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Revised August 2019 by D.M. Asner (BNL) and A.J. Schwartz (Cincinnati U.).

The formalism for D°-D° mixing is closely related to that for CP violation, which is also
presented in the note “C'P Violation in the Quark Sector” in this Review. The time evolution of
the D%-D° system is described by the Schrodinger equation

o (DO(t) i DO(t)
— | — = M--T)(—= 82.1
"ot <D0(t) ( 2 ) Do) )’ (82.1)
where the M and I'" matrices are Hermitian, and C'PT invariance requires that My1 = Moy = M
and I = Iy = I'. The off-diagonal elements of M and I are referred to as the dispersive and
absorptive parts, respectively, of the mixing. The mass eigenstates D1 and Do of the Hamiltonian

M - iI" are defined as
|D12) = p|D°) +¢|D%, (82.2)

where normalization imposes |p|? + |¢|> = 1. If p = ¢, then the mass eigenstates are C'P eigenstates
and CP is conserved. Our phase convention is CP|D") = —|D°), which implies that, in the absence
of CP violation, D5 is CP-even and D; is C'P-odd.

The eigenvalues of M - iI" are
1 q i _ i
wp = M-I+ » M =5l ) = myp—ghie, (82.3)

where m, 5 and I' , are real and correspond to the masses and decay widths, respectively, of the D1 o
mass eigenstates. As the trace I'11 + I'ne = 21" is unchanged by diagonalizing I', I' = (I'1 + I3)/2,
i.e., the mean decay width. Solving for the eigenstates of the eigenvalues yields

(q>2 _ My =51 (82.4)
P Mo — 5172
If CP is conserved, (¢/p) = 1 and thus My and I'12 must be real. In this case the difference in
eigenvalues is Am = my — m; = 2Mjp and AI' = I, — I} = 2I5. The signs of Am and A" are
difficult to predict from theory and thus must be determined experimentally.

We define dimensionless mixing parameters  and y as

Am
AT

These parameters are measured in several ways. The most precise values are obtained using the
time dependence of D° decays. For all methods, the initial flavor of the DY or D (at the production
point) must be determined. The most common method used for this is to reconstruct D*+ — D7+
or D*~ — D7~ decays; the charge of the accompanying pion (which has low momentum in the
lab frame and is often referred to as the “soft” pion) determines the flavor of the neutral D.
BaBar and LHCb have also identified the flavor of the neutral D by reconstructing semileptonic
Bt — D%*ty, B — D*¢ty, B- — D% v, and B® — D*t/~v decays; in this case the charge
of the accompanying lepton determines the D flavor. At ete™ collider experiments such as Belle,
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2 82. D'-D° Mixing

BaBar, and BESIII, the D flavor can also be determined by fully reconstructing a D decay on the
“opposite side” of an event, i.e., recoiling against the signal-side D decay.

At BESIII, where DD pairs are produced near their threshold via ete™ — (3770) — DYDY,
there is relatively little background and the purity of opposite-side tagging is equivalent to that
achieved using D** decays. However, BESIII operates at a symmetric ete™ collider, and the DD
pairs are produced almost at rest in the lab frame. As a consequence, the D’s do not travel any
appreciable distance before decaying, and time-dependent analyses are not possible. To overcome
this, measurements of mixing at BESIII utilize the quantum coherence of the initial 1 (3770) —
DDV state and time-integrated measurements [1-5].

82.1 Time-Dependent Analyses
We extend the formalism of this Review’s note on “C'P Violation in Meson Decays.” Our
notation is as follows: Cabibbo-favored (“right-sign”) decay amplitudes are denoted Ay = (f|H|D")
and A7 = (fIH|D); i.e, the final state is f = K*¢~v, KTn~, K*7~ 7% etc. Doubly-Cabibbo-
suppressed (“wrong-sign”) decay amplitudes are denoted Ay = (f|H|D°) and Z? = (f|H|D").
Starting from a pure |D°) or |D) state at t = 0, the time-dependent decay rates to wrong-sign
final states are

r(t) = [(FED@)| = \Af\2\§2\g+<t> A+ gm0 (82.7)
B =0y |2 2| pl|? 2
o) = (DO = [ag] L] o7 + o0 (82.8)
where B o
= ;i;, ;= ;Aj:’ (82.9)
and
gi(t) = %(e—i%tie—%t). (82.10)

A change in convention for the relative phase of D? and D° would cancel between ¢/p and A;/A; (or
Z?/A?), leaving Ay (or /\?) unchanged. For multibody final states, these equations apply separately
to each point in phase-space. Integrating over regions of phase-space can lead to enhanced sensitivity
to C'P violation; see the discussion below on multibody decays and the “Review of Multibody Charm
Analyses" in this Review [6]. As the mixing parameters = and y are very small, 7(¢) and 7(t) are
usually expanded to second order in x and y.

82.2 Semileptonic decays
Consider the final state f = K¢~ 1y, where Ay = Z? = 0 is an excellent approximation in the
Standard Model. The final state f is accessible from a D only via mixing,! and the decay rate is

i <x2 Iy2> (I't)2e Tt (82.11)

<

0 = [A2] o-0r ~ [4]

kd 4
p p

For 7(t), q/p is replaced by p/q. In the Standard Model, C'P violation in charm mixing is small
and |¢/p| &~ 1. In the limit of C'P conservation, r(t) = 7(t), and the time-integrated mixing rate

!There exists a doubly Cabibbo-suppressed amplitude in which the ¢ and % quarks exchange a W, and then the
resulting d quark (from c) decays semileptonically. We neglect this second-order process.
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3 82. D'-D° Mixing

relative to the time-integrated right-sign decay rate for semileptonic decays is

/T’(t)dt 2 2
0 _ Y _ R, (82.12)

/OOO ‘Zf‘Q C_Ft dt 2

Table 82.11 summarizes results for Ry from semileptonic decays; the world average from the Heavy
Flavor Averaging Group (HFLAV) [7] is Ry = (1.30 4 2.69) x 1074

Table 82.1: Results for Ry; in D° semileptonic decays. The HFLAV
average assumes reported statistical and systematic uncertainties are un-
correlated. When a single uncertainty is listed, that corresponds to statis-
tical and systematic uncertainties combined. The measurements with an
asterisk (*) have been superseded and thus are not included in the HFLAV

average.
Year  Experiment Final state(s) Ry (x1073) 90% C.L.
2008  Belle (492 fb~1) [§] K®%te 7w,  0.1340.22+£0.20 < 0.61 x 1073
2007  BaBar (344 fb~1) [9] K®te 1z, 0.04 320 (-1.3,1.2) x 1073
2005 CLEO (9.0 fb=1) [10] K®te p, 1.642.942.9 <78 %1073
1996  E791 (2 x 10'9 events) [11] K+, 1.1 139400 <5.0x 1073

HFLAV Average [7] 0.130 £ 0.269

2005*  Belle (253 fb~1) [12] K®%te 7w, 0.0240.47+0.14  <1.0x1073
2004* BaBar (87 fb™1) [13] K®te 7, 2.3+1.240.4 <4.2x1073

82.3 Wrong-sign decays to hadronic non-C'P eigenstates
Consider the final state f = K77, i.e., Ay and Zf are doubly Cabibbo-suppressed. Allowing
for C'P violation, the ratio of decay amplitudes can be parameterized as

_ = - RE e_i(sf A7? = —‘/RB e_i6f7 (8213)
7

where d; is the strong phase difference. The minus sign originates from the weak phase difference
between the amplitudes, specifically, the relative signs of Vs and V4. The parameters RJJS and R,
are the ratios of the doubly Cabibbo-suppressed (DCS) decay rate to the Cabibbo-favored (CF)
decay rate. From the relevant CKM matrix elements, one estimates RE, Ry ~ tan 6., where 0, is
the Cabibbo angle. With this parameterization, Eq. (82.9) becomes

A .
- s R}, Pl ~i(5s+9) (82.14)
qu q
A-
97 e |9 —i—0)
Ay = A \/RD’p e : (82.15)

where ¢ is a weak phase difference. In the Standard Model, the weak phase of As/Af or Z?/A?
is, to excellent approximation, —1, which is already factored out, and thus ¢ = Arg(q/p). As ¢ is
essentially independent of the final state, it is referred to as “universal.” C'P violation in mixing
is characterized by |q/p| # |p/q| # 1. CP violation in the decay amplitudes Ay, Ay, Az, Zf is
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4 82. D'-D° Mixing

referred to as direct C'P violation and is parameterized by A4, = (R}, — Rp)/(R}, + Rp). The
mean value is denoted R, = (R}, + Rp)/2.

With these definitions, we expand the decay rates Eqs. (82.7) and (82.8) to second order in the
small mixing parameters x and y to obtain [14, 15]:

2
r(t) = ‘Af’ e It x
2 (12 /2
[RD(1+AD) + /Rp(1+ Ap) ’Z o, (I't) + ‘Z W(nﬁ] (82.16)
and
2
() = |Ag| et x
2 (12 /2
[RD(l—AD) + /Rp(1— Ap) ’5 Y (I't) + ‘2 (2 Iy—)(rt)ﬂ, (82.17)
where
2, = wmcos(df+ @) + ysin(df £+ @)
= 2'cos¢ + y'sing, (82.18)
yh = ycos(0y £ ¢) — wsin(dy £ ¢)
= y'cos¢p F 2'sing, (82.19)
and
a' = wcosdy + ysindg (82.20)
Yy = ycosd; — xsind;. (82.21)

In Egs. (82.16) and (82.17), a fourth term R, (14 Ap) (23 — y})/4 x (I't)? has been dropped, as,
for the range of decay times measured by experiments, it is negligible relative to the other terms.

The parameters (z/,7’) are the mixing parameters (z,y) rotated by the strong phase & s The
parameters (z/;,y/, ) are the parameters (2, ') rotated by the weak phase + ¢. Note that z/2+y/? =
' 24y'? = 2'?24y'? = 22+y% Comparing Egs. (82.16) and (82.17), ones sees that 7(t) # 7(t) (CP
is violated) if either A, # 0, |¢/p| # 1, or ¢ # 0. These three inequalities correspond, respectively,
to the three types of C'P violation: in the (doubly Cabibbo-suppressed) decay amplitudes; in
the mixing; and due to interference between a mixed amplitude and an unmixed decay amplitude.
Whereas C'P violation in the decay amplitudes is parameterized by A, C'P violation in the mixing

is parameterized by Ay, = (lq/p| — p/al)/(la/pl + |p/al)-
In the limit of C'P conservation, A, =0, |¢/p| =1, and ¢ = 0. In this case

r(t) = 7(t) = ‘A?Fe_” lRD+\/Ey’(Ft)+M(Ft)2 : (82.22)

and the number of wrong-sign decays divided by the number of right-sign decays is

| rwa 224y
2 = Rp+VRpy + —5—. (82.23)

" /OOO A e ar 2
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5 82. D'-D° Mixing

The ratio R is straightforward to measure, as there is no time-dependence. In Table 82.2 we report
measurements of R, Rp, and Ap in D’ — K+7~ decays, and HFLAV world averages [7] obtained
from a global fit that allows for both mixing and C'P violation. Typically, the experimental fitted
parameters are Rp, x'2, and y'; the results for 2/ and 3’ are summarized in Table 82.3. Allowing
for CP violation, the parameters (R}, z/2,y/.) and (Rp,2'%,y") [or equivalently (Rp, Ap) instead
of (R}, Rp)] are obtained by separately fitting D°— K+~ and D°— K~77" event samples.

Table 82.2: Results for R, Rp, and Ap as measured using D° — K+7F
decays. When a single uncertainty is listed, that corresponds to statistical
and systematic uncertainties combined. The measurements with an as-
terisk (*) have been superseded and thus are not included in the HFLAV
average. The measurements with a dagger () are not included in the
HFLAV average due to poorer precision.

Year Experiment R(x1073) Rp (x1073) Ap (%)
2018  LHCb (5.0 fb~ 1) [16] — 3.454+0.031 —0.01£0.91
2014 Belle (976 fb=1) [17] 3.860.06 3.53+0.13 —
2013  CDF (9.6 fb~1) [18] 4.30+£0.05 3.51+0.35 —
2007  BaBar (384 fb=') [19]  3.5340.0840.04 3.034+0.16+£0.10 —2.1+5.2+1.5
HFLAV Average [7] 3.435 £0.022 —0.55 702
2013b* LHCb (3.0 fb~ 1) [20] — 3.566+0.067 —0.7£1.9
2013a* LHCb (1.0 fb~1) [21] 4.25+0.04 3.52+0.15 —
2008*  CDF (1.5 fb~1) [22] 4.15+0.10 3.04+0.55 —
2006*  Belle (400 fb~1) [23]  3.7740.08+0.05 3.64+0.18 2.3+4.7
20057 FOCUS (234 evts) [24] 4.29708340.27  5.177]13140.76 13733410
20001 CLEO (9.0 fb~1) [25]  3.32758340.40  4.841.2404 —1+1841
19987 E791 (5643 evts) [26] 6.8 133+0.7 — —

Extraction of the mixing parameters x and y from measurements of 2’ and 3’ requires knowledge
of the strong phase difference dx,. This can be determined from the decay rates of D, — Ktn™,
where D, (D_) denotes the CP-even (CP-odd) eigenstate. Since |D,) = (|D°) F |D%))/V/2,

V2ADy - KTn7) = AD° - K77 ) FAD® - Ktn™). (82.24)
Squaring this amplitude and using Eq. (82.13) yields the relation

_ JAD, - Kta )P —JA(D_ — Kta)|?

Srn = 7 82.25
oS oK 2[A(D° = K+n-)[|A(DO — K+r-)| (82.25)

Measuring the right-hand side is possible only if one can identify pure D, , D_, DY, and D initial
states. This is accomplished at CLEOc and BESIII utilizing the processes ete™ — 1 (3770) —
DD° = (fep)(KTm™), or $(3770) = D'D° — (f5,) (K T7~). In the first case, quantum coherence
and C'P symmetry insures that the K7~ state originates from a neutral D with C'P opposite that
of fop. In the second case, at the time when the DO decays, the opposite side is DY. However, it
can potentially mix to D° before decaying to K7, and this introduces some dependence on the
mixing parameters x and y. This dependence is seen explicitly in the observable

|A(D_ — K~ 712 — |[A(Dy — K~ h)|?
|A(D- — K—71)]2+ |A(Dy — K—nt)]2°

AP = (82.26)
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Table 82.3: Results for /2 and 3/, as measured using D° — K*7F decays.
When a single uncertainty is listed, that corresponds to statistical and
systematic uncertainties combined. The measurements with an asterisk (*)
have been superseded and thus are not included in the HFLAV global fit.
The measurements with a dagger (7) are not included in the HFLAV global
fit due to poorer precision. All confidence limits and intervals correspond
to 95% C.L. The Belle 2006 results restrict 2> to the physical region. The
BaBar confidence intervals are obtained from the fit, whereas Belle uses a
Feldman-Cousins method, and CDF uses a Bayesian method.

Year Experiment No C'P violation Allowing for C'P violation
2’ (x10~%) y' (%) a' (x107%) y' (%)
DY: 0.061+0.037 0.501+0.074
—1 =
2018 LHCb (5.0 fb=1) [16]  0.03940.027  0.52840.052 {DO: 0.01640.039 0.554£0.074
2014 Belle (976 fb~1) [17] 0.0940.22 0.4640.34 — —
2013 CDF (9.6 fb~1) [1§] 0.0840.18 0.4340.43 — —
D°: —0.2440.52 0.98+0.78
—1 _ -
2007 BaBar (384 fb~1) [19] 0.2240.37 0.9740.54 9. —0.9040.50 0.96210.75
2006 Belle (400 fb~1) [23] (0.1875:2H)"  (0.06 7939)" <0.72 28 <y <21
DY 0.049£0.070 0.51+0.14
* —1
2013b* LHCb (3.0 fb=1) [20]  0.05540.049 0.4840.09 10+ 0.06040.068 0.4540.14
2013a* LHCb (1.0 fb~1) [21] —0.0940.13 0.7240.24 — —
2008*  CDF (1.5 fb~1) [22] —0.1240.35 0.8540.76 — —
20057 FOCUS (234 evts) [24] <83 —72<y <41 < 8.0 —112 <y <6.7
2000t CLEO (9.0 fb=1) [25] 0.0040.23 —2.37113 0.0040.23 —25%1%
19987 ET791 (5643 evts) [26] <17 <13 — —

To lowest order in the mixing parameters [27],

2v/Rp cosdgr +y
1+R ’

AGE = (82.27)

where R is defined in Eq. (82.23).

82.3.1 Wrong-sign decays to multibody final states

For multibody final states, Eqs. (82.13)-(82.23) apply essentially to each point in phase-space.
Although x and y do not vary across phase-space, knowledge of the resonant substructure is needed
to extrapolate the strong phase difference ¢ from point to point to determine x and y. Alternatively,
model-independent methods to determine x and y require knowledge of the relative phases of D°
and D° decay amplitudes across the phase-space distribution [6]. This required phase information
can be measured at the charm threshold, where CLEO-c and BESIII took data.

A time-dependent analysis of D® — K+7~ 70 decays at BaBar [28,29] determined the relative
strong phase variation across the Dalitz plot and reported z” = (2.61 7957 + 0.39)% and 3" =
(—0.06 1025 4 0.34)% . These mixing parameters are defined as

x” 2 COS 0 f¢rn0 + Y SIN O fgyr0

" = 9cosbp 0 — TSINOK, 0, (82.28)

in analogy with 2/, 3/, and dx, of Egs. (82.20) and (82.21). Here, g 0 is the strong phase
difference between the amplitudes A(D°— K7~ 70) and A(D° — K7~ 7%) at a “reference point”
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7 82. D'-D° Mixing

of the Dalitz plot. In this case the reference point chosen is m__ , = m,-. The strong phase
difference 0 -0 can be determined in a manner similar to that for dx,: by using Eq. (82.25) and
quantum-correlated measurements of the branching fractions B(D, — K*p~), B(D_ — K*p~),
B(D°—K*p~),and B(D*— K*p~) in ete™ — 4(3770) events.

For the decay modes D° and D' — K*tn 77—, Belle measured R = (0.324 & 0.008 +
0.007)% [30]. Subsequently, a phase-space-integrated analysis from LHCb [31] measured the prod-
uct of a coherence factor Rg37r and the strong-phase-rotated mixing parameter yj, . This mea-
surement resulted in an observation of charm mixing with 8.2¢ significance.

Both the sign and magnitude of z and y without strong phases entering or sign ambiguity can
be measured using the time-dependent resonant substructure of multibody D° decays [32,33]. In
DY — ngﬂ+7T_, the DCS and CF decay amplitudes populate the same Dalitz plot, which allows
for direct measurement of the relative strong phases. Belle [33,34], BaBar [35], and CLEO [36]
have measured the relative strong phase between D° — K*(892)"7" and D° — K*(892)*7~
to be (173.9 + 0.7 (stat. only))®, (177.6 + 1.1 (stat. only))°, and (189 + 10 + 3 T1°)°, respectively.
These results are close to the 180° expected from Cabibbo factors and a small strong phase. Two
LHCDb measurements [37,38] of z, y are decay-model independent, i.e., the model of resonances in
the intermediate state is replaced by strong-phase measurements from CLEO-c [39]. Table 82.4
summarizes mixing results from time-dependent multibody analyses. World average values for the
measurements listed are given later, as a result of the HFLAV global fit.

In addition, Belle [33,34] has measured the relative strong phase (statistical errors only) and
the ratio R (central values only) of the DCS fit fraction relative to the CF fit fraction for five
excited K states: K*(892)Tw~, K{(1430)" 7, K5(1430) 7, K*(1410)*7~, and K*(1680)" 7.
Similarly, BaBar [35,40,41] has reported central values of R for K*(892)*n~, K;(1430)*7~, and
K3(1430)" 7. The systematic uncertainties on R are not evaluated. Large differences in R are
observed among these final states, which indicates interesting hadronic effects.

82.4 Decays to CP Eigenstates
When the final state f is a C'P eigenstate, there is no distinction between f and f. Thus
Ap = A? and Z? = Ay. We denote final states with CP eigenvalues +£1 by fy and write Ay for
Afy
The quantity y may be measured by comparing the rate for D° decays to C'P eigenstates such
as KTK~ with the rate to non-C'P states such as K~ 7+ [15]. If decays to KT K~ have a shorter
effective lifetime than those to K", then I, > I'_, or, since C'P violation is very small, I’y > I'}
and y is positive.
In the limit of small mixing (z,y < 1) and the absence of direct C'P violation in DCS decays
(Ap = 0), one can write
Ay = ’q
p

In this scenario, to a good approximation, the decay rates for states that are initially D° and D°
to a C'P eigenstate have exponential time dependence:

re(t) o exp(—I%t) (82.30)
Ti(t) o exp(—Iyt). (82.31)

et (82.29)

The effective decay widths are given by

I, = 1+

RQRNT T IR

(ycos¢p — xsing) , (82.32)

rL = 1:|:‘ (ycos¢ + xsing). (82.33)
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Table 82.4: Results from time-dependent multibody analyses. The er-
rors are statistical, systematic, and, when a third error is listed, due to
the decay-model, respectively. The measurement with an asterisk (*) has
been superseded and thus is not included in the HFLAV global fit. The
measurement with a dagger (7) is not included in the HFLAV global fit due
to poorer precision. The 2019 LHCb result utilizes strong-phase measure-
ments from CLEO-c [39] and thus is decay-model independent. This fit
determines C P-violating parameters Ax and Ay; the translation of these
parameters to |¢/p| and ¢ is given in Ref. [42].

No CP Violation

Year Experiment Final State(s) x x1073 y x1073
2019  LHCb (3.0 b ! B tag) [38] Kontm 27+1.6+04 74+36+1.1
2016  LHCb (1.0 tb=! D* tag) [37] Kyntm™ —8.6+53+1.7 0.3+4.64+1.3
2016 BaBar (468 fb™1) [43] a0 154+12+6 2+9+5
2014 Belle (921 fb~1) [34] KOmtn— 56419793406 3.0+1.5104403
0+ —
2010 BaBar (469 fb1) [35] { IZ)SK”fK 1.6+2.3+1.240.8  5.742.0+1.3+0.7
2007 Belle (540 fb™1) [33] KYntn— 8.0 +2.9732 1 3.342.4108+06
2005 CLEO (9.0 fb~1) [32] Kontn™ 19732 +4+4 —14+24+8+4
With CP Violation
Year Experiment Final State(s) lg/pl o)
Az x 1073 = Ay x 1073 =

—1 0+ _—
2019 LHCb (3.0 o) [38] Ksmrm ~053+£0704£022  0.6+1.6+0.3
2014 Belle (921 fb1) [34] KOrtn™ 0.90 T0 18 00N Th0e  (—6+ 1143 jﬁ)o
2007+ Belle (540 fb~T) [33] Kontn™ 0.86 7030 TO00 +0.08  (—14 71523

#This result allows for all C'P violations and is superseded by Ref. [34], which assumes no direct C'P violation in
doubly Cabibbo-suppressed decays.

Thus the effective decay rate to a C'P eigenstate combining both D° and DY decays is

ra(t) + Ta(t) oc e (Ever), (82.34)
where
Yop = 1(’q‘—i—’p‘)ycosmﬁ—l(’q‘—’prsinqﬁ (82.35)
2\Ipl g 2\Ipl g
~ ycosp— Apxsing. (82.36)

If CP is conserved, y-p = y. Almost all measurements of y.p are relative to the DY —» K—nt
decay rate. Belle [44] has reported y-p also for the final state Kg K™K~ , which is dominated by
the C'P-odd final state Kg ¢. Table 82.5 summarizes the current status of measurements.

In addition to y. p, Belle [45], BaBar [46], LHCb [47], and CDF [48] have reported measurements
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of the decay-rate asymmetry for C'P-even final states

AF = F 5 — (1/7_4‘) — (l/i‘i‘) — i—i— — T+ (8237)
ro+r, (/) +(1/74)  T4+74
~ 1(“1‘ ‘ Dycosqb—l(‘q‘—{—‘p‘)xsin(b (82.38)
2\Ip 2\Ipl g
~ Apycosd—xsing. (82.39)
If CP is conserved, Ay = 0.
Table 82.5: Results for y.p and A from DY — KTK~ and D° —
7Tn~ decays. When a single uncertainty is listed, that corresponds to
statistical and systematic uncertainties combined. The measurements with
an asterisk (*) have been superseded and thus are not included in the
HFLAV average. Results from LHCb labeled “B tag” have the D° or D°
flavor identified via B* — D uiyu X decays.
Year Experiment final state(s) Yo p (%) Ap (x1073)
2019  LHCD (3 b~ ! B tag) [49] KTK—, nn- 0.57+0.13+ 0.09 —
2017 LHCb (3 fb~! D* tag) [50] KTK— ntr — —0.1340.28+ 0.10
2017 LHCb (3 fb=! D* tag) [50] K+tK- — ~0.3040.32 +0.10
2017  LHCb (3 fb~! D* tag) [50] atn~ — 0.46+0.58 £ 0.12
2016 Belle (976 fb—1) [45] KtK~, 7tn 1.1140.2240.09  —0.3£2.0+0.7
2015  LHCb (3 fb~! B tag) [51] KTK= ntn~ — ~1.2540.73
2015  LHCb (3 fb~! B tag) [51] KTK- — —1.3440.77 126
2015 LHCb (3 fb~! B tag) [51] atmw — —0.924+1.451522
KTK—, ntrn
2015  BESIII (2.9 fb~1) [52] K9m0 KOn070  —204+1.340.7 —
Kgn, Kgw
2014  CDF (9.7 fb~1) [48] KTK- ntn~ — —1.241.2
2014  CDF (9.7 fb*l) [48] KTK- — ~1.941.5+0.4
2014  CDF (9.7 b~ 1) 148] e — —0.141.8+0.3
2012 BaBar (468 fb~!) [46] KTK—, nt 0.7240.18+0.12 0.942.6+0.6
2009 Belle (673 fb™ ) [44] KYKTK~ 0.1140.61+0.52 —
2002  CLEO (9.0 fb~1) [53] KtK~, 7tn —1.242.5+1.4 —
2000  FOCUS (1 x 10° events) [54] KTK- 3.4241.39+0.74 —
1999  E791 (2 x 101 events) [55] KYK~ 0.73£2.89+1.03 —
HFLAV Average [7] 0.715 + 0.111 —0.32 £ 0.26
2013 LHCD (1.0 fb T D* tag) [56] KTK~- — ~0.35+0.62£0.12
2013*  LHCb (1.0 fb~! D* tag) [56] rtn — 0.3341.06:0.14
2011*%  LHCb (29 pb~! D* tag) [47] KtK- 0.55+0.63+£0.41  —5.9+59+2.1
2009*  BaBar (384 fb~1) [57] K+tK- 1.16+0.2240.18 —
2008*  BaBar (384 fb~!) [58] KYK—, ntn~ 1.034+0.33+0.19 2.6+3.6+0.8
2007 Belle (540 fb=1) [59] KYK~=, ntn— 1.3140.32+0.25 0.1£3.0+1.5
2003*  BaBar (91 fb~1) [60] KTK~= ntn~ 0.8+0.4103 —
2001*  Belle (23.4 tb~1) [61] KtK~ —0.5+1.0 0% —

#This result for yop is not superseded but is not included in the HFLAV average due to having some correlations
with, and much poorer precision than, the result of Ref. [49].

The asymmetry A relates to the full decay width. An asymmetry in partial widths is referred
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to as Ao p and is final-state dependent:

_ (D= f)-I'(D° = f)
Acp = (DO — fy+I'(D°— f) (82.40)

Unlike A, A-p is a time-integrated quantity, i.e., it does not require measuring decay times.
For neutral D decays, A,p receives contributions from both direct (in the decay amplitudes)
and indirect (due to mixing) processes: A, p(D° — f) = Aép + Alndirect - The latter indirect
contribution depends on the mixing parameters x and y:

- 1 1
e = (e e - ar

Numerous measurements of A-p for decays to C'P eigenstates are listed in this Review [62].
Table 82.6 summarizes the current status of measurements of the difference in A, p for DY —» KtK~
and D° — 7tn~ decays: AAcp = Acp(KTK™) — Acp(nTn~). Measuring the difference is
advantagous, as numerous systematic uncertainties cancel. As Aié‘%ire“ is universal (independent
of final state), it subtracts out of the difference AAcp. However, at hadron experiments such
as LHCb, there are differences in efficiencies between K™K~ and 777~ final states, and a small
contribution to AAcp remains. The most recent result from LHCb [63], based on 8.9 fb~! of data,
differs from zero with a statistical significance of 5.30. Thus, this measurement constitutes the first
observation of C'P violation in charm meson or charm baryon decays. These C' P asymmetries are
included in HFLAV’s global fit for charm mixing parameters discussed below; the fit shows that
the C'P violation observed is due to the direct contributions AZE and AZT.

Table 82.6: Results for the difference in time-integrated C'P asymme-
tries AAcp between D° — KT K~ and D? —7t7~ decays. When a single
uncertainty is listed, that corresponds to statistical and systematic un-
certainties combined. The measurements with an asterisk (*) have been
either superseded or combined with subsequent results and thus are not
included in the HFLAV global fit.

Year  Experiment AAcp (x1079)
2019 LHCb (8.9 tb~! D* tag + B tag) [63] —1.5440.29
2013 CDF (9.7 tb=! D* tag) [64] —6.242.14+1.0
2008  BaBar (386 fb~!) [65] 2.4+6.2+2.6
2008  Belle (540 fb~1) [66] —8.6+6.04+0.7
2016* LHCb (3.0 fb~! D* tag) [67] -1.0+£0.8+0.3
2014* LHCbD (3.0 tb~! B tag) [68] 1.4+1.6+0.8
2013* LHCb (1.0 fb~! B tag) [69] 4.9+3.0+1.4
2012* LHCb (0.62 fb~! D* tag) [70] —8.24+2.1+1.1
2012%  Belle (976 tb~1) [71] —8.74+4.140.6

#This preliminary result was not published and thus is not included in the HFLAV global fit.

82.5 Quantum-correlated D°D? Analyses

Measurements of Rp, cosdgr, sindg, x, and y can be obtained from a combined fit to time-
integrated yields of single-tagged (ST) and double-tagged (DT) D°D° events produced at the
¥(3770) resonance [72,73]. Single-tagged events are those in which either the DY or D° decay is
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reconstructed (identified), and the other neutral D decays generically. Double-tagged events are
those in which both D° and DY decays are identified. Due to quantum correlations, the decay of a
DY D° D, or D_ projects the other neutral D into a state D°, D%, D_, and D_, respectively.
The CP-specific D_ and D, decays (or, neglecting C'P violation, D; and D, decays) include
interference between D° and D° amplitudes, and this provides sensitivity to Rp and cos dx,. The
flavor-specific D° and D° decays include interference between D; and D, amplitudes, and this
provides sensitivity to  and y. For details of this method, see Refs. [1-5].

BESIII has reported results using 2.92 fb~! of ete™ — (3770) data, where the quantum-
correlated DYDY pairs are produced in a C =—1 state. They measure y.p = (—2.0£1.3+0.7)% [52]
from DT yields using a C'P eigenstate tag for one D and a semileptonic tag for the other; and they
measure AZY = (12.7+1.340.7)% [27] from DT yields using a C'P tag for one D and a KT tag
for the other. For y,p, the CP eigenstates used are K~ KT (fy), 777~ (f4), K2n'70 (fy), Kon°
(f-), K9 (f-), and K%w (f-). For AGE additional C'P eigenstates included are 770 (f1) and
7% (f1). Using external inputs for Rp and y from HFLAV [74], and R from the PDG [75] (see
Eq. (82.27)), BESIII obtains cosdx, = 1.02 £ 0.11 £ 0.06 & 0.01 [27], where the third uncertainty
is due to the external inputs.

CLEO-c has reported results using 0.82 fb=! of ete™ — 9(3770) data [76-78]. The values of
Yy, Rar, cosdgr, and sindg, are determined from a combined fit to the ST (hadronic only) and
DT yields. The DT yields include events in which one D is reconstructed in a hadronic mode
and the other D is partially reconstructed in either D — KFe*v or D — KT pu*v. The CLEO-c
analysis obtains cos g, = 0.81 70221007 and sindx, = —0.01 + 0.41 4 0.04. These fits allow
cos Ok x, sin dgx, and x2 to be unphysical. Constraining cos dx, and sin dx, to the physical range
[—1,+1] (i.e., interpreting dx - as an angle) and also using external inputs for z, y and y,p from
HFLAV [79], CLEO-c obtains 0, = (18 T13)° [78].

82.6 Summary of Experimental Results

Several recent results indicate that charm mixing is at the upper end of the range of Standard
Model predictions. For D° — K*7~, LHCb [20,21], CDF [18], and Belle [17] each exclude the
no-mixing hypothesis by more than 5 standard deviations. For yop in D° — KTK~ and nt7n~,
BaBar [46], Belle [45], and LHCD [49] measure 3.30, 4.70, and 3.60 effects, respectively. The most
sensitive measurements of z and y are from D° — K2 77~ decays at Belle [34] and LHCD [38].
In a similar analysis using D® — K277~ and DY — K2 KTK~ decays, BaBar [35] finds the
no-mixing solution excluded at 1.90. LHCD [31] has reported the observation of charm mixing in
D — Ktr—ntn~ with 8.20 significance. However, the strong phase difference for this decay is
not known, and thus x and y cannot be extracted. The current situation would benefit from better
knowledge of the strong phase difference 0, than provided by the current CLEO-c [78] and BESIII
[27] results, and knowledge of the strong phase difference dxrrr. Such knowledge would allow one
to extract = and y from DY — K*7~ measurements of (22, /), and from D° — Ktn—ntzn—
measurements of (2”2, y”). In fact, the most precise knowledge of §y, comes from combining
measurements of 3’ (Table 82.3) with measurements of y (Table 82.4) and y.p (Table 82.5), as
done in the HFLAV global fit described below.

The experimental data consistently indicate that the D° and D" mesons mix. The mixing is
presumably dominated by long-range processes. Under the assumption that the observed mixing
is due entirely to non-Standard Model processes, significant constraints on New Physics models
can be obtained [80]. A serious limitation to the interpretation of charm mixing in terms of New
Physics is the theoretical uncertainty on the Standard Model predictions [81,82].
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82.7 HFLAV Global Fit for Charm Mixing Parameters

The Heavy Flavor Averaging Group (HFLAV) performs a global fit to all relevant mixing mea-
surements to obtain world average values for 10 fitted parameters: z, y, dxr, 650, Rp(KTn7),
Ap(K*t77), |g/pl, Arg(q/p) = ¢, and the direct CP-violating asymmetries AZS and AZ7,. Cor-
relations among observables are taken into account by using the error matrices provided by the
experiments. Measurements of D° — K®t¢—5 KtK— ntn~, KTn~, Ktr a9 Ktoratrn—,
Kyrtn=, KIKTK~, and 777~ 70 decays are used, as well as CLEO-c and BESIII results for
double-tagged branching fractions measured at the 1(3770). There are three observables input to
the fit that are themselves world average values calculated by HFLAV: R, from D — K )tz
decays (Table 82.1), and y,p and Ap from D® — fop decays (Table 82.5). A measurement by
LHCb of R, using D — K+t7~ 77~ decays is input separately. Details of the fitting procedure
are given in Ref. [7].

The results of the fit are listed in Table 82.7. Three separate fits are performed: (a)assuming no
C P violation; (b) assuming no C'P violation in doubly Cabibbo-suppressed decays; and (¢) allowing
all C'P violation. The second fit (b) corresponds to the theory expectation [83,84]; in this case four
fitted parameters are reduced to three using the relationship tan ¢ = (x/y)- (1 —|q/p|?)/(1+|q/p|?)
[83-85]. Alternatively, one can fit for the three parameters x5 = 2|M5|/I", y1o = |[15]/I", and
¢19 = Arg(M,,/1I5), from which z, y, |¢/p|, and ¢ can be derived.

Table 82.7: HFLAV global fit results (see text) [7].

Parameter No CP No CP Violation All CP Violation 95% C.L. Interval
Violation in DCS Decays Allowed CPV Allowed

z (%) 0.50 7013 0.43 7010 0.39 7015 0.16, 0.61]

y (%) 0.62 + 0.07 0.63 + 0.06 0.651 5003 [0.51, 0.77]
Ser (°) 89182 93153 12.1 85, [—10.4, 28.2]
Rp (%) 0.344 4+ 0.002 0.344 + 0.002 0.344 + 0.002 0.339, 0.348]
Ap (%) - — —0.55 1037 [~1.5, 0.4]

lq/p] - 0.998 + 0.008 0.969 *30% 0.89, 1.07]

¢ (°) — 0.08 & 0.31 39778 [~13.2, 5.1]
Spcrn (©) 18.5 7327 22.1 1320 25.8 7239 [~21.3, 70.3]
ATTp(%) — 0.05 + 0.16 0.06 + 0.16 [—0.25, 0.38]
ABE (%) — —0.1140.16 —0.094+0.16 [~0.40, 0.22]
19 (%) — 0.43 7019 0.22, 0.63]
1o (%) - 0.63 + 0.06 0.50, 0.75]

P15(°) — —0.25 1598 [—2.5, 1.8]

Confidence contours in the two dimensions (z,y) and (|q¢/p|,¢) from the fit are plotted in
Figs. 82.1 and 82.2, respectively. These contours are obtained by letting, for any point in the
two-dimensional plane, all other fit parameters take their preferred values. The 1o0—-50 boundaries
drawn are the loci of points in which the y? has risen above the minimum by 2.30, 6.18, 11.83,
19.33, and 28.67 units. The fit excludes the no-mixing point x =y =0 at more than 11.50, when
C'P violation is allowed. The fit is consistent with no C'P violation (|¢/p| = 1, ¢ = 0) at the 63%
confidence level.

One-dimensional likelihood functions for parameters are obtained by allowing, for any value
of the parameter, all other fit parameters to take their preferred values. The resulting likelihood
functions give central values, 68.3% C.L. intervals, and 95% C.L. intervals as listed in Table 82.7.
The parameter ranges x < 0 and y < 0 are excluded at 3.10 and >11.40 significance, respectively.
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The x? of the fit is 60.7 for 49 — 10 = 39 degrees of freedom, indicating some disagreement among
the measurements.

S - CPV allowed
= 1{wmoriond 2019]
0.8F
0.6
0.4
0.2
Bio
0 20
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-0. 40
; | | | | | | | | | | | | | | | | | | ‘. 56
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Figure 82.1: Two-dimensional 1o-50 contours for (z,y) as obtained by HFLAV [7], from measure-
ments of D® — KM+ ¢y hth= K¥r~, Ktn a0, KTr—rtr~, Krtr~, KIK+tK~, and 7tr—n°
decays, and double-tagged branching fractions measured at the 1(3770) resonance.
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Figure 82.2: Two-dimensional 1o-50 contours for (|¢/p|,Arg(q/p)) as obtained by HFLAV [7], from
measurements of DY — KMty hth=, Ktn= Ktr=n Ktr ntn~, Kdrtr—, KSKT K~ and
7t~ 70 decays, and double-tagged branching fractions measured at the 1)(3770) resonance.
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From the results of the HFLAV averaging, the following can be concluded: (1) Since C'P
violation is small and y.p is positive, the C'P-even state is shorter-lived, as in the K UKV system.
(2) However, since = appears to be positive, the C'P-even state is heavier, unlike in the KYK?°
system. (3) The strong phase difference i is consistent with the SU(3) expectation of zero, and
large values are unlikely (its magnitude is < 30° at 95% C.L.) (4) While direct C'P violation has
now been observed in D decays, there is no evidence for indirect C'P violation, i.e., |¢/p| # 1 or
¢ # 0. Observing such C'P violation at the current level of sensitivity would indicate new physics.

82.8 Future Data

Current results are based primarily upon CLEO-c (0.82 b=t of ete™ — 1(3770) data), Belle
and BaBar (~1.4 ab™! of ete™ — 7(4S5) data), and LHCb Runs 1 and 2 (3.0 fb™! +5.9 fb~! of pp
collision data at /s =7, 8, 13 TeV).

BESIII has accumulated 2.9 fb~! of ete™ —1(3770) data and plans to collect up to 20 fb~! in
the next few years. These data should provide strong phase measurements that enable improved
model-independent determinations of mixing parameters from Belle I and LHCb. In 2019, Belle 11
began accumulating 50 ab™! of ete™ — 7(4S5) data [86], which is expected to take approximately
ten years to collect. At LHCb, Run 2 was completed in 2018, Run 3 is planned for 2021-23, and
Run 4 is planned for 2026-29 [87]. The goal for Runs 3 +4 is to accumulate an additional 50 fb~1
of pp data at /s = 14 TeV. These data, along with the large eTe™ dataset from Belle II, should
provide significantly greater sensitivity to D°-D° mixing and direct and indirect C'P violation in
DY decays.
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