closed quark lines of a baryon in such a way
that only the parts running in the direction of the
baryon axis carry flavor. The lines running against the
baryon axis do not carry flavor and shall be called dead
lines. They serve merely to identify the topology of the
diagram and do not seem to play any further role. In

Fig. 2. Mesons coupled to different baryon quark lines.
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Fig. 3. Two equivalent representations of the oriented bor-
dered surface (shaded) associated with a baryon.

fact, we shall never need to draw dead lines explicitly
when we study duality diagrams.

Associating baryons with oriented bordered surfaces
in this way, we see that each quark line in a baryon is
part of a separate boundary component which can be
linked to the boundary components of other baryons
through meson connections. It will be interesting to
assume that the boundary components of a baryon
cannot be linked to each other. In such a theory, the
three quark lines in a baryon have separate identities,
not connected with their flavors. This new concept of
quark-line identity, which can be best illustrated gra-
phically by using colors but should not be confused
with the color concept of quantum chromodynamics,
promises to have interesting physical consequences.
Details will be given in a forthcoming paper.

The number of handles of a meson diagram can be
written

M=% —ny) - k+2, (1)

where v is the number of vertices, rp; the number of
external mesons, and k the number of boundary com-
ponents (“boundaries” and “windows”’) of the bor-
dered surface. Associating baryons with oriented bor-
dered surfaces in the way outlined above, we see that
each baryon axis becomes associated with two *“ver-
tices”. The generalization of eq. (1) to diagrams inclu-
ding baryons thus can be written

2h=3@-—-ny)+B-k+2, )

where v is the number of (meson-meson and meson-
baryon) vertices and B is the number of baryon axes.
Diagrams containing baryon loops need special con-
sideration because the quark lines in a baryon loop are
closed lines and thus have no ends which can be con-
nected through a dead line. Our procedure fqr associa-
ting a baryon with a single oriented surface is thus not
immediately applicable to baryon loops. However, the

94

PHYSICS LETTERS

9 May 1977

quark lines of external baryons really do not have any
ends either because each diagram should be considered
as part of a larger process to which it is connected by
its external lines. The association of baryons with orien-
ted surfaces, although extremely useful, is therefore
somewhat artificial. It does not seem any more artifi-
cial to associate a baryon loop with an oriented surface
in a similar way by cutting through the three quark lines
anywhere around the loop and closing each quark line
on itself through a dead line as before. Since we shall
never need to draw dead quark lines, we shall never
have to exhibit the cut through a baryon loop either.
With this understanding, eq. (2) is applicable also
to diagrams containing baryon loops. The number of
handles of a diagram containing one baryon loop and
an arbitrary number of external mesons is given by

2h=3—k. 3)

Diagrams with k = 3 are planar, but diagrams with k =1
seem to have one handle. The diagram shown in fig. 4,
for example, can indeed be embedded in a torus. How-
ever, diagrams of this kind are forbidden by our assump-
tion that the boundary components of a baryon cannot
be interconnected. In a theory with separate quark-line
identities, therefore, all baryon loops are planar.

In the 1/N expansion, the order of a particular dia-
gram is obtained by counting powers of the coupling
constant g. In the meson case, a contribution to the
n-point function exhibiting » boundaries (boundary
components with external mesons attached to them)
and w windows (boundary components with no exter-
nal lines attached to them) depends on g and & in the
following way [1]

An Ngn~2 (gZ)b+2h—1(g2N)W. (4)

The extension of eq. (4) to diagrams with ny external
mesons and 7, external baryons reads

A~ gnM—nB—’Z (g2)b+2h—1—lB (gzN)w )

11

Fig. 4. A forbidden diagram interconnecting the boundary
components of a baryon loop.
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where Ig is the number of baryon loops. Baryon loops References

will be enhanced by a factor N with respect to meson

loops because of the extra quark line in the loop. This [1] G. Veneziano, Nucl. Phys. B74 (1974) 365, Phys. Lett.
enhancement can be suppressed by suppressing the fac- S2B (1974) 220.

tor (gZ)—IB in eq. (5) Although such a suppression of [2] gégl(alf;;cg;l:géhizg;hesini and G. Veneziano, Nucl. Phys.
baryon loops is desirable for deﬁning a planar boot- [3] F.J. Capra, Law;ence Berkeley Laboratory Preprint LBL-
strap similar to the meson case, we see at present no 4295 (1975).

physical reason for it. [4] H.P. Stapp, Lawrence Berkeley Laboratory Preprint LBL-

6118 (1977).

I am indebted to Professor G.F. Chew and to
Dr. H.P. Stapp for stimulating discussions.

95



Volume 68B, number 1

PHYSICS LETTERS

9 May 1977

EXPERIMENTAL COMPARISON OF J/y PRODUCTION
BY 7%, K*, p AND p BEAMS AT 39.5 GeV/c

M.J. CORDEN, J.D. DOWELL, D. EASTWOOD, J. GARVEY, R.J. HOMER, M. JOBES,
[LR. KENYON, T. McMAHON, R.J. VALLANCE, P.M. WATKINS, J.A. WILSON

Birmingham University, Birmingham, UK

J.GAGO!, M. JUNGZ, P. SONDEREGGER, D. TREILLE, P.L. WOODWORTH

CERN, European Organization for Nuclear Research, Geneva, Switzerland

V. ECKARDT, J. FENT, K. PRETZL, P. SEYBOTH, J. SEYERLEIN
Max Planck Institut fiir Physik und Astrophysik, Miinchen, Germany

D. PERRIN
University of Neuchdtel, Neuchdtel, Switzerland

B. CHAURAND, G. De ROSNY, L. FLURI, A. ROMANA, R. SALMERON, A. WIJANGCO

Ecole Polytechnique, Palaiseau, France

K.C.T.O. SUMOROK
Rutherford Laboratory, Oxfordshire, UK

Received 20 April 1977

Measurements have been made of relative production cross sections of the J/y by #¥, K%, p and P at 39.5 GeV/c
incident on copper. J/¢ production rates from n~, K™ and p are similar. The J/y relative particle/anti-particle pro-
duction cross sections for x > 0 are o(x*)/o(n7) = (0.87 £ 0.14), o(K*)/o(K ™) = (0.85 = 0.5) and o(p)/a(p) = (0.15
+ 0.08). The small p/p cross section ratio disagrees with models of J/¢ production by gluon amalgamation.

There has been considerable speculation as to the
production mechanism of the J/y/(3100) in hadronic

interactions [1—4]. Large differences should exist be-

tween the proton and anti-proton induced cross sec-
tions if valence quark annihilation contributes signifi-
cantly to J/¢ production. Clear differences have been
observed between J/{ production with pion and pro-
ton beams both in cross sections and in the distribu-
tions of the produced J/y in the Feynman x variable
[5-9].
The aim of the experiment reported here was to

measure J/ production by 7%, K*, p and p beam par-

! On leave from the 1.S.T., University of Lisbon, Lisbon,
Portugal.
On leave from Bonn University, Bonn, Germany.
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ticles in the same large acceptance apparatus. The pro-
duction of the J/{ decaying into u*u~ was measured
at 39.5 GeV/c using both negative and positive unsepa-
rated beams from the CERN SPS incident on a copper
target located in the Omega spectrometer [10] . Pro-
duction of J/{ was observed with all six beam particles
(7%, K*, p and p) and relative cross sections have been
obtained for J/{ production for x > 0 using the
Feynman x variable x = 2P{ /o/s where pj is the cen-
tre of mass longitudinal momentum of the muon pair,
and \/s is the centre of mass energy.

The apparatus, shown schematically in fig. 1, was
designed to detect muon pairs with high efficiency for
x > 0. Three threshold Cerenkov counters were used
to identify incident beam particles. Scintillation coun-
ters S1 -S4 defined the incident beam with V2 and V4
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providing protection against beam tails and halo
muons. The target consisted of five 4 cm thick copper
slabs interleaved with scintillation counters T1-T6.
Pulse height information was recorded from all
Cerenkov, beam and target counters. A 1.46 m thick
copper absorber immediately after the target reduced
the hadron flux by a factor of thirty. Particles emerg-
ing from the absorber were detected with a four-ele-
ment scintillation counter hodoscope, S6, 1.5 m wide
and 1.0 m high, A small counter, V0, was used to veto

beam muons. There were three planes of multiwire pro-

portional chambers (Y1, Z2 and Y3 with vertical,
horizontal and vertical wires respectively) which were
used to provide a particle multiplicity requirement

and to reduce u*u— pairs of masses below 1.4 GeV/c2.

Particle trajectories were recorded with a TV readout
of forty optical spark chamber gaps, in a region of

1.7 T average magnetic induction. Particles leaving the
chamber system passed into the 1.25 m thick iron re-
turn yoke of the magnet which acted as a second ha-
dron absorber before a final counter hodoscope of
sixty elements covering an area 6 m wide and 3.8 m

high.

The spark chambers were triggered when the follow-

ing conditions were satisfied:

(a) a single incident beam hadron (defined by S1-
$2-83-54-V0-V2-V4) was present with no other
beam particle within +20 nsec;

(b) the final counter of the target (T6) had a pulse
height greater than 1.3 times that of an average single
particle;

(¢) a signal was present from S6 (this was used in
strobing the multiwire chambers);

(d) signals were present from two non-adjacent ele-
ments in the final hodoscope situated downstream of
the magnet return yoke;

PHYSICS LETTERS

9 May 1977

(e) there was a multiplicity of two or three in the
multiwire planes Y1 and Z2;

(f) for incident pions only, and if the multiplicity
was two, triggers from low mass muon pairs were ef-
fectively reduced by requiring either a vertical separa-
tion between hits in multiwire chamber Z2 larger than
30 cm, or an appropriate correlation between the hori-
zontal separations (AY1, AY3) of hits in multiwire
planes Y1 and Y3.

In a twenty day run 445, 000 triggers were re-
corded with negative beam and 201, 000 with positive
beam. The beam intensity was limited to 3 X 108 in
an effective spill of 300 ms. The trigger rate was 10
per burst. Beam fractions were 93.9% 7, 3.4% K,
2.7% p; and 72.2% nt, 3.7% K* and 24.1% p. The to-
tal amounts of gated negative and positive beam were
40X 1010 and 1.4 X 1010 respectively.

All triggers were processed through a modified ver-
sion of the offline pattern recognition and geometric
reconstruction program ROMEO [11]. The single
spark resolution was 500 um in space and the effi-
ciency for reconstructing muon tracks exceeded 95%.
In order to locate the vertex of the interaction to with-
in a target element, the program used the pulse heights
from counters T1 to T6. The resulting distsibution of
interactions through the target was consistent with the
known cross sections in copper. Each track recon-
structed in the spark chambers was extrapolated back
to the appropriate target element centre plane taking
into account the energy losses.

The track was discarded if its displacement from
the beam axis was inconsistent with multiple scattering
errors. The correlation between mean angular and posi-
tion displacements arising from multiple scattering was
used to reduce the average errors on the angles of the
extrapolated tracks. This procedure reduced the error
on the muon pair effective mass by a factor of 1.6 and
yielded a J/¢ width consistent with the Monte Carlo
estimate of 0.35 GeV/c2.

The negative and positive beam data yielded 2009
and 418 events respectively containing a 4 u~ pair
with effective mass above 1.6 GeV/c? and satisfying
the following criteria:

(a) both tracks come from a common vertex as de-
scribed earlier and have associated hits in the final
hodoscope;

(b) the momentum of each muon was less than 30
GeV/c and the sum of the two momenta did not ex-
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Fig. 2. Observed u*u™ effective mass spectra from o, K*, p

and P beams. The n* data are depressed at low masses by the
trigger and are shown above 1.6 GeV/c? only. Arrows denote
the masses of the p, ¢ and ¥ mesons. For ease of display, dif-
ferent scales are used for nucleon and meson induced events.

ceed the beam momentum within measurement errors;

(c) the reconstructed track length in the spark
chambers was greater than 20 cm for each track.

The u*u~ mass spectra produced by #~ and 7t
beams shown in fig. 2 exhibit clear J/y signals with
masses 3.12 and 3.15 GeV/c2 and FWHM’s 0.43
GeV/c? and 0.36 GeV/c? respectively. We can put an
upper limit on V' production and decay to utu~ of
4% of the J/{ rate and we ignore it hereafter. With the
above criteria there are 8 and 2 like sign muon pairs in
the mass range 2.7—3.5 GeV/c2 for negative and posi-
tive beam, roughly 1% of the respective J/y signals. In
figs. 3(a) and (b) we display the dN/dx distribution
of u*u~ events in the J/y region (2.7 <Muu < 3.5
GeV/c?) for 7~ and m* beams respectively. The data
points are corrected for acceptance assuming that J/y
production is unpolanzed Fig. 4 shows the distribu-
tions of dN/de for x >0 and the same Jmass range.
These are well fitted by the form Ae~BPY where B
=(1.3£0.1)and (1.5 £0.2) (GeV/c)~2 for m— and 7
induced J/{’s respectively. In a previous experiment
with a #~ beam at 43 GeV/c {8], a similar slope B of

+
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Fig. 3. d¥/dx distributions for u*u~ pairs of effective mass
2.7 < Mup < 3.5 GeV/c? (a) for n~ beam (b) for n* beam.
The histograms show the raw data. The points, with statistical
errors only, represent the data corrected for acceptance.

1000
—
)
<
>
@
&)
o
O

~ 100
o
=
o
>
X
“a

© 10
~
P
©

1.0 2.0 3.0
P2 in (Gevse)®

Fig. 4. dN/de distributions of u*pu~ paus of effectlve mass
2.7 < Muu < 3.5 GeV/c? and x > 0 for o~ and " incident
beam after correction for acceptance. The fits are of the form
Ae™BP% in the range 0 < p?r < 2.0 (GeV/e)2.



Volume 68B, number 1 PHYSICS LETTERS 9 May 1977
Table 1 (as explained in the text).
n at K~ K* i p
(a) Number of events in J/y region
forx >0 700+ 42 179 £ 16 30 7 22 10
Number of events in J/J region
for x > 0 weighted for acceptance 1850+ 140 434 x44 73 24 65 29
Number of events in J/y region
for 0.4 >x >0 471+ 30 108 + 14 19 6 19 7
Number of events in J/y region
for 0.4 > x > 0 weighted for acceptance 1322+ 106 297 £33 50 22 58 24
(b)J /¢ signalx >0 Method 1 73 13 24 +9 65 + 14 29 £ 9
Method 2 58 16 17 £11 53 £ 16 27 +10
(¢) J/y cross section Method 1 1.1 £0.2 1.0+ 04 1.1+0.2 0.16£0.05
relative to that for 1 0.87 £ 0.14
7~ beam forx > 0 Method 2 0902 07+0.5 09+0.3 0.14x0.05
(d) Particle/antiparticle Method 1 09+04 0.15 £ 0.06
ratio for J/y¢ forx > 0 0.87 £ 0.14
Method 2 0.8+ 0.5 0.16 + 0.08

(1.7 £0.4) (GeV/c)~2 was found, while substantially
lower values have been obtained with pion beams at
higher energies [12].

The mass distributions for u*u— pairs produced by
K—,K*, p and p are also shown in fig. 2. All exhibit
clear enhancements at the J/{ mass. Strong signals
from p/w > uu and, for K* beams only, shoulders
from ¢ > uu signals can also be seen. Every event ap-
pearing in fig. 2 with muon pair mass above 2.4 GeV/c?2
has been examined carefully for any inconsistencies in
the data such as disagreement between Cerenkov pulse
height information and discriminator responses.

Table 1a shows the number of events with x > 0
(and for the restricted range 0 < x < 0.4) unweighted
and weighted for acceptance in the range 2.7 < Muu
< 3.5 GeV/c? produced by each minority beam par-
ticle. The numbers for 7* for x > 0 were extracted
from Gaussian plus background fits to their un-
weighted and weighted mass spectra. We have esti-
mated the number of J/ produced by each minority
beam particle for x > 0 in two ways. The first method
assumes that all events with 2.7 < Muu < 3.5 GeV/c?
are J/y and gives an upper limit; the second method
assumes a linear background under the J/{ using the
sidebands 2.3 <Muu < 2.7 GeV/c2 and 3.5 < Muu
< 3.9 GeV/c? and yields a lower limit. The signals ob-
tained from the weighted data by each method for x

> 0 are shown in table 1b. The errors quoted are sta-
tistical only. In order to convert these numbers to rela-
tive cross sections we have used the integrated beam
fluxes and compositions quoted above and a £10% rel-
ative normalisation error. Table 1¢ shows the cross sec-
tions for J/y production relative to that for 7~ beam
after allowing for a small difference in absorption
length in copper for each incident particle. Finally,
table 1d shows the same result expressed as particle/
anti-particle ratios. If the mass dependence of the back-
ground above 2.3 GeV/c? were widely different be-
tween particles and antiparticles the quoted errors
would increase.

We obtain an estimate for the absolute cross sec-
tion for 7~ induced J/y production with x >0 of 910
* 190 nb/copper nucleus. Assuming a linear A depen-
dence this corresponds to 14 + 3 nb/nucleon. This is
consistent with the value obtained by Antipov et al.
[8].

To summarise, we have found that for J/{ produc-
tion on copper at 39.5 GeV/c beam momentum for X
>0:

o(n7):0(K™):0(p)=1:1.0+£0.3:1.0£0.3.

Rough equality between these cross sections is ex-
pected in quark annihilation models [1, 2]. The par-
ticle/antiparticle ratios are again for x > 0:
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o(m*)o(n—) = 0.87 £0.14,
o(K*)/o(K—) = 0.85 +0.50, and
o(p)/a(p) = 0.15 + 0.08.

This first measurement of the p/p ratio is particularly
interesting as it is predicted to be widely different in
different models. In the quark annihilation model of
Donnachie and Landshoff [1] the p induced produc-
tion of J/{ is enhanced over the p induced production
at our relatively low beam momentum by the large
valence quark contribution. Our ratios are consistent
with their predictions. Fritzsch [3] in a similar calcu-
lation which neglects the contribution of charmed
quarks in the sea obtains a very small p/p ratio for
small x. Ellis, Einhorn and Quigg [4] have discussed
the J/y production ratios for hadrons and their anti-
particles arising from gluon amalgamation and predict
each ratio to be unity. This is in clear disagreement
with our p/p ratio.

We thank the SPS crew for their extra efforts at the
beginning of the machine operation, the EA and EP
mechanics groups, and the staff of the Omega Spec-
trometer. We thank also Dornach Metallwerk AG of
Dornach, Switzerland, for lending us the copper for
the absorber.
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The cross-section for J/y production in proton-proton collisions has been measured as a function of centre-of-mass
energy at the CERN Intersecting Storage Rings by observing its decay into electron-positron pairs. This cross-section is
found to rise by a factor of about six over the full centre-of-mass energy range from \/s_= 23 to \/:\T= 63 GeV. Elec-
trons resulting from this decay were identified by the use of liquid argon calorimeters and lithium foil transition radia-
tors. Measurements of the energies of the electrons were obtained from the liquid argon calorimeters.

We have measured the cross-section times branching
ratio for the production of the J/ and its decay into
electron-positron pairs over the full range of centre-of-
mass energies available at the ISR and find that it rises
by a factor of about six between v/s = 23 and /s =
63 GeV.

The apparatus used is shown in fig. 1. The J/y was
observed by its decay into electron-positron pairs. The
energies ¥ of the two electrons were measured in the
segmented lead-liquid argon calorimeters [1] which
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The energy scale is linear, and the scale is established such
that the masses of the #® and n are correct.

W =

B I N7 B

also provided discrimination against hadron back-
ground. Additional electron-hadron discrimination was
obtained by detecting, in xenon-filled proportional wire
chambers [2], the transition radiation photons gener-
ated by the passage of the electrons through thin
lithium foils. Cylindrical proportional wire chambers
situated just outside the ISR vacuum chambers were
used in order to reject electron pairs originating from
photon conversions within the apparatus. lonization-
loss measurements made with two planes of scintilla-
tion counter hodoscopes allowed the elimination of
Dalitz pairs, electron pairs originating from photon
conversions in the vacuum chamber wall, and slow,
heavily ionizing particles.

Two triggers were used concurrently to select
events of interest. One, the “high-high” trigger, re-
quired that, in at least two of the four models ¥2 of
the experiment, there appeared sufficiently energetic

#2 At times some modules were not active. Subseuqnet calcula-
tions of geometric efficiencies have taken this into account.
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Fig. 1. Vertical section of the apparatus transverse to the pro-
ton beams.

electromagnetic showers defined by simultaneous
thresholds on the energy deposited in localized regions
of the first 3.5 and the next 3 radiation lengths of the
lead plate-liquid argon ion chambers. These thresholds
were determined by the requirement that the trigger
rate be acceptably low and, as a consequence, were
such that the J/{ was not recorded with full efficiency.
The other trigger, “double-correlation”, had consider-
ably lower energy thresholds but required that a
charged track was detected in the scintillation counter
hodoscopes and second xenon chamber in spatial co-
incidence with the electromagnetic shower in the ca-
lorimeter. For the data reported herein these geomet-
rical constraints were, however, such that again the
J/y events were not recorded with maximum effi-
ciency. The causes of inefficiences were quite differ
ent for the two triggers, but since the trigger condi-
tions were recorded it was known for each event
which trigger condition had been satisfied. Hence it
was possible to use each trigger to determine the effi-
ciency of the other. The combined trigger efficiency
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was about 50% at the J/y mass rising to 90% at high
masses.

The segmentation of the liquid argon detectors into
20 mm wide strips running in three different directions
allowed an unambiguous reconstruction of showers to
be made. Four additional space points were measured
for each charged track, two in the cylindrical propor-
tional chambers and two in the xenon chambers. All
of these used charge-division read-out to give the coor-
dinate in the direction parallel to the beams.

Background to the true two-electron signal arises
from hadrons interacting in the calorimeter, hadron
tracks overlapping in the calorimeter with the electro-
magnetic showers of photons, and electrons originating
from low-mass electron pairs. The trigger requirements
and the calorimeter shower reconstruction procedure
required that the longitudinal and radial distributions
of deposited energy were characteristic of an electro-
magnetic shower and thus substantially reduced these
backgrounds. In addition, the following requirements
were imposed before a track was accepted as being an
electron:

(a) that the pulse height measured in the scintillator
hodoscopes was less than 1.6 times that of a minimum

_ionizing particle;

(b) that the transition radiation signal observed in the
xenon chambers exceeded a threshold value (which
was chosen such as to have an acceptance for electrons
independent of their energy);
(c) that, when associated with an electron candidate,
no other shower gave an effective mass consistent with
that of the 70, and
(d) that the electromagnetic shower lay in a certain,
slightly restricted, fiducial volume of the calorimeter.

The selection of these requirements for background
rejection was guided by exposures of a complete de-
tector module to test beams of known particles, which
also allowed the electron detection efficiency to be
determined. It was subsequently found that when
any of the above requirements was released the J/y
signal could still be observed and thereby it was possi-
ble to estimate the efficiency of each one using the
actual data sample. The results of these two estima-
tions were in satisfactory agreement. The greatest loss
of real events was caused by the restriction on the
scintillation counter pulse height but it was the most
essential for eliminating background.

The efficiency of our reconstruction procedure was
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Fig. 2. Distribution of effective masses of double electron candidates: (a) All (b) After applying the requirements described in the
text, then (c) to (f) separated according to /5. (g) relative efficiency of the apparatus as a function of Meg-

determined from a study of cosmic-ray muons and
from inspection of event displays.

Fig. 2a shows the distribution of the effective
masses of pairs of electron candidates without the ap-
plication of any of the above requirements (a, b, c, d).
There is no sign of a J/{ peak. Figs. 2b to 2f show
the mass distributions after these requirements have
been made, for the total sample and for the samples
at each centre-of-mass energy. There are clear J/y
peaks with relatively iittle background. The observed
r.m.s. width of the J/{, 7.4%, is equal to that expected
from test beam calibration of the calorimeter. Two
methods were employed to study the background.
One method was based on the assumption that, with
the above cuts, the single electron candidates were al-
most entirely composed of background (which we
found to be true by comparison with the known single
electron rates). Pairs of unrelated single electrons were
combined to give a simulated electron pair mass spec-

trum. The other method was to use the shape of the
distribution shown in fig. 2a and to normalize it to the
low mass region of the final mass spectrum shown in
fig. 2b. The results of these calculations agreed to
within 20% implying that the background arises pre-
dominantly from uncorrelated pairs of misidentified
particles. The second method was used for the back-
ground subtraction for the J/y cross-section.

The geometric and trigger acceptance of the appara-
tus for the J/{ as a function of transverse momentum,
Pt and rapidity, y, was evaluated by means of a
Monte Carlo program, assuming an isotropic decay.
Comparing the distribution of observed events with
the results of this calculation we find that the y-distri-
bution is consistent with a constant value in the range
~0.65 <y < +65. Then, assuming this distribution to
be flat, the acceptance was integrated over y and used
to correct the data as a function of py. It was found
that {p1) = 0.94 £0.18 GeV/c and that the data could
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Table 1
Numbers of events, ihtegrated luminosities and J/y cross-sec-
tion divided according to \/5

Ng
Gev) 23 31 53 63

L

(1036 cm~2)

Number

of events
do

BX =0 5.9 8.4 166 31.9

(10733 em?)

Statistical

error 2.4 +2.3 +2.6 +8.2

(10733 cm?)

Absolute

error £3.9 +5.0 +9.2 +18.8

(10733 em?)

0.8 1.4 2.1 0.4

6 13 42 15

be described by the form:

4T g trr, (1)
dpy

with b =2.1 £0.4.

The final acceptance calculation was performed
using this distribution and the result is shown in fig.2g
as a function of electron pair effective mass. The num-
bers of events between 2.75 and 3.45 GeV/c2 were
taken as the raw J/ signals and are given in table 1,
together with the integrated luminosities and cross-
sections derived after background subtraction **. In
addition to the statistical error, which is sufficient for
comparing the cross-sections at the different centre-of-
mass energies — because the over-all efficiency should
be substantially independent of v/s — there is a scale
error of a factor of about two which should be borne
in mind when comparing these results with those of
other experiments.

Fig. 3 shows our results with the statistical errors
only (the scale error being shown on the figure) to-
gether with a compilation of previous results [3] +4,
The over-all agreement, in particular with the rather
well determined values at Fermilab energies, is satis-
factory. This newly demonstrated rise of the J/y pro-

+3 If 2 value of b = 1.6 is used for the Py distribution assumed
[eq. (1)] then all cross-sections are increased by 12%.

#* Another experiment has been done at \/s = 32 GeV, but
with y = 1.6, by E. Nagy et al. The resultsis B,,,,(do/dy)
=(7.2:2.4) X 10733 cm?.
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Fig. 3. B(J/y ~e*e™) X (da/dy |y=0) as a function of </s com-
pared with the results compiled in ref. {3].

duction cross-section, which amounts to a factor of
5.41*59 over the range of /s covered by our experi-
ment, agrees with the predictions of various theoreti-
cal models, in particular with that of the quark-anti-
quark fusion model of Donnachie and Landshoff [4],
and in this framework provides a useful check of the
quark distribution within the proton.
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