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The formalism for D°-D° mixing is closely related to that for C'P violation; for further details
on the latter, see the note “C'P Violation in the Quark Sector” in this Review. The time evolution
of the DD system is described by the Schrédinger equation

0 (DO(t) i DO(t)
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where the M and T" matrices are Hermitian, and C'PT invariance requires that My1 = Moy = M
and 11 = Iss = 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 Dy of the Hamiltonian
M - iT’/2 are defined as

|D12) = p|D°) £ ¢[D%, (70.2)
where normalization imposes |p|? + |¢|> = 1. If p = +¢q, then the mass eigenstates are C'P
eigenstates and CP is conserved in mixing. Our phase convention is CP|D") = —|D%) and

Arg(q/p) € [—m/2,7/2], which imply that, in the absence of C' P violation in mixing, Dy is C'P-even
and D; is CP-odd.
The eigenvalues of M - iI'/2 are
(M iF)iq<M 'p ) ' (70.3)
w = - = - — = = m — — .
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where m; 5 and I 5 are real and correspond to the masses and decay widths, respectively, of the
D1 » mass eigenstates. As the trace I'1 + Ip2 = 21" is unchanged by diagonalizing I', I" must equal
(I'1 + I3)/2, the mean decay width. Solving for the eigenstates of the eigenvalues yields

p) M- il

If CP is conserved in mixing, then (q/p)2 = 1 and Mj2 and I 2 must be real. In this case, the
difference in eigenvalues is Am = mqy — m; = 2My3 and AI' = I, — I} = 2I13. The signs of Am
and Al are difficult to predict from theory and thus must be determined experimentally.

We define dimensionless mixing parameters  and y as

x (70.5)

gk o

y (70.6)

These parameters are measured in several ways. The most precise values are obtained by measuring
the time dependence of DY decays. For all methods, the initial flavor of the D® or D° when produced
must be determined. The most common method used for this is to reconstruct D** — D% or
D*~ — D1~ 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 LHCDb have also identified the flavor of the neutral D by reconstructing the semileptonic decays
Bt — D%*y, BY - D*¢ty, B- — D% v, and B® — D*t/~v; in this case the charge of the
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2 70. D°-D° Mixing

accompanying lepton determines the D flavor. Both experiments have used both tags together
to select “double-tagged” B — D**(Ty, D** — (D° D°) 7% decays, which have especially high
purity. At ete™ collider experiments such as Belle, BABAR, and BESIII, the D flavor can also be
determined by fully reconstructing a flavor-specific 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].

70.1 Time-Dependent Analyses

Our notation is as follows: Cabibbo-favored (CF) 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 (DCS) decay amplitudes are denoted Ay = (f|H|D®) and Z? = (f|H|D"). When
discussing decay rates, we neglect constant phase-space factors, which divide out in ratios of rates
to common final states.

Starting from a pure | D°) or |D°) state at ¢ = 0, the time-dependent decay rates to “wrong-sign”
final states can be written

0 = o) = [l 2] o027 + - 0f (r0.7)
B =0y |2 2| p|? 2
() = (D) = [ag] L] |or @27 + 9@ (70.8)
where o o
_ g4 q 47
Ap = ET;’ A = pA;, (70.9)
and )
gx(t) = §(e’i°’1tie’i“’2t). (70.10)

A change in convention for the relative phase of D° and D° would cancel between ¢/p and A #/Af or
Z?/A?, leaving Ay and )\? 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 note “Review of Multibody
Charm Analyses" in this Review. As the mixing parameters z and y are very small, 7(¢) and 7(t)
are usually expanded to second order in = and y.

70.2 Semileptonic decays
Consider the final state f = K¢~ 1y, where Ay = Zf = 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
2 /.2 2
<x+y> (It)2e Tt (70.11)

w0 = | 1o 0r ~ ]

q
P 4

IThere 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 70. D°-D° Mixing

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 mixed decay
rate relative to the time-integrated unmixed decay rate for semileptonic decays is

/r(t)dt .
0 _ TtV _ R, (70.12)

o2
/ ‘A f‘ e Ttdt 2
0
Table 70.1 summarizes results for R from semileptonic decays. The world average from the Heavy
Flavor Averaging Group (HFLAV) [6] is Ry = (1.30 £ 2.69) x 10~%.

Table 70.1: Results for Ry = (22 + y?)/2 in DY semileptonic decays. The HFLAV average
assumes statistical and systematic uncertainties are uncorrelated. 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.

Year Experiment Final state(s) Ry (x1073)  90% C.L. (x1073)
2008 Belle (492 fb1) [7] K®te 1w, 0.1340.22+0.20 < 0.61

2007 BABAR (344 fb~1)[8] KW®Wte 7, 0.04 529 (—1.3,1.2)
2005 CLEO (9.0 fb=1) [9] K®te 1, 1.6+2.942.9 <7.8

1996 E791 (2 x 1019 evts) [10] K¢~ 7, 1.1 739460 <5.0

HFLAV Average [0] 0.130 & 0.269
2005* Belle (253 fb~1)[11] K®%tem,  0.02+0.47+0.14 < 1.0
2004* BABAR (87 fb~1)[12] KW®Wte p, 2.341.240.4 <42

70.3 Wrong-sign decays to hadronic non-C'P eigenstates

Consider the final state f = K77, i.e., AJ; and Zf are CF, Ay and Zf are DCS. Because CF
and DCS decays proceed via tree-level amplitudes, and such amplitudes involve only the first two
quark generations, direct C'P violation is negligible?. The ratios of decay amplitudes can be written

A , A~ .
T; — —\/Rpe s A; = —\/Rp e 5, (70.13)
where d; is the strong phase difference between the DCS and CF amplitudes. The minus sign
originates from the weak phase difference between the amplitudes, specifically, the relative minus
sign between V,; and Vg (which produces a relative minus sign between VAV, ; and V;\V_,). The
parameters RB and R}, are the ratios of the DCS decay rate to the CF decay rate. From the
relevant CKM matrix elements, one estimates Rj{), Ry ~ tan? 0., where 6, is the Cabibbo angle.
With the parameterization of Eq. (70.13), Eq. (70.9) becomes

_ A P X
A= PES Rt ' e U0s+@) 70.14
A = pAi \/RD‘ —i05=9) | (70.15)

where ¢ = Arg(q/p). The weak phase ¢ is independent of the final state f and is often referred to
as “universal.” For convenience, we define the mean decay rate R, = (RE + R},)/2, and the decay
rate asymmetry A, = (R}, — Rp)/(RE + Rp).

2For two quark generations, the weak phases can be defined to eliminate all weak-phase differences.
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4 70. D°-D° Mixing

With these definitions, we expand the decay rates in Egs. (70.7) and (70.8) to second order in
the small mixing parameters x and y to obtain [13, 14]:

r(t) = \foe—” [RD(1+AD) + /Rp(1+ Ap) ‘;

: M(Ftﬁ} (70.16)

Yy (I't) + ’]qg

4
and
2 2 (2% +y'2
w(t) = |Ag] e T [RD(l — Ap) + /Rp(1— Ap) ’S Y (I't) + ‘2’ W(Ft)Q , (70.17)
where
z!y = zcos(df £ ¢) + ysin(ds £ ¢) (70.18)
Y =ycos(dy £ ¢) —zsin(dy £ ¢). (70.19)
Defining the “strong-phase-rotated” mixing parameters
¢’ =xcosdy + ysind; (70.20)
y =ycosdy — wsindy (70.21)
gives
7, =2'cos¢p + ¢ sing (70.22)
Yy =1y cos¢p F a'sing, (70.23)

i.e., 2/, and y/. are obtained from 2/, ¢’ via an additional “weak-phase rotation.” To summarize,
parameters (2, y’) are the mixing parameters (z,y) rotated by the strong phase ¢ 2 and parameters
(2., 9)) are the parameters (z/,y') rotated by the weak phase +¢ for D? decays and —¢ for D°
decays. Note that /2 +¢/> = 2/2+¢'? = 2/2+y'? = 22+ In Egs. (70.16) and (70.17), a
fourth term R,,(14 Ap) (23 —y3)(I't)?/4 has been dropped, as it is negligible relative to the other
terms for the range of decay times measured by experiments.

Comparing Eqs. (70.16) and (70.17), one sees that r(t) # 7(¢) and CP is violated if either
Ap #0, |g/p| # 1, or ¢ # 0. These three inequalities correspond, respectively, to the three types of
CP violation: in the decay amplitudes (RE # R})); in the mixing; and due to interference between
a mixed decay amplitude (i.e., mixing is followed by decay) and an unmixed decay amplitude.
Whereas C'P violation in the decay amplitudes is parameterized by A, C'P violation in mixing is

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

r(t) = 7(t) = ‘Affe*” RD—F\/E?/(Ft)—Fx,ZZy/Q(Ft)Q , (70.24)

and the total number of D° — f decays divided by the total number of D° — f decays is

| rwa 2ty
R = L = Rp+VRpy + ——"—. (70.25)

The ratio R is more straightforward to measure than r(¢) or 7(¢), as there is no decay-time
dependence. In Table 70.2 we report measurements of R, Rp, and Ap in D’ — K*7~ decays
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5 70. D°-D° Mixing

normalized to D® — K~7F decays, and results from HFLAV [15] obtained from a global fit to all
relevant data that allows for both mixing and C'P violation (see Section 70.7). The experiments
typically perform a single fit for parameters Rp, 2’2, and y/'; results for /2 and ¢’ are listed in
Table 70.3. Allowing for C'P violation, the experiments measure parameters (RB,x’f,yﬂr) and
(Rp,2'%,y") [or equivalently (R, Ap) instead of (R}, Rp)] by separately fitting the D — K7~
and D°— K—7t event samples.

Table 70.2: 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 asterisk (*) have been superseded and thus are not included in the HFLAV
global fit (Section 70.7). The measurements with a dagger () are not included in the HFLAV
global fit due to much poorer precision.

Year Experiment R(x107%) Rp (x1079) Ap (%)
2018  LHCb (5.0 fb~T D* tag) [16] — 3.454+0.031 —0.01£0.91
2017 LHCb (3.0 fb~! B+ D*
double tag) [17] — 3.48+0.10 —3.15+3.31

2014 Belle (976 fb1) [18] 3.86+0.06 3.53+0.13 —
2013 CDF (9.6 fb~1) [19] 4.3040.05 3.5140.35 —
2007  BABAR (384 fb~1) [20] 3.5340.0840.04  3.03+£0.16+0.10  —2.1+£5.2+1.5

HFLAV Fit Result [15] 3.434 £0.019 —0.70 £ 0.36
2013b* LHCb (3.0 fb~T D* tag) [21] — 3.568+0.066 —0.7£1.9
2013a*  LHCb (1.0 fb1)[22] 4.2540.04 3.5240.15 —
2008*  CDF (1.5 fb~1) 23] 4.1540.10 3.04+0.55 —
2006*  Belle (400 fb~1) [24] 3.77+0.08+0.05 3.64+0.18 2.3+4.7
2005t FOCUS (234 evts) [25] 42910934027 5.1711440.76 1313310
20007 CLEO (9.0 fb1) [26] 3.32108340.40 4.841.240.4 ~1+541
19981 E791 (5643 evts) [27] 6.8 735+0.7 — —

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

V2AD: - Ktn7) = AD° - KT ) F ADY - K1), (70.26)
Squaring this amplitude and using Eq. (70.13) yields the relation
AD, — KTn7)]2 = |A(D_ — KTn7)?
COS(SKﬂ- — | ( +_> 7'[' )‘ ‘ ( - & )| (7027)

2|A(DY — K+77)[|A(D? — K+7—)|
Measuring the right-hand side is possible if one can identify pure D,, D_, D, and DY initial
states. This is accomplished at CLEOc and BESIII utilizing the processes ete™ — ¢(3770) —
D°DY — (fop)(KTn™), or ’QZ)(BZ'YO) — DD — (f50)(K*7~), where fop denotes a C'P-specific
final state, and fﬁo denotes a D°-flavor-specific final state. In the first case, quantum coherence
and C'P symmetry ensures that the K7~ state originates from a neutral D with CP opposite
that of fop. In the second case, at the time when the DO decays, the opposite side is D°. However,
it can potentially mix to D° before decaying to K7, and this introduces some dependence on
the mixing parameters z and y. This dependence is seen explicitly in the observable

ACP — |A(D_ — K—77)|? — |A(Dy — K7 1)?
Em = JA(D_- - K—7H)2+ |A(Dy — K—nH)2°

(70.28)
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6 70. D°-D° Mixing

Table 70.3: 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 () are not included in the HFLAV global fit due to
much poorer precision. All confidence limits and intervals correspond to 95% C.L. The Belle 2006
results restrict 22 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 CP violation Allowing for C'P violation
o (x107%) y (%) 2 (x107%) y (%)
5.0 fb~1 DY: 0.06140.037 0.5014+0.074
2018 LHCb D* tag [16] 0.039+0.027 0.528+0.052 {DO: 0.0160.039 0.554-0.074
3.0 D%: —0.01940.447  0.58140.526
2017 LHCb | B+D [17] 0.0284+0.310  0.464+0.37 { 9 0.07940 433 0.3394.0.523
double tag

2014 Belle (976 fb=1) [18] 0.09+£0.22  0.46+0.34 — —
2013 CDF (9.6 fb=1) [19] 0.08+£0.18  0.434+0.43 — —
DY —0.2440.52 0.98+0.78
DY: —0.2040.50 0.96+£0.75

2006 Belle (400 ) [24]  (0.187831)" (0.06*843)" <0.72 28 <y <21

2007 BABAR (384 fb~1) [20] —0.22:£0.37  0.97£0.54

. 3.0 fb~1 D°: 0.049+0.070 0.5140.14
2013b* LHCb (D* o )[21] 0.05540.049  0.484-0.10 0. 0.060L0.068 045140 14

2013a* LHCD (1.0 fb~1) [22]  —0.0940.13  0.7240.24 — —

2008* CDF (1.5 fb~1) [23]  —0.1240.35  0.8540.76 — —

20051 FOCUS (234 evts) [25] <83 —T2<y <4l < 8.0 ~11.2 <y <6.7
20000 CLEO (9.0 fb1) [26]  0.00+0.23  —2.3+13 0.0040.23 —2.5+14
19987 E791 (5643 evts) [27] <17 <13 — —

To lowest order in the mixing parameters [28],

2v/Rpcosdir+y
1+R ’

AP = (70.29)

where R is defined in Eq. (70.25). Such measurements are discussed in Section 70.5.

70.3.1 Wrong-sign decays to multibody final states

For multibody final states, Eqgs. (70.13)-(70.25) apply to each point in phase-space.®> Although
and y do not vary across phase-space, knowledge of the resonant substructure is needed to determine
the strong phase difference ¢ from point to point to extract = and y. Alternatively, experimental
knowledge of the strong phase difference between D? and D° decay amplitudes across phase space
[29] allow one to determine x and y independent of a decay model of resonant substructure. This
phase information can be measured at the charm threshold, where CLEO-c and BESIII took data.

A time-dependent analysis at BABAR [30,31] of D° — K+7~ 70 decays, relative to CF D° —
K*tn~ 70 decays, determined the strong phase variation across the Dalitz plot and reported z” =

3However, if the decay amplitudes involve the third generation, then A;/A; and 27/A7 in Eq. (70.13) also have
weak phase differences. However, this phase difference is estimated to be negligible for the sensitivity of current and
foreseeable future experimental measurements.
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7 70. D°-D° Mixing

(2.61 7027 +0.39)% and y” = (—0.06 7323 + 0.34)% . These mixing parameters are defined as

(70.30)
(70.31)

2" = 208 gm0 + YSIN I g0

y" =ycosdy, 0 —xsind. o,

in analogy with 2, ¢/, and g of Egs. (70.20) and (70.21). Here, d g0 is the strong phase difference
between the amplitudes A(D° — K*p~) and A(D° — K*p~). The phase difference dx, 0 can be
determined in a manner similar to that for dx,: by using Eq. (70.27) and quantum-correlated
measurements of the branching fractions B(D, —KTp~), B(D_—K*p~), B(D’ - K*p~), and

Table 70.4: Results from time-dependent multibody analyses. The errors are statistical, system-
atic, 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 () is not included in the HFLAV global fit due to poorer precision.
The 2019 LHCb result utilizes strong-phase measurements from CLEO-c [32] and thus is decay-
model independent. The 2019-2023 LHCD fits determine C'P-violating parameters Ax and Ay; the
translation of these parameters to |¢/p| and ¢ is given in Ref. [33].

No CP Violation

Year Experiment Final state(s) x (x1073) y (x1073)
2023  LHCD (5.4 fb~T B tag) [34] K97ntm  429+1484+0.26  12.61+3.12+0.83
2021  LHCb (5.4 fb~! D* tag) [35]  Kontr~  3.9740.46 +0.29 4.5941.204+0.85
2019 LHCD (3.0 fb~! B, D* tags) [36] K97rtr™ 2.74+1.64+0.4 74436+ 1.1
2016  LHCb (1.0 fb~t D* tag) [37] K2mtn~ —8.6+53+1.7 0.3+4.64+1.3
2016 BABAR (468 fb™1) [38] atr a0 15+12+6 24+945
2014 Belle (921 fb~1) [39] KOnta=  5.6+£1.9793+08 3.0+ 1.5704+03
0+ -
2010 BABAR (469 fb~1) [40] I?OSIZJIT{, 1.642.3+1.240.8 5.742.041.340.7
S
2007* Belle (540 fb~1) [41] Kyntn™ 8.0+29107 11 3.3+24775708
20057 CLEO (9.0 fb™1) [42] Kontn™ 19732 +4+4 —14+244+84+4
With CP Violation
Year Experiment Final state(s) lq/p| ®
Az x 103 = Ay x 103 =
1 0, +, —
2023 LHCb (5.4 f577) [34] Ksmrm —0.77+0.934+0.28 | 3.01+1.9240.26
0.996 4 0.052 (3.2720)°
2021 LHCb (5.4 tb~1) [35] Kyrtn= Az x10® = Ay x 103 =
—0.27 4 0.18 £ 0.01 0.20 & 0.36 + 0.13
105547 (-5.2753)°
2019 LHCb (3.0 tb~1) [36] Kdrtn= { Az x10° = Ay x 10° =
—0.53 4+ 0.70 £ 0.22 0.6+1.6+0.3
2014 Belle (921 fb™1) [39] Kdntr— 09070101007 7008 (—6+£114£371)°
2007+ Belle (540 fb~1) [41] Kdntn— 0861030 1098 +0.08  (—14 15152y

¥This result allows for all types of C'P violation and is superseded by Ref. [39], which assumes no direct CP
violation in CF or DCS decays.
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8 70. D°-D° Mixing

B(D°— K*p~)in efe™ — 9(3770) events.

For the decay modes D° and D° — K*tn 7t7~, Belle measured R = (0.324 & 0.008 =+
0.007)% [43]. Subsequently, a phase-space-integrated analysis from LHCb [44] measured the prod-
uct of a “coherence factor” RE3™ and the strong-phase-rotated mixing parameter Yjsr- This
measurement resulted in an observation of charm mixing with 8.2¢ significance.

Both the sign and magnitude of x and y without strong phases entering or sign ambiguity can
be determined by measuring the time-dependent resonant substructure of multibody D decays
to self-conjugate final states [41,42]. For such decays, e.g., D° — K¢nt7w~, the DCS and CF
decay amplitudes populate the same Dalitz plot, which allows for direct measurement of the strong
phase difference. Belle [39,41], BABAR [40], and CLEO [45] have measured the overall phase
difference between D° — K*(892)"7+ and DY — K*(892)"7~ to be [173.9 £ 0.7 (stat. only)]°,
[177.6 & 1.1 (stat. only)]°, and [189 & 10 4+ 3 T1°]°, respectively. These results are close to the
180° expected from Cabibbo factors, i.e., the relative minus sign between ViV, ; and V,,V_;; thus
they indicate a small strong phase. Four LHCb measurements [34-37] of x, y using D° — K2nt 7~
decays are decay-model independent, as the model of resonances in the intermediate state is replaced
by strong-phase measurements from CLEO-c [32] and BESIII [46]. Table 70.4 summarizes results
from time-dependent analyses of self-conjugate multibody final states. World average values for
the measurements listed are given later, as a result of the HFLAV global fit.

With regard to resonant substructure in D° — Kg ntn~ decays, Belle [39,41] 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™,
K3(1430)" 7, K*(1410)*7~, and K*(1680)" 7. Similarly, BABAR [40, 47, 48] reported central
values of R for K*(892)"7~, K(1430)"7~, and K}(1430)Tn~. The systematic uncertainties on
R are not evaluated. Large differences in R are observed among these final states, which indicates
significant hadronic effects.

70.4 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 Zf = A;. We denote final states with CP eigenvalues +£1 by fi. Decays to
CP eigenstates proceed mainly via singly Cabibbo-suppressed amplitudes. Such amplitudes can
contain internal loops and thus involve the third quark generation; in this manner a weak phase
would appear in the decay amplitude, leading to direct C'P violation. However, such internal
loop amplitudes are suppressed, and the presence of a weak phase is often neglected. The mixing
parameter y may be measured by comparing the rate for D° decays to C'P eigenstates such as
K*TK~ with the rate to flavor eigenstates such as K~ 7+ [14]. If decays to K™K~ have a shorter
effective lifetime than those to K~ ", then I', > I'_, or, since CP violation is very small, I, > I'}
and y is positive. For small mixing (z,y < 1), the decay rates for D® — f_ and D° — f, have an
approximately exponential time dependence:

T4 (t) o< exp(—I's t) (70.32)
7o (t) ocexp(—Tx t), (70.33)

where the effective decay widths are given by

(1

1+
T, — (u‘
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Table 70.5: Results for y.p and A from DY decays to C'P eigenstates. When a single uncertainty
is listed, that corresponds to statistical and systematic uncertainties combined. The measurements

with an asterisk (*) have been superseded.

Year Experiment

Final state(s) Yop (%)

Ap(x1073)

2022%
2021

LHCb (6 fb-L D* tag) [49]

KTK~+7ntn~ 0.696+0.026+ 0.013

LHCb (8.4 tb~! B, D* tags) [50] K*K~+ntn~ —

0.10£0.11+£ 0.03

(
2021 LHCb (6 fb~! D* tag) [50] KtK—+ntr — 0.27+0.13+ 0.03
2021 LHCb (6 b1 D* tag) [50] KtK- — 0.23+0.15+ 0.03
2021 LHCb (6 fb~! D* tag) [50] ax o — 0.40+0.28+ 0.04
2020 Belle (976 fb~1) [51] Kow 0.9640.9170:83 —
2019 LHCb (3 fb~! B tag) [52] KtK~—+natr~  0.5740.1340.09 —
2017 LHCb (3 b~ D* tag) [53] KtK—+natr — —0.134:0.2840.10
2017 LHCb (3 tb~! D* tag) [53] KtK- — —0.3040.32+0.10
2017 LHCb (3 b~ D* tag) [53] Lar — 0.46£0.58+0.12
2016 Belle (976 fb~1) [54] KTK—+7tn~ 1.1140.2240.09  —0.34+2.0+0.7
2015 LHCb (3 fb~! B tag) [55] KtK-+natr — —~1.254+0.73
2015 LHCbD (3 fb~! B tag) [55] KtK- — —1.34+0.77 1526
2015 LHCb (3 fb~! B tag) [55] rtn — —0.92+1.45 152
KYK—, ntn~
2015 BES III (2.9 fb~1) [56] K%n% Kdn07% —204+£13+£0.7 —
K9n, Kdw

2014 CDF (9.7 fb~1) [57] KtK-+rtn~ — —1.2+1.2
2014 CDF (9.7 fb~1) [57] KtK- — ~1.9+1.540.4
2014 CDF (9.7 fb~1) [57] ntm — —0.1+1.840.3
2012 BABAR (468 fb~1) [58] KK~ +7tn~ 0.7240.1840.12  0.942.640.6
2009 Belle (673 tb~1) [59] KYKTK~ 0.1140.6140.52 —
2002 CLEO (9.0 tb=1) [60] KtK-+ntn=  —1.2425+1.4 —
2000 FOCUS (1 x 106 evts) [61] KtK- 3.42+1.39+0.74 —
1999 E791 (2 x 1019 evts) [62] KK~ 0.73+2.8941.03 —

HFLAV Average [63] 0.719 £0.113  0.089 £+ 0.113
2020 LHCb (5.4 b~ B tag) [64] KtK- — —0.4340.36+ 0.05
2020* LHCb (5.4 b~ B tag) [64] ax e — 0.22+0.70+ 0.08
2013* LHCb (1.0 fb~! D* tag) [65] KtK- — —0.3540.62+0.12
2013* LHCb (1.0 fb~! D* tag) [65] ax — 0.33+£1.06+0.14
2011*S LHCb (29 pb~! D* tag) [66] KtK~ 0.55+0.63+0.41  —5.945.942.1
2009* BABAR (384 fb~1) [67] KtK- 1.1640.2240.18 —
2008* BABAR (384 fb~1) [68] KtK—+natr~  1.03£0.33+0.19 2.64+3.6+0.8
2007* Belle (540 fb~1) [69] KtK—+natr~  1.31£0.32£0.25 0.1+3.0+£1.5
2003* BABAR (91 fb~1) [70] KtK-+natr 0.840.4 702 —
2001* Belle (23.4 fb~1) [71] KtK~ —0.54+1.07)7 —

#This measurement has sufficient precision that yo p for the normalization channel D° — K~ 7" must be accounted
for. Thus, the measurement is yop(hth™)—yop(K 7). HFLAV accounts for this small correction in their global
fit.

$This result for yop is not superseded, but it is not included in the HFLAV average due to having some correlations
with the result of Ref. [52] but much worse precision.
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Thus, the effective decay rate to a C' P eigenstate combining equal numbers of D° and D° decays
(e.g., an untagged sample with no production asymmetry) is

re(t) + To(t) o e (Fver)t, (70.36)

where

3 (5] o) veoe = (5] =[2]) ==
=-l=lt = cosp——||=|—|=|)xsing
Yorp = 5 D q Y 2 \Up q
(70.37)

~ycoso — Ay xsing. (70.38)

If CP is conserved, yop = y. Most measurements of y,p have used DY - KtK~ and D° —
7tn~ decays, which are C'P-even, measured relative to D? — K~7+. Belle measured Yo p also using
DY — K2 w decays [51], which are CP-odd, and D° — K9 K™K~ decays [59], which are dominated
by the C'P-odd final state Kg ¢. Table 70.5 summarizes the current status of measurements.

In addition to y.p, Belle [54], BABAR [58], CDF [57], and LHCb [50,66] have reported mea-
surements of the decay-rate asymmetry for C' P-even final states:

r.-T — (/7 Ty —
ap=Le=le  Wr)=(WT)  Te—m (70.39)
I +r, (L/74) + (1/74) T+ 74
=5 (5l = [5l) yemo =5 (5[5 e
2\Ipl g 2\Ipl g
(70.40)
~ Apycosg —xsing. (70.41)

If CP is conserved, Apr = 0.

There is a contribution to Eq. (70.41) from direct C'P violation, i.e., [Af/As| # 1 [72,73]. For
f=KtK~ and n 7, this contribution can be estimated from measurements of Acp(K ™K~ ) and
Acp(mtn™) (see below) and is much smaller than the current uncertainty on A,;; thus we neglect
it here. We note that, when averaging A, measurements over K™K~ and 7t7~ final states, the
contribution from direct C'P violation cancels, as it has the same magnitude but opposite signs for
K*K~ and 77~ due to U-spin symmetry [73].

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

_I'(D°— f)-I(D° = f)
Acp = (DO — fy+I(D°— f) (70.42)

Unlike A, which is measured by fitting decay time distributions, A, p is measured by fitting for
signal yields and (aside from acceptance effects) 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: Aop(D° — f) = AéP + Aig?}re“. The latter indirect contribution depends
on the mixing parameters x and y:

- 1 1
Ag'l%rect — (‘q’+‘p’>xsin¢—

q| |p
g1 _|P — A, A
2 \Ip| " lg 2<’ ‘ ’ Dycow r (7043)

p q

Numerous measurements of A, p for decays to C'P eigenstates are listed in this Review [74].
Table 70.6 summarizes the current status of measurements of the difference in A p for D° — K+t K~
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and D° — 77~ decays: AAcp = Acp(KTK™) — Acp(ntn™). Within the Standard Model,
Aglff ~ —A%p [75], and AAcp essentially doubles any direct C'P violation present. The difference
is also advantageous experimentally, as several systematic uncertainties cancel. As Ag%}iire“ is
independent of final state, it subtracts out of AAcp. However, at hadron experiments such as
LHCD, there is a difference in efficiencies between Kt K~ and 77~ such that (¢);x # ()., i€,
the mean decay times slightly differ. This difference leads to a small contribution to AAgp from
Alndirect 1791 The most recent AA¢p result from LHCb [76], 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 decays. These C' P asymmetries are included in HFLAV’s global fit for
charm mixing parameters discussed below.

Table 70.6: Results for the difference in time-integrated C'P asymmetries AAcp between DY —
K*tK~ and D° = 7nt7~ decays. When a single uncertainty is listed, that corresponds to statistical
and systematic uncertainties 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 (x1073)
2019 LHCb (8.9 fb~! B, D* tags) [76] —1.54+0.29
2013 CDF (9.7 tb~! D* tag) [77] —6.24+2.14+1.0
2008 BABAR (386 fb™1!) [78] 2.4+6.2+2.6
2008 Belle (540 tb=1) [79] —8.6+6.040.7
2016* LHCD (3.0 fb~! D* tag) [80] ~1.0+£0.84+0.3
2014* LHCD (3.0 fb~! B tag) [81] 1.44+1.6+0.8
2013* LHCb (1.0 fb~! B tag) [82] 4.943.0+1.4
2012* LHCb (0.62 fb~! D* tag) [83] —8.242.1+1.1
2012} Belle (976 tb—1) [84] —8.74+4.1+0.6

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

70.5 Quantum-correlated D’D? Analyses

Measurements of Rp, cosdxr, sindx, 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. Single-tagged events are those in which either the D° or D° decay is recon-
structed (identified), and the other neutral D decays generically. Double-tagged events are those
in which both the D? and D decays are identified. Due to quantum correlations, the decay of a
DY DY, D,, or D_ projects the other neutral D into a state DY D° D_, or D, respectively.
The CP-specific D_ and D, decays (or, neglecting C'P violation, D, and D, decays) include in-
terference between D° and DY amplitudes, and this provides sensitivity to Rp and cosdx,. 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 2.9 fb™! of ete™ — ¢(3770) data, where the quantum-
correlated DYDY pairs are produced in a C=—1 state. They measure yop = (—2.0£1.3+£0.7)% [56]
from DT yields using a C P-eigenstate tag for one D and a flavor-specific semileptonic tag for the
other; and they measure AYY = (13.2 4 1.1 4+ 0.7)% [85] from DT yields using a CP tag for one
D and a K*7T tag for the other. For y.p, the CP eigenstates used are K~ K* (fy), nt7~ (f4),
KAm070 (£4), Km0 (f-), K%n (f-), and K2w (f-). For AZ seven additional C'P eigenstates
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are included: 7070 (£,), K% (£-), K36 (£), K70 (1), KO w (f), KO %0 (f_), and 7+~ 0
(mixed CP). Using Eq. (70.29) and external inputs for the C'P-even fraction of D° — 7+7 =70
(from Ref. [86]) and values of Rp and y (from HFLAV [87]), BESTII obtains 65, = (7.6 T1776)° [85].

CLEO-c has reported results using 0.82 fb™! of eTe™ — ¢(3770) data [88-90]. The values for
Y, Rar, cosdfr, and sindx, are obtained 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 flavor-specific D — K¥e*v and D — K¥pu*y modes. The
CLEO-c analysis obtains cosdg, = 0.81 fg:%g fg:gg and sindx, = —0.01 +0.41 £ 0.04. These fits
allow cos 0k, and sin g, (and also 22) to be unphysical. Constraining cos dx, and sindx, to the
physical range [—1,+1] (i.e., interpreting dx, as an angle) and also using external inputs for x, y,
and y,p from HFLAV 2012 [91], CLEO-c obtains §x, = (18 713)° [90].

70.6 Summary of Experimental Results

The first evidence for D°-DY mixing was obtained in 2007 by Belle [69] and BABAR. [20]. These
results were confirmed by CDF [92] and, much later, by LHCb [22]. There are now numerous
measurements of DY-DY mixing with various levels of sensitivity. For D® — K*7~ decays, LHCb
[21,22], CDF [19], and Belle [18] each exclude the no-mixing hypothesis by more than five standard
deviations. LHCb [44] reported the observation of charm mixing in D® — K7~ n+7~ decays with
8.20 significance. However, the strong phase difference for this decay is not known, and thus the
mixing parameters x and y cannot be extracted. The most precise measurements of x and y are
obtained from a time-dependent Dalitz plot analysis of D — Kg 777~ decays. This method was
developed at CLEO [93] and subsequently used at Belle [39,41] and BABAR [40] with much higher
statistics. BABAR has applied this method also to D° — K3 K™K~ decays [40]. It has recently
been used by LHCDb with very high statistics [34,35] to obtain the most precise values of z and y to
date. This measurement resulted in the first observation (> 5o significance) of dispersive mixing

(x #0).

The experimental measurements establish that D and D° mesons mix. This mixing is presum-
ably dominated by long-distance amplitudes, which are difficult to calculate. Under the assumption
that the observed mixing is due entirely to non-Standard Model processes, significant constraints
on new physics models can be obtained [94]. A significant limitation to interpreting charm mixing
in terms of new physics is the theoretical uncertainty on Standard Model predictions [95,96]. We
note that the HFLAV global fit results for 2 and y (see below) indicate that charm mixing is at the
upper end of the range of these predictions. The current situation would benefit from knowledge of
the strong phase difference dxrr between D? — K*7~ 7% and D' — K+7~ 7% decays, and similarly
the strong phase difference dxrrr between D — K+tn~nt7~ and D° — K+n~ 77~ decays. Such
knowledge would allow one to extract z and y from measurements of (2”2 y") and (2%, Ys,) for
these three- and four-body decays.

With regard to C'P violation, by combining four separate measurements from two data sets
totalling 8.9 fb~! of data, LHCb observed C'P violation in D decays for the first time [76]. The
observable measured is the difference AA,p = App(KTK™) — Agp(ntn™), which is dominated
by direct C'P violation, i.e., the potential contributions from indirect C'P violation mostly cancel.
The amount of direct C'P violation observed is small: AA,p = (—0.154 £ 0.029)%. A theory
calculation indicates this value is consistent with Standard Model expectations [97]; however, new
physics contributions cannot be excluded. A subsequent LHCb measurement of A p(KTK™) =
(0.068 £ 0.056)% differs from zero by only 1.20 [98]; thus, the AA,p result is interpreted as
indicating direct C'P violation in D — 77~ decays.
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70.7 HFLAV Global Fit for Charm Mixing Parameters

The Heavy Flavor Averaging Group (HFLAV) performs global fits to all relevant mixing mea-
surements to obtain world average values for the following parameters: mixing parameters z and
y; strong phase differences 05 and 9, o; the ratio Rp of D’ — K*tn~ and DY — K+~ partial
widths; direct CP-violating parameters A, (K n~), ABK = A, and AT%, = A_; and indirect C P-
violating parameters |q/p|, Arg(q/p) = ¢, P19, ¢2 , and ¢}. Four separate fits are performed: (a)
assuming no C'P violation; (b) assuming no subleading amplitudes for indirect C'P violation; (¢) as-
suming no subleading amplitudes in Cabibbo-favored and doubly Cabibbo-suppressed decays; and
(d) allowing for all C'P violation. Fits (b) and (c¢) correspond to theory expectations [73,99,100],
with the latter being less restrictive. For fit (b), four fitted parameters are reduced to three using
the relationship tan ¢ = (z/y) - (1 — |q/p|?)/(1 + |q/p|?) [99-101]; alternatively, one can fit for the
three parameters 15 = 2|M,|/I", Y1 = [I'o|/T', and ¢y5 = Arg(M,,/1,), from which z, y, |q/pl,
and ¢ can be derived. Details of these fits are given in Ref. [87].

Table 70.7: HFLAV global fit results (see text) [15].

Parameter No CP No subleading No subleading All CP 95% C.L. Interval
violation amplitudes for amplitudes in violation (CPV allowed)
indirect CPV CF+DCS decays allowed
Fit (a) Fit (b) Fit (c) Fit (d)
z (%) 0.434 0126 0.407 £0.044 — 0.407 £0.044  [0.320, 0.493]
y (%) 0.646 +£0.024  0.643 +8 8§§ - 0.645 10924 [0.600, 0.692]
Spen (°) 11.5 139 11.3738 10.9 739 11.4733 3.7, 18.2]
Rp (%)  0.344 £0.002 0.344 + 0002 0.344 40,002 0344 + 0.002 [0.340, 0.347]
Ap (%) - — —0.77 £0.35  [—1.46, —0.08]
lq/p| - 1.005 + 0.007 - 0.994 75018 0.96, 1.02]
¢ (°) - —0.19 £0.26 — —2.6713 [—4.88, —0.37]
5KM () 23.1128 245122 244123 24.6 2% [—20.1, 65.7]
A (%) — 0.202 +£0.059  0.200 +0.059  0.218 £0.060  [0.10, 0.34]
Ap (%) - 0.045 +0.053  0.043 £0.053  0.062 £0.054  [—0.04, 0.17]
:612 (%) - 0.407 £0.044  0.407 +0.044 [0.321, 0.494]
2 (%) - 0.643 7022 0.641 10022 — [0.595, 0.687]
( ) — 0.65 7555 - - [~1.13, 2.49]
(°) — — 0.48 +0.92 — [—1.35, 2.32]
5 (°) - ~ 2.40 t12% — [—0.61, 5.45]
2/ol of.  100.6/(63—5) 68.9/(63—8)  66.5/(63—9)  65.4/(63—10)
= 1.74 = 1.25 —1.23 —=1.23

The fits use Belle, BABAR CDF, and LHCb measurements of D0 — K+~

v, Kt K~ ntn~

Ktn=, Ktn= 7%, KTn=ntn—, Kor + ~, K2KTK~, and 777~ 7Y decays, as well as CLEO-c and
BESIII measurements of cos d, sin 5 and AC p(K*7—) obtained from quantum-correlated branching
fractions measured in ete~ — ¥(3770) — DDV reactions. Correlations among observables are
taken into account by using the error matrices provided by the experiments. Three observables
input to the fit are themselves world average values calculated by HFLAV: R, = (2% +y?*)/2 from
DY — K®+¢~7 decays (Table 70.1), and yop and A from D° — f,p decays (Table 70.5). A
measurement by LHCb of R, using D° — K +7r*7r+7r* decays is input separately.

The results of the fit as of September, 2023 are listed in Table 70.7. Confidence contours in the
two dimensions (x,y) and (|¢/pl, ¢) resulting from the fit are plotted in Fig. 70.1. These contours
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14 70. D°-D° Mixing

are obtained by allowing, for any point in the two-dimensional plane, all other fitted parameters
to take their preferred values. The 1050 boundaries drawn are the loci of points in which the
x? 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 11.5¢. The fit is consistent with C'P conservation
(lg/p| = 1, ¢ = 0) at the 20 level. The x? of the all-C P-violation-allowed fit is 65.4 for 63—10 = 53
degrees of freedom, which is satisfactory. One-dimensional likelihood functions for parameters are
obtained by allowing, for any value of the parameter, all other fitted 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 70.7.
CKM 2023 2 c
36

e Uer CPV allowed
& —
> P . |
0.7 | 4 107 40
| & : i5o
S - -
o8F &_ﬁm sliié g
T [ il '
i SR

Arg(qg/p) [degrees]

s
E 1 e
0.5 ] ol -""-'--uﬂiri
] i o 90
1 0 2> 4
0.4- : _Agl'f ’ Agji
. 1 V4 ;4
0.3 -Sr 445" > 4
T o ] ii o -g!‘is}l!"
: 26 ] L
0.2 3¢ -10
40 1
0 CKM 2023 B50 [ ‘ L ‘ ‘ ‘ ‘ ‘
'6.1 02 03 04 05 06 07 038 -0.1 -0.05 0 0.05 0.1
X (%) la/pl-1

Figure 70.1: Two-dimensional 1o-50 contours for (x,y) (left) and for (|q/p|, Arg(q/p)) (right) as
obtained by HFLAV [15]. In the right plot, the black dot denotes the no-C P-violation point (0, 0).

From the results of the HFLAV global fit, we conclude the following: (1) Since C'P violation is
small and y.p is positive, the C'P-even state is shorter-lived, as in the K UK system. (2) Since x is
positive, the C'P-even state is heavier, unlike in the K°K? system. (3) The strong phase difference
drx is small but probably nonzero: the 95% C.L. interval is 3.7° < dx, < 18.2°. (4) While direct
CP violation has been observed in D decays, there is still no evidence for indirect C'P violation,
ie., |g/p| # 1 or ¢ # 0. Observing such C'P violation at the current level of sensitivity would
indicate new physics.

70.8 Future Data

Current results are based primarily upon CLEO-c (0.82 fb~! of eTe™ — 1(3770) data), Belle and
BABAR (~1.4 ab™! of ete™ — T(45) data), CDF (9.6 fb~! of pp collision data at /s = 1.96 TeV),
and LHCb Runs 1 and 2 (3.0 fb=1+5.9 fb~! of pp collision data at /s = 7, 8, 13 TeV).

BESIII has accumulated 8 fb~1 of eTe™ —4(3770) data and plans to collect a total of 20 b1
by 2025. These data should provide strong phase measurements that would enable improved model-
independent determinations of mixing parameters from Belle IT and LHCb. In 2019, Belle II began
accumulating 50 ab™! of ete™ — Y(4S) data [102], which is expected to take approximately ten
years to collect. At LHCb, Run 2 was completed in 2018, Run 3 is now in progress, and Run 4 is
planned for 2027-30 [103]. The goal for Runs 3 +4 is to accumulate an additional 50 fb=! of pp
data at /s ~ 14 TeV [104]. These data, along with the large eTe™ dataset from Belle II, should
provide more precise measurements of D°-D® mixing and direct C'P violation, and might possibly

1st December, 2023



15 70. D°-D° Mixing

uncover indirect C'P violation in the neutral D system.
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