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1 Introduction

The quantum-correlated D°D° pairs produced at an
eTe™ collider operating at the charm threshold allow
the measurement of D decay strong-phase parameters,
which are important input information for the measure-
ment of the Cabibbo-Kobayashi-Maskawa (CKM) an-
gle v and D°-D° mixing. Large samples of correlated
DYD® data may also be used to directly measure the
charm mixing and C'P violation parameters. In this pa-
per, we review these aspects of quantum correlation at
the charm threshold. Section 2 introduces the formal-
ism that describes the D°D° quantum correlation in the
efe™ — W(3770) — DYDY process. In Section 3, we
discuss 7 measurements that take the D decay parame-
ters measured at the charm threshold as input, and we
present the current constraints on those parameters as
provided by the CLEO-c and BESIII experiments. The
same constraints are also useful for improving the un-
derstanding of charm mixing, as shown in Section 4. In
turn, charm mixing measurements can be used to im-
prove the strong-phase parameter precision, with a posi-
tive impact on the extraction of 7 (Section 5). In Section
6, the projected uncertainty of v measurements over the
next decade is presented, and estimates are given on the
volume of charm threshold data required to fulfill these
expectations. Analogous estimates are given for charm
mixing. In Sections 7, 8, and 9, we discuss the measure-

© The Author(s) 2015. This article is published with open access at www.springer.com/11467 and journal.hep.com.cn/fop

wm
Qo
-
wm
>
=
=¥
T
)
&
2
e
=
)
=
=




w
Q
o=
7]
>
|
=5
i
(=}
&
.g
=}
=]
1=
=

ment of D—D mixing and CP violation parameters using
time-integrated and time-dependent analyses at a hypo-
thetical charm factory and, in Section 10, we compare
the precision expected from the upgraded LHCb experi-
ment with that expected from Belle II. Finally, although
unrelated to quantum correlation, we present sensitiv-
ity estimates for measurements of time-integrated CP
asymmetries in a selection of D decays at LHCb, Belle
II, and a charm factory in Section 11.

2 Quantum correlation

In this section we introduce the concepts underlying
the majority of the measurements that will be discussed
throughout this review. We define the mass eigenstates
in the neutral D meson system as

[D12) = p|D°%) £ ¢|D°), (1)

with eigenvalues A\, = my — ;Fk (k =1,2), where my 2
and I o are the mass and width of the two neutral D
meson states. We adopt the convention CP|D%) = |D°)
and we require CP|Dq 2) = £|D4 2) if C'P is conserved.
This condition implies ¢/p = 1 if the CP is a symme-
try of the Hamiltonian governing the D—D mixing. The
mixing is parameterized by the quantities = and y, which
are defined as * = (my — mg)/I" and y = (It — I») /2T,
with I' = (I'1 + I'z)/2. Experimentally, it is found that
z = (0.417073) x 1072 and y = (0.6310:07) x 1072 [1].
From Eq. (1), it follows that

ID(£)) = g4 ()| D°) + ]igf<t>|D°> , (2)
1DO(t)) = g4 (£)| D) + zg_<t>|D°> : (3)

where g1 (t) = (e7™ £ e72%) /2 and t is time. In the
ete™ — w(3770) — D°DP process, the DD pair is pro-
duced in a coherent angular momentum L = 1 state that
is antisymmetric under the D < D exchange, following
the conservation of the quantum number C' = —1. Thus,

|¥(3770)) — |D°D°) — [D°DO) . (4)

Both of the particles evolve in time. However, this oc-
curs in phase, so that the quantum state remains that
described in Eq. (4) until one of the particles decays.
Once the first particle has decayed, the second particle
continues to evolve in time from the state projected when
the first decay occurred. If the second D decays at a given
t after the first particle, the amplitude A of the process
is given by

A(w(3770) — DD — f1f2)
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o< (f1|D°)(f2|D°(t)) = (AID)(D°(1)) . (5)
where f1 2 indicate the final states of the two D and the
time evolution of the D mesons is given by Egs. (2) and
(3). The time-dependent rate calculated from Eq. (5) is

dI'(w(3770) — f1f2)/dt
e~ I'ltl

x (las|* + |a—|?) cosh(yI't)

+ (lax|* = la—|?) cos(zI't)

—2R[a’a_]sinh(yI't) — 2S[a’a_]sin(zI't), (6)
where ay and a_ are defined as

a4 = Afl Ap, — Agp Afz ) (7)
p q5
a— = qulAfZ - bAf1Af27 (8)

and Ay (Ay) is the decay amplitude of D° (D°) to the
final state f. Neglecting terms of O(x*,y*), the time-
integrated rate is

r(w(3770) — fif2)

2 2 2 2
Yy —x 4y
o |ay |? (1+ 9 ) + Ja_|? ( ) )

= las[* + 0%, y?). (9)

Eq. (9) gives access to the interference between the D
decay amplitudes. As an example, let us consider the se-
lection of C'P-tagged D° — K~ 7% decays, where one D
is selected in a C'P-even final state (e.g., fi = KTK™)
and the other in K~ 7". Assuming CP conservation,
Ay, = Ay Introducing rg e 0k = Ap /A .+,
ay = Agrg-Ag— i (1 — rme 957) from Eq. (7), and
from Eq. (9)

D(W(3770) — fifa) < 1415 — 2rgycosdxy. (10)

Hence, it is possible to directly access the relative phase
O from the C'P-tag rate. This is used as input in v and
D-D mixing measurements, as discussed in Sections 3
and 4, respectively.

The same concept can be applied to any combination
of double-tagged events, namely, flavor-specific semilep-
tonic modes (K~ p*v,, K~ etv.), quasi flavor-specific
modes (K~ 7", K-ntn?, K=ntntn™), CP-even/odd
modes (e.g. K27m), self-conjugate multi-body channels
(Kg)Lh"’h_ and h*h= 7% (h=m,K), Kt K 7nt77), and
others (e.g., KYK ~n"). In the following sections, we dis-
cuss a number of measurements involving many of these
decay channels.

3 Input to CKM angle v measurement
The most sensitive method for the measurement of the
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angle v of the unitarity triangle exploits the interfer-
ence between the b — cus and b — ucs amplitudes in
the B~ — D®OK®)~ decays. The amplitude of the
B~ — [f]pK~ decay can be expressed as A(B~ —
[flpK~) = ApAy + Ap Ay, where [f]p represents any
final state originating from the decay of D° or D°, Ap =
(D°K~|H|B™), Ap = (D°|H|B™), A; = (f|H|D"), and
Ay = (f|H|D®). Defining the hadronic parameters rp
and 6p as rpel®®=7) = Ap /Ap, the rate of B~ — DK~
can be expressed as

(B~ = [flpK ™) oc |Ag|? + rE| Ay
+2cos(6p —7)R[Af A%+ 2sin(65 —7)S[Af A7), (11)

Assuming that C'P is conserved in the decay of DY, the
rate of the charge-conjugate mode is obtained from Eq.
(11) by replacing v with —v. The weak-phase ~, rp and
dp are extracted from the measurement of the B* yields,
provided that the quantities R[A ffl}] and 3[4 ffl}] are
constrained with independent measurements. We discuss
cases in which this is achieved by exploiting the DD
quantum coherence at the charm threshold in the re-
mainder of this section.

3.1 The model-independent Dalitz method

In the Dalitz method, the D meson is reconstructed
in a 3-body final state such as D° — K3rtn~ [2, 3].
The decay amplitudes of D and D° can be defined as
Af = f* = f(m%ami) and Af = f+ = f(miam%)a
where m2 and mi are the squared masses of K gTF_ and
ng"’, respectively. In the model-dependent approach,
the amplitudes fi are determined through a Dalitz plot
analysis performed on a large sample of flavor-tagged D°
decays, which are selected from D** — DOzt for ex-
ample. The unknown =, rg, and dp are extracted by
measuring the B* yields as functions of the position in
the D Dalitz plot, using Eq. (11). The systematic un-
certainty associated with the parameterization of the f.i
amplitudes varies significantly among different experi-
ments (9° at Belle [4], 3° at BaBar [5], smaller at LHCb
[6]). Thus, it is difficult to predict the extent to which
this error can be safely reduced in future measurements.
However, it may be assumed that this error will limit the
precision of the model-dependent approach over the next
decade, when the overall uncertainty of «y is expected to
reach the 1° level (see Section 6).

The alternative is the model-independent approach
[2, 3], which is free from the uncertainty associated
with the Dalitz model description. The Dalitz plot is
divided into 2N bins that are chosen to be symmet-
ric under the mi — m? exchange, and the number of
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BT — [K3ntn~]pKT decays is measured in each bin.
From Eq. (11), the number of BT decays in each bin i
can be expressed as

NF o Kij+rhoKei + 2K K_; (25+C; £ ypSi) |
(12)

where zp+ = rpcos(dp F ), ypx = rpsin(ds F ),
and rj = rh- + yp-. K; is proportional to |[A(D° —
K77~ )|? integrated over bin . The parameter C; (S;)
is the average cosine (sine) of the strong-phase difference
between A(D? — K9rtn~) and A(D° — K2ntm™)
over bin 7, such that

fD AfA*
\/fD |Af|2dD\/fD |Af2dD

S; is defined as in Eq. (13) with R replaced by &

K; can be measured at both eTe™ and hadronic B-
factories using flavor-tagged D° — K3nt7~ decays.
On the other hand, C; and S; can only be measured
from the interference between D? and D° decaying in
the same final state. This condition is fulfilled in the
¥(3770) — D°DP process, through exploitation of the
quantum coherence of the D°D? system. The statistical
precision in the extraction of v depends on the bin shape
and N. For a limit of infinite ¥(3770) sample size, the
precision achieved with very large N is equal to that ob-
tained in the unbinned case. The CLEO-c detector has
provided measurements of the C; and S; parameters for
four different binnings, each with N = 8 [7-9]. The loss
of statistical precision compared to the unbinned case is
estimated to be approximately 10%-20% [7]. Addition-
ally, the experimental error on C; and S; translates into
a systematic contribution to the measurement of «y in the
2—4° range.

Figure 1 shows the D — K77~ Dalitz plot binning
adopted in the CLEO-c experiment in order to extract
the C; and S; parameters. Figure 2 shows the measured
C; and S; values, which have been used in the Belle [10]
and LHCD [11] measurements. An analogous procedure
has been applied to D° — KgK+K_ and used at LHCD
to constrain v, together with D° — K{rT7~. Because
of the smaller size of the CLEO-¢ D* — K2KT K~ sam-
ple, the Dalitz plot was partitioned into 4 bins (N = 2)
[7]. B

Using a sample of 772 million BB pairs, the Belle ex-
periment has measured [10]

(13)

v = (7737158 £ 4.1+ 4.3)°, (14)

where the first error is statistical, the second incorpo-
rates the experimental error without the C; and S; uncer-
tainty, and the third is due to the C; and .S; uncertainty.
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Combining the D° — K2nt7r~ and D° — KYKTK~
channels for a dataset of 3.0 fb~!, the LHCb experiment
has found [11]

v = (62413)°, (15)

where the total error includes a contribution of 2°-3°
from the uncertainty of the C; and S; parameters.

In Section 6, we will discuss the quantity of charm
threshold data required in order to limit the systematic
uncertainty of v associated with the C; and S; parame-
ters to a small value, compared to the expected overall
uncertainty.

3.2 The ADS method

In the Atwood, Dunietz, and Soni (ADS) method
[12], the D° is reconstructed into a doubly Cabibbo-
suppressed (DCS) decay, such as DY — K*7~. The de-
cay rate of the B~ — [KTn~]pK ™~ process is the result
of the interference between B~ — D°K ~ followed by the
DCS DY — K*7~, and the suppressed B~ — DK~ fol-
lowed by the Cabibbo-allowed D° — K*7~. From Eq.
(11), it follows that

I'(BY — [K*71F|pKT)
I'(BT — [K¥nE|pKT)
= 1% 4 1% + 2rgrp cos(dp + 6p F ), (16)

where rpe™ 97 = (K+7~|H|D®)/(K*+7~|H|D°). The
measurement of RT can be used to constrain ~y, pro-
vided rp and the strong-phase difference dp are known.
rp can be measured with very good precision at both
ete and hadronic machines in analysis of D—D mixing
with D — K*t7~. Note that p has been constrained
by both the CLEO-c¢ and BESIII experiments, exploit-
ing the quantum coherence in the ¥(3770) — D°DC de-
cay. Here, one D is reconstructed into K*7¥ while the
other forms a CP-eigenstate final state [13, 14] [see Eq.
(10)]. To fully exploit the available dataset, a number
of additional double-tag combinations have also been re-
constructed at CLEO-c (see the end of Section 2). Using
a dataset of 818 pb~—!, the CLEO-c detector has yielded
results of

cosdp = 0.81f8:§§f8:8§, (17)
sindp = —0.01 +0.41 +0.04, (18)
|6p| = (10F28+13y°, (19)

Using a dataset of 2.92 fb~!, the BESIII experiment has
measured the asymmetry A%; of C'P-tagged D decay
rates to K~ 7", where

BDCP,HKfTH’ - BDC}:»*,~>K'77I'+

ARE = , (20)

Bpep_ —k-nt +Bpop,—k—nt

111404-4
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finding that AP = (12.7 + 1.3 £ 0.7) x 10~2 [14].
From A%P and using the relation 2rpcosdp +y =
(14 Rws)ASE | where Ryyg is the decay rate ratio of the
wrong- (WS) and right-sign (RS) processes D* — K ~n+
and D° — K—nt, respectively, the BESIII experiment
has yielded

cosdp =1.02+0.11 £ 0.06 £ 0.01. (21)

The first and second uncertainties in this expression are

3.0

2.51

o 2,04
o
%
Q
o ..
L5

1.0

0.5

0.5 1.0 15 20 25 3.0
m* (G€V2f04)

Fig. 1 Binning of the D° — Kg.7r+7r* Dalitz plot that was found
to exploit best the B-statistics according to the BaBar Dalitz plot
model. It was used by CLEO-c [7] to extract the C;, S; param-
eters adopted by Belle and LHCb as baseline for their model-
independent v measurement [10, 11].

1.5

1.0
0.51
0_
o
-0_5_
1.01
.51 —— Statistical
Total
= Model expectation
_2.0_
1.0 0.5 0 0.5 1.0 1.5
C

Fig. 2 CLEO-c measurement of the C;, S; parameters for the
D — ng+7r’ Dalitz plot binning displayed in Fig. 1 [7]. This bin-
ning and the corresponding set of C;, S; parameters have been used
by the Belle and LHCb experiments in their model-independent
measurement of v [10, 11].
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statistical and systematic, respectively, while the third
uncertainty arises from the world-average values used for
rp, Yy, and Ry g.

3.3 The ADS-like method

In Section 3.1, we discussed the measurement of v when
the D particle is selected in the K3hh™ (h = 7, K) final
states. In principle, it is possible to apply the same tech-
nique to all fully reconstructible three- or even four-body
decays, such as D — K*7F70 DY — K*7t7~7F and
DY — KgK +7F. However, the Dalitz analysis is com-
plex (extremely complex in the four-body case) and re-
quires large control samples in order to model the Dalitz
structure or to allow extraction of the C; and S; pa-
rameters. A significantly simpler means of using these
channels exists, although it is employed at the expense
of the statistical power. Specifically, the D — f decay is
treated inclusively, with no attempt being made to sepa-
rate the intermediate resonances contributing to the final
state. Then, the of B~ — [f]p K~ yield can be expressed
as

I'(B™ — [flpK™)
% 4 r? +2rgRyrycos(0p + 07 —7), (22)

where 7y is the ratio of the magnitude of the suppressed
and favored D decay amplitudes and d; is the strong-
phase difference between the amplitudes, averaged over
the phase space of the final state. The coherence factor
Ry is defined by

JAf(m)Az(m)e ¥(m™dm
\/f A?(m)dmfA%(m)dm

where m is the vector of the variables describing the po-
sition in the Dalitz plot. R takes a value between 0 and
1 and accounts for possible dilution effects arising from
the interference of the resonances in the D decay. It can
be measured in the interference of D — f and D — f
using quantum-correlated D°D° data. The Ry and the
average strong-phase differences of D® — K+7~ 7% and
D — K*r—ntr~ have been measured using CLEO-c
data [15] through the analysis of double-tagged ¥ (3770)
decays, where one D is reconstructed in the signal mode
and the other in the Kg71’+71'_ final state. The parame-
ters of interest are then extracted from a x? fit to the
double-tag rates. The Ax? scan in the Rxsr, Or3r pa-
rameter space is shown in Fig. 3. CLEO-c measurements
of Ryogr and 0o s have also been reported [16], and
these results have been used together with Rgs, and
dx3r in the combined measurement of v performed at
LHCb [17]. The results are summarized in Table 1.

Rpe 9 = (23)

Matteo Rama, Front. Phys. 11(1), 111404 (2016)

0 e
0 01020304 050607080910
RK}X
Fig. 3 Scan of Ax? in the Ri3y, k3, parameter space obtained
from the analysis of the CLEO-c data [15].

Table 1 Measurement of the average strong phase difference and
coherence factor of D° — KT7— 7% [15], Ktatr—n~ [15] and
KQK*+x~ [16] using ¥(3770) — DD CLEO-c data.

D decay Rp p(°)

Ktr—m0  0.8240.07 164720

Ktata—z= 0.3275:29 255724
K9K+r= 0.734+0.08 8.3+15.2

3.4 The GLW-like method

In the Gonau, London, and Wyler (GLW) method [18,
19], the D meson is reconstructed in CP-eigenstate fi-
nal states, such as K*K~, ntn~ (CP-even) or Kan®
(CP-0odd). The BT — [f]p KT yield can be expressed in
terms of rp and -y using the same expression derived for
the ADS method but, in this case, Tfe_i5f = ncp, where
nep = %1 is the C P-eigenvalue of the final state, such
that

I'(BT = [flpKT) < 1 +7% 4+ 2ncprpcos(dp F ).
(24)

The GLW method can be extended to D decays that are
self-conjugate but not exactly C P-eigenstates, such as
D — nta~ 7%, Obviously, insofar as they are three-body
decays, these decays can be used to constrain v through a
Dalitz analysis, as discussed in Section 3.1. Alternatively,
it is possible to measure their C' P content by utilizing the
quantum-correlated DYD° decays and adopting a mod-
ified GLW approach. Let us consider a ¥ (3770) — DD
analysis, where the self-conjugate signal decay mode is
D — fs... Following the notation in Ref. [20], let M ™
indicate the number of background-subtracted double-
tagged candidates, where one D is reconstructed in the
signal mode and the other is in a C'P-odd tag mode.
Let ST indicate the number of background-subtracted
single-tagged C'P-odd candidates with no requirement
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on the other D. The C'P fraction is defined as F =
NT/(Nt 4+ N7), where N* = M*/S* and M~ and S~
are defined analogously to M and S by replacing C P-
odd with C'P-even. F. = 1(0) for a signal mode that is
fully C'P-even (C'P-odd). It can be shown [20] that

F(B:F - [fs.c.]DK:F)
o« 1475+ (2F; —1)2rgcos(dp F 7). (25)

The CP-even fractions for D° — zntr— 7% DO —
KT*K—7°% and D° — 7t7n~ 7~ 7T have been measured
[21] using 818 pb~! of data collected by the CLEO-c ex-
periment at the ¥(3770) resonance, yielding

Fy(rTn 7% =0.9734+0.017, (26)
F(KTK 7% =0.732 4+ 0.055, (27)
Fi(rtn 7 nt) =0.737 £ 0.028, (28)

where the errors include the statistical and systematic

contributions. The value very close to 1 for D — 77~ 70
makes this channel particularly interesting. Together
with D — KTK~ and D — 7t7~, it can be treated
as an additional C'P-even mode, but with a branching
fraction of 1.43 x 1072, which is between 3 and 10 times

larger than the two-body modes [22].

4 Input to D-D mixing measurement

The Heavy Flavor Averaging Group (HFAG) computes
world averages of the D—D mixing and C'P violation pa-
rameters through a global fit, which takes as input the
available charm mixing measurements [1]. The mixing
analysis of the D° — K*7F decays makes an impor-
tant contribution, from which the 3’ and 2’2 parameters
are measured. Both 3’ and 2’/ are expressed in terms of
x, y, and the strong-phase difference between the D°
and D° amplitudes as y' = ycosdxr — xsindg, and
' = xcosdpn + ysindg."), respectively. To obtain z
and y from y’ and 2'2, it is necessary to know 8, which
has been constrained by both the CLEO-c and BESIII
experiments, as shown in Section 3.2. The CLEO-c mea-
surement is currently taken as input in the HFAG charm
mixing fit. As the precision of the 3’ and 2’2 results will
be further improved in future, it will be necessary to also
improve the precision of dx, in order to fully exploit the
information obtained from the D — K*7F decays. Con-
sidering the problem from a different perspective, it is
apparent that ¢’ can be used to improve knowledge of
0 i, which is an important component in v measurement
1)

If direct C'P violation is allowed, y'* and z/2%

(1].
111404-6
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(Section 3.2). This topic is further discussed in Section
5.

The measurement of the C'P-even fractions, which is
discussed in Section 3.4 in the context of v, provides new
approaches to improving sensitivity to C'P violation in
D-D mixing measurements. Two important probes in
the Belle II and LHCb charm physics programs are ycp
and Ap, which are respectively defined as

e (o) e -
p q p q
(29)
2Ar = ycos ¢ (‘q’ - ‘pD —xsing (’q‘ + ‘pD .(30)
p q p q

yop and Ap are measured from the lifetime ratio of the
DY — hTh~ (h = K, ) CP-even decays with respect to
the DY — K+7~ C'P-mixed state, and from the lifetime
difference of D° — hth~ and D° — h*h~, respectively.
In Ref. [23] it is noted that a significant improvement in
the experimental sensitivity to yop and Ap can be ob-
tained by adding self-conjugate multi-body decays such
as DY — 77~ 7% and DY — 7#ta~nt7—, provided the
fractional C'P-even content of the final state is known.
The CLEO-c measurement of the C'P fractions for the
atr 70 KtK—7° and 77 7t~ final states are re-
ported in Eqgs. (26)—(28).

In Section 3.1, it was shown that the model-
independent measurement of v with B — DK and
D — K2hth™ decays (h = m, K) requires knowl-
edge of the C; and S; parameters, which describe
the average cosine and sine of the strong-phase differ-
ence of the D° and D° amplitudes over the K2h*h~
phase space subregions, respectively. A technique ex-
ploiting the same concept can be used to perform a
time-dependent, model-independent D-D mixing mea-
surement with D — K2hTh™ decays [24, 25], as op-
posed to the model-dependent approach adopted by the
CLEO [26], Belle [27], and BaBar [28] experiments. As
in the case of 7 measurement, the model-independent
method has a statistical power that is slightly inferior
to that of the model-dependent analysis (~ 10%), but
that is unaffected by the systematic uncertainty asso-
ciated with the Dalitz model. Preliminary results of the
first model-independent measurement with flavor-tagged
DY — ng"’w_ decays have been reported by the LHCb
experiment, based on data collected in 2011 [29]. That
analysis uses the same set of CLEO-c C; and S; param-
eters [7] used in the LHCb measurement of 7. In Sec-
tion 6, we report estimates of the quantity of quantum-

are measured instead of 3y’ and z'2, respectively. Their definition can be found in Ref.

Matteo Rama, Front. Phys. 11(1), 111404 (2016)
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correlated DD data necessary to prevent restrictions to
the precision of the model-independent charm mixing
measurements conducted at Belle IT and at the upgraded
LHCb.

5 Strong-phase constraints from D-D
mixing

In the previous section, we showed examples where mea-
surements of the strong phases at the charm threshold
can improve the precision of the D-D mixing parame-
ters. In turn, the D—D mixing measurements can make a
significant contribution to the strong-phase constraints.
In this section, we briefly discuss two cases involving cur-
rent measurements and two studies related to possible
future datasets.

The first example concerns the global fit performed
by HFAG [1] to constrain the D—D mixing parameters
through a combination of measurements from different
experiments. One of the quantities taken as input is
y = ycosdxr — wsindg,, which has been measured
at BaBar, Belle, CDF, and LHCb from the D—D mix-
ing analysis of D° — K*rT decays. Here, ¢’ is used
to constrain the mixing parameters, in conjunction with
the measurement of cos § i, and sindx, provided by the
CLEO-c collaboration [Egs. (17) and (18)]. The resultant
value of dx, obtained from the HFAG global combina-
tion is drcr = 7.377%5 [1], which is significantly more pre-
cise than the constraints provided by both the CLEO-c
[Eq. (19)] and BESIII [Eq. (21)] experiments.

In Section 3.3, we discussed the measurement of Ry
and the average strong-phase difference of the D° and
DY amplitudes for the K ~n 77~ final state using the
CLEO-c charm threshold data [15]. A substantial error
reduction can be achieved for these parameters by ex-
ploiting the D-D interference in the mixing analysis,
as shown by a simulation study based on the expected
number of selected WS (D° — K*ntn~7~) and RS
(DY — K—ntntn~) decays at the LHCD for a dataset
corresponding to 3 fb~! [30]. From the ratio of the WS
to RS decays as a function of the measured D proper
time ¢,

r(t) =r%5 +rpRp(ycosdp — xsindp)I't

2 2
4 Iy (I't)?, (31)

the linear coeflicient can be extracted. Next, exploiting
the existing knowledge of x, y, and rp, a constraint in
the (Rp,dp) space is obtained. The left plot in Fig. 4
shows the constraint on the (Rxsx, dxsr)

(b) 61

=N

0= T 10 T
0 0204 06 08 1 0 0204 06 08 1
R R

(5!"}’31(

Fig. 4 (a) Constraints on (Rp,dp) obtained by CLEO-c [31]%).
(b) Constraints obtained after combining the CLEO-c results with
the input from simulated D — KT7nt7~ 7~ charm mixing data
[30]. The simulated signal sample is similar in size to that expected
in the dataset collected by LHCb in 2011 and 2012.

plane obtained by the CLEO-c experiment [31]?). The
right plot shows the reduction to the selected region
when the CLEO-c measurement is combined with the
(RKks3n,0ksr) information obtained from the fit to the
simulated data. This proves that the charm mixing in-
put from 3 fb~! of LHCD data can substantially improve
the uncertainty of Ry and the average strong-phase dif-
ference in D — K+tata—n~.

The authors of Ref. [30] have also studied the per-
formance of a binned, model-independent method for ~y
extraction using B — DK, D — K*n¥rt 7~ decays, in
which the charm parameters used as input in each bin
are measured not only at the charm threshold, but also
from charm mixing [32]. The performance is significantly
enhanced compared to methods in which a single bin is
used, especially once the shape and number of the bins
are optimized. The D° — K*rFrtnr~ phase spaces
are divided into N bins, and the technique described in
Ref. [30] is applied to each bin in order to constrain the
charm parameters. The left plot in Fig. 5 is an exam-
ple of the constraint on - obtained using a simulated
B — DK sample corresponding to 8 fb~! of LHCb data,
in conjunction with 2.9 fb~! of simulated BESIII-like
charm threshold data. The result is compared with the
uncertainty on v obtained when input from the LHCb
D — K*nF 7t 7~ mixing measurement is used to further
constrain the charm parameters [Fig. 5(b)]. The preci-
sion is improved by approximately a factor of four. In
Ref. [32], several scenarios featuring different LHCb and
charm threshold dataset sizes are considered. The pri-
mary conclusion is that, for the LHCb upgrade dataset
(50 fb=1), a « uncertainty of 4° can be obtained using
B — DK and D — K*n¥xtn~ decays, provided that
both the LHCb charm mixing sample and the BESIII
charm threshold dataset (2.9 fb~!) are used to constrain
the input charm parameters. It is also evident that the
combination of the two charm datasets results in a far

2) Following the results reported in Ref. [30], this measurement has been updated [15]. The new result is shown in Fig. 3.
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Fig. 5 (a) Constraint on v from a simulated B — DK, D —
K*rFatr~ sample selected at LHCb on a dataset of 8 fb~! in
conjunction with 2.9 fb~1 of simulated charm threshold data. (b)
Constraint on v when the D — K*xF 7t 7~ mixing measurement
at LHCD is added. The plots are taken from Ref. [32].

superior performance than that obtained using these
datasets individually. If the CLEO-c sample (0.8 fb™1)
is used instead of the BESIII sample, the error of v in-
creases to 8°.

In Section 3.1, we introduced the C; and S; parame-
ters, which describe the average strong-phase difference
in the D° — K¢h*th~ (h,= m, K) phase space regions.
These parameters have been measured by the CLEO-c
experiment, exploiting the D—D quantum correlation at
the charm threshold [7]. In Ref. [25], a simulation study
was performed in order to evaluate the sensitivity of the
direct extraction of C; and S; from D-D mixing mea-
surements. It was found that, if external constraints are
placed on z and y, the mixing fit can be used to deter-
mine |q/pl|, arg(q/p), Ci, and S;. Assuming a selection of
100 million flavor-tagged D° — K2n 7~ events (which
is not far from what can be expected for 50 fb—! at LHCb
or 50 ab—! at Belle II), along with a knowledge of z and
y that is approximately four times more accurate than
the current data, the uncertainties on C; and S; can be
reduced by approximately 60% on average, compared to
the values currently yielded by the CLEO-c experiment.
This level of reduction is similar to that expected from
the analysis of the data collected to date by the BESIII
experiment at ¥ (3770), which amounts to an integrated
luminosity of approximately 2.9 fb=!.

REVIEW ARTICLE

6 DD dataset sizes for future v and charm
mixing measurements

The precise measurement of v is one of the main goals of
the LHCD experiment, its planned upgrade [35], and the
Belle IT experiment [36]. Figure 6 summarizes the preci-
sion achieved by the BaBar and Belle experiments [33,
34], the current precision obtained at LHCb [17], and the
projected uncertainty of LHCb and Belle IT over the next
decade [35-37]. The combined error assumes no correla-
tions between the LHCb and Belle IT measurements. By
the year 2025, the overall uncertainty is expected to de-
crease to 1° or lower. To achieve this level of precision,
it is not sufficient to increase the size of the B samples.
Instead, it is necessary to take a number of subleading ef-
fects that have been safely neglected to date into account,
such as those arising from D-D mixing, possible C'P vi-
olation in D decays, and C'P violation in K° decays. In
addition, it is necessary to reduce the uncertainty on the
external parameters entering the v measurement, includ-
ing those measured at the charm threshold by exploiting
the D°DY quantum correlation.

In the following, we give estimates of the size of the
efe™ — W(3770) — DD dataset required in order
to prevent restrictions to the precision of v over the
next decade. The upgraded LHCb experiment is ex-
pected to achieve a precision of approximately 1.9° using
B* — DK#* and D — K977~ decays on a dataset
of 50 fb~1 [38]. The expected precision of Belle II on a
dataset of 50 ab™! is 2.0° [36], which would yield an ap-
proximate uncertainty of 1.4° when combined with the
LHCb sample [39]. The systematic error on v related to
the CLEO-c measurement of the C; and .S; parameters is
approximately 3° (ranging between 2° and 4° depending
on the binning scheme [7]). If we somewhat arbitrarily
require that the « error associated with the C; and S;
uncertainty be approximately one third of the total (i.e.,
1.4°/3 ~ 0.5°) and assume a CLEO-c-like performance

o - BaBar
10 L B Belle/Belle I
@® [LHCb
> ¥] ¥ Combination
=
® [ ]
1 ' [
2014 2016 2018 2020 2022 2024 2026

Year

Fig. 6 Uncertainty of the angle v as measured by the BaBar [33], Belle [34] and LHCDb [17] experiments, and projected
uncertainty from LHCb and Belle II over the next decade [35-37].
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that is not saturated by systematic uncertainty,
we find [Ldt =~ 30 fb~'! from the

30/\/det/O.82 b~ =0.5°.

In a similar manner, we can examine the required pre-
cision of the strong-phase difference i, between the
DY — K*+7~ and D° — K7~ amplitudes to prevent
limitation of the 7 measurement for the ADS method,
using the full LHCb and Belle IT datasets. In this case,
additional data at the charm threshold are probably
unnecessary, for two main reasons. First, knowledge of
0k primarily affects the uncertainty of dp rather than
~ [40]. This is likely related to the fact that dp, -,
and 0x, enter the ADS observables RT [see Eq. (16)]
as €+ = 0p + O0xgr £ 7y, from which it follows that
v = (e4 — €-)/2 is not directly related to the value of
Ok . Second, dx, can be constrained effectively using
the D-D mixing measurements [1], as noted in Section
5.

In principle, a large quantity of quantum-correlated
DYDC data may facilitate improvement of the model-
ing of the Dalitz plot distribution of three-body D de-
cays, in particular that of D° — K%7T7~, and consti-

relation

3

tute progress in controlling the corresponding systematic
uncertainty in the model-dependent analysis of v (see
Section 3.1). However, it is difficult to predict what ad-
vantage could be achieved.

The simulation study presented in Ref. [25] has eval-
uated the extent of the charm threshold data required
in order to measure the C; and S; of D — ng+7r_
with a precision that does not limit the extraction of the
D-D mixing and C P violating parameters in the model-
independent analysis. The outcome of the study is that,
for |¢/p| and arg(q/p), the CLEO-c uncertainties of C;
and S; become dominant in mixing measurements com-
prising 25 million and 75 million selected events, respec-
tively. With 100 million decays, which is the approximate
extent of the data that the Belle IT and upgraded LHCb
experiments are expected to have collected by the termi-
nation of their nominal programs, 13 fb—!' of CLEO-c-
like data is sufficient to reduce the systematic uncertainty
associated with the C; and S; of both |¢/p| and arg(q/p)
to less than half the statistical uncertainty. A CLEO-c-
like dataset of 70 fb~! is required in order to satisfy the
same condition for z and y.

7 Time-independent D-D mixing
measurement near the ¥(4040) resonance

In the ete™ — ¥(3770) — DD process, we allow one of
the two D mesons to decay to f; and the other to fs.
Using the notation for the model-independent analysis

Matteo Rama, Front. Phys. 11(1), 111404 (2016)

introduced in Section 3.1, we indicate with k; and ¢;/s;
the flavor-tagged rate and the cosine/sine of the strong-
phase difference integrated over the i*" phase space bin
in the D° — f, final state. K;, C;, and S; indicate
the analogous parameters for the D° — fy decay. We
follow the discussion in Ref. [24]. The rate M;; of the
¥(3770) — DYD° — f;fo process in the phase space
bin ¢j, with the condition that the decay to f; occurs
before the decay to f, is given by

Ml-/j(tz > fl) = kiK_j + k_in

—2\/l€ik_inK_j(CiCj + SlSJ)

7Kj \/kzkfl(y C;, — T Si)

—K_j \/klk_z(y c+x Si)

+]€Z\/KJK,J(y Cj — T SJ)

+h_i/K;K_j(yCj +x8;) + 02?9 .  (32)
In practice, the measurement of the decay time of the D
mesons at a symmetric machine is very difficult because
they are produced almost at rest. Instead, the rate aver-
aged over the decay order of the two decays is measured,
which is given by summing Eq. (32) with the same equa-
tion after the k — K, ¢+ C, s < S, i < j (all divided
by two) exchange. Thus,

Mi/j = kiK,j + k,in - 2\/k1k,1KJK,J(cZC'1 + SZSZ)

+0(2*,y%). (33)
As a result, the time-integrated decay rate of ¥(3770) —
DOYD° — f, f, does not depend on the D—D mixing pa-
rameters at first order, in agreement with the findings
of Section 2 and in particular Eq. (9). It has been ob-
served [41] that it is possible to produce a DD pair
with both quantum numbers C' = %1 in the ete™ —
¥(4040) — D°D*® process, depending on the D*O fi-
nal state. C' = —1 (antisymmetric, as in ¥ (3770)) for
D% and C = 1 (symmetric) for D%. When C' = 1,
the terms that are linear in x and y do not cancel in the
time-integrated rate expression, which takes the form

M, = kiK_j+k_;K; — 2/kik_i K; K_j(c;C; + 5:5;)
+2K 5/ kik_i(y ¢ — w s;)
12K i/ kik_i(y c; + x 8i)
+2ki/K;K_;(yCj —x S;)
+2k i/ KK j(yCi+1.8;) +O(? y) . (34)

In the case of flavor-tagged events, where k_; = 1 and
k; =0, Eq. (34) becomes

M =K; +2/K:K_;j(yCi —x S;) + O(z2,4%) . (35)
This can be compared with the rate of incoherent flavor-
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tagged decays selected from D*+ — DO+t
M; = K; +2\/K;K_i(yCi +x S;) + O(z*, ). (36)

Equations (32)—(36) have been written by neglecting C' P
violation in mixing. When C'P is permitted, ¢/p factors
appear in the terms containing = and y (see, e.g., [42]).
The statistical sensitivity in the extraction of the mix-
ing parameters z, y, and ¢/p from the ee™ — ¥(4040)
process was examined in Ref. [24]. In that study, a sample
corresponding to an integrated luminosity of 1 ab—! was
simulated. Then, the yields of four event categories were
estimated using double-tagged event efficiencies mea-
sured by the CLEO-c detector at the ¥(3770) resonance
as input. The following four categories were examined:
(a,b) Flavor-tagged and double-tagged D — Krn~
decays in the coherent C' = —1 state (from which K; and
C;, S;, respectively, were extracted using Eq. (33));
(c,d) Flavor-tagged D — K2nt7r~ decays in the co-
herent C' = 1 state and incoherent flavor-tagged D —
K%rTn~ decays (from which z, y, and ¢q/p were ex-
tracted using Egs. (35) and (36)). The incoherent events
could be selected from the ¥(4040) — D* D*F decays.
The mixing parameters were extracted using a com-
bined maximum likelihood fit to the generated yields
[24]. Further, an analogous study was performed with
the D — K*7F 79 decays, which are characterized by
relatively large branching fractions and a large inter-
ference between the Cabibbo-suppressed and Cabibbo-
favored modes, followed by mixing. The resulting sta-
tistical uncertainties for both the D — K2rT7~ and
D — K*7F 79 decays are reported in Table 2, together
with their combined errors.

Table 2 Statistical sensitivity to the D—D mixing and C'P viola-
tion parameters using D — Kgﬂ+7r’ and DO — K*pF70 decays
in a time-integrated, model-independent Dalitz plot analysis based
on a simulated sample of ete™ — W(4040) events corresponding
to an integrated luminosity of 1 ab—1 [24].

Parameter D — Kgﬂ+7r’ D — KEpFq0 Combined
x (107%) 11.8 6.0 5.3
y (10~4) 8.5 6.1 5.0
lq/p| (1072) 3.8 1.7 1.6
arg(q/p) 2.5° 1.7° 1.4°

8 Time-dependent D-D mixing
measurement at the ¥ (3770) resonance

In the previous section, we discussed the extraction of the
D-D mixing and CP violation parameters at a charm
factory running near the ¥(4040) resonance using time-
integrated measurements. It was noted that the same
approach cannot be applied to ¥ (3770) because, in this

111404-10
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case, the rates depend on the mixing parameters = and
y only at second order. On the other hand, the time-
dependent rate of the ¥ (3770) — D°D® — f, f» process
does depend linearly on z and y, but measurement us-
ing a symmetric machine is difficult because of the small
average flight length of the D mesons (~ 18 wm), which
is difficult to resolve experimentally. A possible solution
involves utilizing an asymmetric machine to enhance the
time-separation of the two D decays. This scenario has
been studied within the SuperB project [43] and we sum-
marize the preliminary results here [44].

The SuperB detector was equipped with a six-layer
silicon vertex detector, in which the innermost layer was
positioned 1.5 ¢m from the interaction point. This pro-
vided a very good vertex resolution [43]. In the study, the
center-of-mass (CM) was boosted along the e* beam di-
rection with a By varying in the 0.15-0.90 range. Figure
7 shows a schematic of the interaction region.

The asymmetric-machine study included all double-
tag combinations, with the D and D mesons decaying
to CP-even (K*K~,ntr~), CP-odd (K2%n°), K*r¥,
or semileptonic final states. The three-body channels
were not considered in this preliminary study. The yield
of each double-tag combination was extrapolated from
CLEO-c data and then rescaled according to the depen-
dence of the reconstruction efficiency as a function of the
CM boost. This was measured using a fast simulation of
the SuperB detector. The ¢ resolution of the D decays
as a function of the CM boost was also computed. Fi-
nally, the charm mixing and C'P violation parameters
(z, y, |g/p|, and arg(q/p)) were extracted from a max-
imum likelihood fit to the time-dependent rates. Figure
8(a) shows the average error on the ¢ difference of the two
D decays as a function of the CM boost. As expected, the
precision improves for higher boost values. On the other
hand, Fig. 8(b) shows that the geometric efficiency de-
creases as the CM boost increases. As a consequence, the
best performance is obtained from the balance between
the time separation and the reconstruction efficiency.

In this simplified study, the flavor mistag rate was set

A
/
CM boost direction y
—_——— D reco vertex /
7
Beam spot (z—x plane, _ - -
not in scale) -

= z (beam axis)

D reco verte

Fig. 7 Schematic view of an event ete™ — W(3770) — D°DO
in the SuperB interaction region [43]. The CM boost along the z
direction increases the spatial separation of the D decay vertices.
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Fig. 8 (a) Average error on the proper time difference of the D
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DD events; (b) geometric efficiency of ete™ — ¥ (3770) —
DODO — (K—7t)(K~n7T) as a function of the CM boost.
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to zero and the backgrounds were neglected. The opti-
mum performance at ¥ (3770) was achieved for CM boost
values ranging from 0.3 to 0.6. The results for a dataset
corresponding to an integrated luminosity of 3 ab—! and
a boost of 8y = 0.56 are summarized in Table 3. These
estimates should be regarded as approximate indications
to be used as the starting point for further, more accu-
rate studies.

Table 3 Statistical sensitivity to charm mixing and C'P vio-
lation parameters in a time-dependent analysis of double-tagged
ete™— W (3770) — DY DO events with the D mesons reconstructed
in two-body and semileptonic final states. The sample of simulated
events corresponds to an integrated luminosity of 3 ab—1. The as-
sumptions used in the study are discussed in Section 8.

Parameter Stat. error at ¥(3770), no mistag, 3 ab™!
z (%) 0.04-0.06
y (%) 0.02-0.04
la/pl (%) 25
arg(q/p) (°) 1-3

9 Time-independent measurement of ycop at
¥ (3770)

In Section 7, it was noted that the time-integrated

Matteo Rama, Front. Phys. 11(1), 111404 (2016)

double-tag rates of the ¥(3770) decay do not depend on
the z and y parameters at first order. However, it is pos-
sible to use a time-independent method to extract yop,
which is defined in Eq. (29). This method is based on the
reconstruction of C'P-tagged semileptonic D decays and
single-tagged (ST) D decays to C'P eigenstates. Let us
consider a neutral D meson “prepared” as a C'P eigen-
state. The partial decay width of the semileptonic decay
is sensitive to the flavor content only and, therefore, it
does not depend on the C'P eigenvalue of the parent D.
On the other hand, the total decay width of the D does
depend on its CP eigenvalue, I'cpy = I'(1 £ yop). As
a result, the ratio of the semileptonic branching fraction
of the C'P-even and C'P-odd states is

BDCPJr_’l/BDCP——’l = (1 - yCP)(l + yCP) . (37)

Hence, yop can be written, for example, as [45-55]

ych:i<g“”*V_gD“””>. (38)
Dcpy—l Dcp_—l

Equation (38) has been used by the BESIII experiment
to measure ycp on a dataset of 2.9 fb=! [47]. The mea-
surement of Bp, ., - exploits the quantum-correlation
of the D°DP system. D mesons are reconstructed into
a CP eigenstate, providing the number Ngopi of ST
events. For a subset of the ST events, the tagged part-
ner D meson is also observed in a semileptonic decay
channel, providing the number N¢p+.; of double-tagged
(DT) events. Next, Bp, . is obtained as

Ncp+, €cp+

, 39
Ncp+ €cp+y (39)

Bpepi—i =
where ecp+ and ecp+; are the detection efficiencies of
the ST and DT decays, respectively. The CP-tagged
events have been selected by the BESIII detector using
the CP-even modes (KTK~, ntn~, and K37'7%) and
the CP-odd modes (K27° Kfw, and KYn). The ex-
tremely small C'P-odd component in the Kg state has
been found to have a negligible effect on the measure-
ment, and the C P-impurities in K¢m7% K%w, and K2n
have been quantified and taken into account as a system-
atic uncertainty. The result is then

yop = (=2.0+£1.3+0.7)%. (40)

The extrapolated error on a dataset corresponding to an
integrated luminosity of 3 ab™—! is 0.05%, under the hy-
pothesis that the systematic uncertainty can be scaled as
the statistical uncertainty. Although many sources of sys-
tematic uncertainties cancel in the ratio that determines
yop in Eq. (38), the assumption that the systematic un-
certainty can be pushed to this level of precision requires
confirmation.
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10 Comparison of charm mixing sensitivities

We summarize a selection of sensitivity studies for the
measurement of charm mixing and C' P violation parame-
ters for five scenarios: Datasets from the upgraded LHCb
(50 fb=1), Belle II (50 ab~!), and three hypothetical
ete™ — W(3770) and ete™ — ¥(4040) runs with in-
tegrated luminosity of 3 ab™! each. The decay channels
analyzed in each case are given below:

¥ (3770): Time-independent measurement of ycop us-
ing ete™ — ¥(3770) — DD data corresponding to an
integrated luminosity of 3 ab™!. The estimate is an ex-
trapolation of the BESIII measurement reported in Sec-
tion 9.

Asymmetric ¥(3770): Time-dependent DD mix-
ing analysis using ete™ — ¥(3770) — DD data cor-
responding to an integrated luminosity of 3 ab~!. The
center-of-mass is boosted with 4y = 0.56. The DD pairs
are reconstructed in several combinations of two-body
decays using a SuperB-like detector [43]. Further details
are given in Section 8.

¥ (4040): Time-integrated DD mixing analysis us-
ing ete™ — ¥(4040) — D*D data corresponding to an
integrated luminosity of 3 ab=!. The estimates are ob-
tained from the sensitivity study discussed in Ref. [24],
which was based on D — K77~ and D — Kt n°
decays reconstructed assuming a CLEO-c detector per-
formance. More details are given in Section 7.

LHCb: Model-independent D-D mixing analysis
with flavor-tagged D — K2n 7~ decays based on a
dataset corresponding to an integrated luminosity of 50
fb=1 [48]. See also Ref. [38] for older, official estimates.

Belle II: Model-dependent DD mixing analysis with
flavor-tagged D — K3mTn~ decays based on a dataset
corresponding to an integrated luminosity of 50 ab™?! [48,
49].

The sensitivity estimates are reported in Table 4. Note
that the contents of this table do not provide a quantita-
tive comparison of the sensitivity of each experiment. To
accomplish such a comparison, it would be necessary to
consider the main decay channels in each scenario and to

REVIEW ARTICLE

evaluate their combined errors, including the systematic
contributions. Such a level of information is not available
at present (although the interested reader can find pre-
dictions for other charm mixing measurements at LHCb
and Belle IT in Refs. [35, 38, 48-50]). Nonetheless, Table
4 gives some indications of these sensitivities. In partic-
ular, the sensitivities of the upgraded LHCb and Belle
IT in their nominal samples will likely be similar. While
the LHCb may collect larger samples of D decays to final
states containing charged tracks only, Belle II will benefit
from a significantly better reconstruction of final states
with neutrals. A number of measurements may be lim-
ited by systematics and, from the available estimates, it
seems that the differences will not usually be very large.
The sensitivity estimates at ¥ (4040) were conducted us-
ing toy simulations and, as such, they may be optimistic.
However, it should be possible to control the systematic
effects [24]. Overall, it seems reasonable to state that
a dataset of a few ab™! is required in order to achieve
a sensitivity close to that expected at LHCb and Belle
II. Similar conclusions may be drawn for the asymmetric
W (3770) scenario. In this case, it is worth noting that the
CM boost introduces a degradation of the reconstruction
efficiency that affects all measurements [see Fig. 8(b)],
including the searches for rare or Standard Model (SM)-
forbidden decays. We do not comment on the techni-
cal issues related to the construction of an asymmetric
eTe” machine operating at the charm threshold. For a
symmetric ete™ machine operating at the ¥(3770) res-
onance, the measurement of yop may attain a precision
of 0.05 with a dataset of 3 ab~!. This is similar to the
uncertainty expected at Belle IT [49], but it is perhaps
larger than that achieved at the upgraded LHCb [48].
Here, the statistical precision is expected to be one or-
der of magnitude smaller, but a robust estimate of the
systematic uncertainty is currently unavailable.

11 Time-integrated C' P asymmetries

In this section, we compare the expected experimental
sensitivity of direct C'P asymmetries for a selection of

Table 4 Uncertainties on charm mixing and C'P violation parameters for a selection of decay channels in different scenarios: Symmetric
ete™ — Ww(3770) run (single-tagged D — fop and CP-tagged D — Klv), asymmetric eTe™ — ¥(3770) run (combination of two-

body D final states), ete™ — ¥(4040) run (D — K2ntm™

and D — K*7¥7%), upgraded LHCb (D — KZ%rTn~) and Belle II

(D — K2ntx~). The errors in the ¥(3770) and ¥(4040) scenarios are statistical. Details are given in Sections 7-10.

Parameter v (3770) ¥ (3770) ¥ (4040) LHCb Belle II
3ab~! asymmetric, 3 ab—! 3ab~! 50 fb—1 50 ab—1!
z (%) — 0.04-0.06 0.03 0.04 0.08
y (%) 0.05 [ycp] 0.02-0.04 0.03 0.04 0.05
0/ (%) - 25 0.9 1 6
arg(q/p) (°) — 1-3 0.8 3 4
111404-12 Matteo Rama, Front. Phys. 11(1), 111404 (2016)
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neutral and charged D decays. Even though this topic is
not related to quantum correlation, it is coherent with
the physics discussed in this review. Table 5 summarizes
the estimated uncertainty for a selection of decays at the
upgraded LHCb (50 fb=1), Belle II (50 ab™!), and at
a hypothetical CLEO-c-like charm factory with an inte-
grated luminosity of 3 ab~!. The estimates of the LHCb
errors for D' — hth~ (h = m,K), D — K2K™* and
DT — KTK~ 7t are taken from Ref. [48] and are a re-
vised version of the estimates in Ref. [38]. The errors for
Dt — 7770 and DT — 7ty are taken from Ref. [51].
If a number is not given, it means that the correspond-
ing estimate is not available at present. In the hadronic
environment of LHCb, the selection of some channels is
expected to be very challenging or practically impossible,
as in the case of D° — K3n% or D' — 7%7%. The Belle
IT errors are taken from Ref. [52]. The sensitivities at the
W (3770) resonance are extrapolated from the CLEO-c
measurements [53, 54, as described below. The D yields
are rescaled to the integrated luminosity of 3 ab=! and
multiplied by 10% in order to simulate the semileptonic
tag efficiency. The asymmetry errors are computed from
the statistical fluctuation of the D° and DO yields, i.e., it
is assumed that the systematic uncertainties can be kept
to negligible levels. The errors of the charged D modes
are scaled from the asymmetry measurements of CLEO-
¢ [563], assuming that the systematic contribution scales
as the statistical error.

The expected sensitivity of Belle II for a dataset
of 50 ab™! is similar to the estimated sensitivity that a
charm factory with a CLEO-c-like detector performance
would achieve with a dataset of O(1) ab™!.

Table 5 Estimated precision of direct C P-violating asymmetries
at a charm factory operating on the ¥(3770) resonance (3 ab™1),
compared with the expectations at LHCb (50 fb—1) [48, 51] and
Belle II (50 ab™1!) [52]. The assumptions used to estimate the sen-
sitivity at the ¥(3770) are discussed in Section 11.

o(Acp) x 104

Decay v (3770) LHCb Belle 11
3 ab~! 50 fb—1 50 ab—1
DY - KTK~- 5 1 3
DO — ntg— 7 1.5 5
DO — 7070 15 9
DO — K9KY 37
DY — nta— 70 2.3 13
DY — K9n0 4 3
DY — Kn 10
Dt — KK+ 3 1
Dt — gtg0 5 25
Dt — 7ty 4 25 14
Dt - KtK—nt 1.5 0.8 3
Dt — K+70 18

Matteo Rama, Front. Phys. 11(1), 111404 (2016)

12 Summary

The D strong-phase parameters provided by the CLEO-c
and BESIII experiments are important inputs for many
methods that constrain the CKM angle 7, and in the
extraction of the D-D mixing and C'P violation param-
eters. The majority of the available measurements are
based on the 0.8 fb~' CLEO-c dataset, but BESIII is
expected to contribute to this area soon, with updates
based on a dataset of 2.9 fb~!. This may increase up to
approximately 10 fb~! in the coming years. The preci-
sion that BESIII is expected to achieve for the strong-
phase parameters is generally sufficient to avoid limiting
the measurement of v and D-D mixing over the next
few years. However, once the Belle IT and the upgraded
LHCD nominal datasets of 50 ab~! and 50 fb—!, respec-
tively, have been analyzed, this precision may not be
sufficient. For the model-independent analysis of v with
D — ng"’w_ decays, a dataset of approximately 30
fb~! is required. For the extraction of the D-D mix-
ing and C'P violation parameters using a similar model-
independent technique, data samples of approximately
70 and 15 fb~! are required, respectively. Obviously,
in the hypothetical scenario of an “extreme” flavor ex-
periment [48] capable of exploiting the extremely large
amount of heavy-flavor particles produced in the high-
luminosity phase of the LHC, significantly larger samples
of quantum-correlated DD decays would be required in
order to support the enhanced precision in the v, D-D
mixing, and C'P violation measurements.

D-D mixing and C'P violation parameters can also
be measured at the charm threshold, either by selecting
DODO pairs in a C' = 1 state from ete™ — 4* — DYD0%
events, or through the time-dependent analysis of D de-
caysin ete™ — ¥(3770) — D°DO events. The latter sce-
nario requires an asymmetric machine to facilitate mea-
surement of the time separation of the two D decays.
For a symmetric machine operating at the ¥ (3770) reso-
nance only, measurement of ycp is possible. In all cases,
integrated luminosities of O(1) ab™! are required in or-
der to achieve statistical sensitivities similar to the un-
certainties expected at Belle II and LHCb. Because of
the cleanliness of the experimental environment at the
charm threshold, and because the analysis methods do
not, in general, rely on the knowledge of absolute efficien-
cies or branching fractions, it may be possible to restrict
the systematic uncertainties to a level comparable with
the statistical value. However, this topic requires further
investigation.

Concerning the measurement of direct C'P-violating
asymmetries in neutral and charged D decays, the sen-
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sitivity attainable at the charm threshold with a dataset
of 3 ab™! should be similar overall to that expected at
Belle II and superior to that foreseen at LHCb in the
final states containing neutrals.
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