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Measurements of strong-phase parameters

d Phase angle v/¢, is the only CKM angle that can be measured in tree-
level processes, in which the contribution of non-SM effects is expected to
be small [JHEP 01(2014)051].

1 Measurement of y provides a benchmark of the SM with negligible
theoretical uncertainty.
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AN improved knowledge of the measurement of y (precision: ~1°, >5c) IS
Important to further test the SM and probe for new physics.
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Measurements of strong-phase parameters

 Phase angle y/¢5 can be measured by studying the interference
between B—=> DK~ and B-——> DK

U

Vi, K-
W
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S
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B—O ODO B_

a~NUK™
A(B~ - D°K™) = Ag4, A(B~ = D°K™) = Agrgel®B-7)4;
where rg is ratio of suppressed to favored amplitudes, &g is the strong-phase difference
between the favoured and suppressed amplitudes.

 Generally, three methods were proposed to measure v/¢;:
v GLW [ via D°->CP eigenstate, K*K, wtn, KLn° etc.
v" ADS [2I: yvia DO CF and DCS, such as K*n~, K*nmn®, Kttt etc.
v' GGSZ BI: via with D°>Multi-body self-conjugate decays, K.Om*n~ etc.

strong-phase
parameters

are key inputs.
[1] M. Gronau, D. London, Phys. Lett. B 253, 483 (1991); M. Gronau, D. Wyler, Phys. Lett. B 265, 172 (1991).
[2] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997).

[3] A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68, 054018 (2003). 4



0 ADS approach [D. Atwood, |. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997) ] :
B-—=> DK~ with D>Knm, such as: D> Knnr, Knn etc.

F(B_ — (K+3TF)D K_) X -?‘% + (-’f'ID{B?T

D) -
2 K3
) + QRI\'JZB?T'T'B'??D T

ccos(dp + 05" — )

where Ry;.. is coherence factor, and 5,3" is averaged strong-phase difference.

O GGSZ approach [A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68, 054018] :

M (GeVZeh

B~—> DK~ with D->Multi-body self-conjugate decays, K, ,°n*rn~, K,,°K*K~ etc.

Amplitude: dM(BX = DOK*) = |fp(m3, m%)|> + rg|fo(m%, m3)|> +2rg|fp(m3., m%) || fp(m

EC; - FlfF—f
1 _ 1 2 2
:S, = \/ﬁf;VD(mJﬁm )|[fp(m

2 m?)|

X [cosAdpcos(dg + ¢3) + [sinAdpsin(dg £ ¢3)],

strong-phase difference:
QAdp = dp(m?.m2) — dp(m=,m3)

where ¢; and s; are the amplitude-weighted averages of cosAd, and sinAd, over each Dalitz-plot bin.
27(i — 3/2) /N < Adp(m2.m%) < 2n(i —1/2) /N

Adp in (0,27)

ey

M (GeVZic?)

6

M (GeVZeh)

* Equal Adp binning scheme (N=8):

Y

3

Equal ép Binning

2

The strong-phase difference
(Ad,) calculated based on

“Babar 2008” Model.
Phys. Rev. D 78, 034023 (2008)

Model-indenpendent:
Bondar and Poluektov
[EPJC47, 347(2006), EPJCS5,
51(2008)].



Strong-phase parameters in D> K Onn-

1 Three typical binning schemes [Phys. Rev. D 82, 112006 (2010)]
— 3=
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v' “BaBar K-matrix” D°>K.L*n~ model as in Ref. [Phys. Rev. D 78, 034023 (2008)].
v' It should be noted that although the choice of binning is model-dependent, however, a
poor choice of model results only in a loss of precision, instead of bias in measuring y/¢;.

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 231802 (2019); JHEP 04(2016) 033.
[2] V. Vorobyev et al. (Belle Collaboration), Phys. Rev. D 94, 052004 (2016).
[3] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 718, 43 (2012); JHEP 10 (2014) 097; JHEP 06 (2016) 131; JHEP

08 (2018) 176. 5
[4] H. Aihara et al. (Belle Collaboration), Phys. Rev. D 85, 112014 (2012).



The Quantum Correlated DD meson pairs
Q y(3770) is a spin —1 state and therefore the amplitude of y(3770)>DODO:

(|D%)|D% —|D%)|D%)/y2 [anti-symmetric wave function]

The amplitude for two D mesons to decay to states F and G is [PRD68, 033003 (2003)]:
I'(FIG) =Ty [A%24% + A%A% — 2RpR;ApApAgAgcos[8h — 5511

O Hence, the coherence factors R, the strong-phase difference 8,5, can be
extracted based on the study of the quantum correlated DD meson pairs.
v’ Single tag (ST) samples:
decay products of only one D meson are
reconstructed
v’ Double tag (DT) samples:
decay products of both D mesons are
---------- ) reconstructed

— @ e— v’ Some typical reconstructed D decay modes
e’ e

‘ Tag group
Flavor K'n,K'n o, K'n o n ,Ke b
CPeven KTK ., wtw™ Ii':' 00 Ii? 0 I

DT 47@ Opposite CP-eigenstate C'P-odd Kox" fiur ﬁw ﬁ‘%u“ Kim'x"

B . Mixed-C'P Kintm™
T
‘gl‘ v Expected events for Kt*n~ .vs. CP-eigenstate:
+ T

fecp+ = %[fg(mﬁ_, m:‘)_) + fD(ma, mi)]

T
+K— 0 — 1
The DT mode K*K~ vs. K r*n~ is selected as an example. M = heps (Ki + 26/ KK ) + K_7) v

.0
K+

CP-e:'igenstate




Strong-phase parameters (c;, s;) in D> Kt~

| Model-independent
measurement

O For CP-tagged K.%t*nt~, the amplitude:

fept = jg[fﬂ(m—l— m2) £ fp(mZ,m3)] 1

The expected number of events in DP bins: : -~
1 2 3
m? (GeV?/c?)

W)\ = S (K +26/KiK_; + K_;) for D® — K@+ 7~

O For K9t~ .vs. KOmtr™, its amplitude is expressed by:

2 2 2 g2 fD(m mz )fﬂ(m m ) - IIL_J'.-.-"(”‘]+'| mf}fﬂ'(mi: m—ii-)
flm.,m~, m-, m~) = 7

The expected number of events in DP bins:

— Mz = 588 (KiK_j + K_iK; — 2\/KiK_jK_iK;(cic; + sisj))




Strong-phase parameters (c’;, s I) in D>K Ontr-

I\/Iode/ independent
measurement

O For CP-tagged K °n*n~, the amplitude:

fecpt+ = v—lﬁ[fa(miﬁ m?) F fp(m*, m?)]

The expected number of events in DP bins:

m? (GeV?/c%)
m) M* = S_(K!F2c/ /KK, + K" ) for D® — KOn+ 7~

O For Kont*n~.vs. K O, its amplitude is expressed by:

fo(m2, m?)fp(m'2, m?2)+ fp(m'2, m?)fp(m*, m3)
V2
The expected number of events in DP bins:

m) ME = NDD(HHf —|—K_,F(’—|—2\/HH’ K_iK!(cic! + si5)))

f(m?, m2, mZ m2) =




Strong-phase parameters in D> K Onn-

v" Results of ¢; and s; in optimal binning from CLEO experiments.

15 &LHCb Collaboration, arXiv: 1808.08865]
Phys. Rev. D 82, 112006 (2010) — 1 . -
= 97 B* — DK* GGSZ
© +
X * +

-7

get stuck at ~3.9°

x  With v N improvement
+  With current CLEO ¢;, s;

=1.5 : — Statistical

B * :"I{;[il Expaectation O ptl m al 0 ) l L 2I3 EIO S[j[}
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v" The systematic uncertainty in measurement of y due to the input of strong-phase
parameters is 3.9° for optimal binning. The overall sensitivity of y is systematically
limited to ~3.9° for model-independent GGSZ approach.

v’ Therefore, improved measurements in c; & s; from BESIII are essential for degree- /eve/

precision of measuring yvia model-independent GGSZ approach.



w(3770)->D°D? samples at BESII|

1 BESIII is the only machine running at t-charm energy region. The
quantum-correlated studies are key to constrain the y/¢; measurement at

LHCb upgrades 1(2) and Belle Il experiments.

The largest y(3770) data sample

(pb?) - - 293fb!

3000 -
2500 -
2000 -

15001 0.818 fb~ 1

1000 +

500 ‘ I
0 i

MARKI DELCO MARKI MARKIII BESI CLEOc BESII

v' Good performance of BESIII
detector: high tracking & PID
efficiencies; high purity samples.

Phys. Rev. Lett. 124, 241802(2020)
Phys. Rev. D 101, 112002(2020)
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Events/(0.5 MeV/c

DT events for D>K, n*n~ in data
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Dalitz plots for D>Kg, n*n~ observed in data
O Effect of quantum correlation is immediately seen in Dalitz plots.
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The CP-odd component K%p(770)° is visible in CP-even tagged K.°n n~ decays,
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The strong-phase parameters (¢;() _s.00) in D>Kg, °nn-

v The ¢,() and s;() measured in this work,
the expected results and the CLEO results.
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Phys. Rev. Lett. 124, 241802(2020)
Phys. Rev. D 101, 112002(2020)

v On average a factor of ~2.5 (2.0) more
precise for ¢, (s,) and ~2.8 (2.2) more
precise for ¢, (s”.) than CLEO.

v' The associated uncertainty on y/d, is
expected to be roughly a factor of three
smaller than that from CLEO analysis.

v’ The improved precision on ¢’; and s’
are important for Belle-Il in y/¢;
measurement with B-—=>DK~, D2>K '



The strong-phase parameters in D2>K,, °K*K’

[Phys. Rev. D 102, 152008(2020)]
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v/, measurements with inputs of strong-phase
parameters from D—>K.°h*h~

CKM fitter JHEP02(2021)169
°-7;,"|"'y"'1"ﬁ R e I I ; — R |
3 | A . - i
08 3 Amy & Smact). - LHCD -
05 n - - | _
P ] - ; _
- . = | 0 - |
ki 1 oef " = D(KSh)h™
= v ! 3 - : —
03 ’ - i ]
, ! : 0.4_ i
02 - A @ ]
5 0.2 —
01 3 - ]
: f . MRt L N i
oo 1. L. S 0 |
04 02 00 02 04 06 08 050 60 70 0 90
P v [°]

. | 050 In good agreement _ (ep7+52)°
Indirect: (65.8"))" ¢o——————) y/¢; = (68.772%
The uncertainty from strong phases is
roughly 1°, which is significantly improved.

O Previous LHCb result, y=(80=10)° [JHEP08(2018)176] with CLEO inputs.



Measurements of coherence factors in D2 Kttt

and D= K+ [JHEP05(2021)164]

O For D>K nm, the coherence factor Rg, the amplitude ratio ry and strong-phase
difference &, between the CF and DCS amplitude averaged over phase space:

—idS _ J AL (x)Ag(x)dx

Rse oy and 7} = Ag/As A(s)is the decay amplitude of D 2K
AgAg

O The amplitude for two D mesons decay to states S(single tag) and T(double tag):

L(s|T) = ASAT {(T%)z + (?‘E)j - QRSRT?‘%?‘E cos (5% — 5%)]

Like sign K-rntatn—, K—nt7a" K—nt
Flavour o o
Opposite sign Kt o nt, Kt a" KT
op Even KTK~, #tr~, K¢r7° I"D"r”', Kw, 7ta 70
Odd K27 Kon, K%w, K/, K¢, K 77"
s Iy 259 Ap
Self-conjugate Kint

v' For CP tags: T(S|CP) = AZA2, (1+(7D} —QARgrDcoﬁD)

v' For Like-signtags:  T(S|S) = A%A4%[1 — RY]

. . 2
v' For Like-signtags: Y 5=H (Ki + (7%) K_; — 2r3 RsvVEK . K_; [cf cos 8% — s; sin 55])

17



Measurements of coherence factors in D2 Kttt

and D> KtV

O Fitted central values for strong-phase parameters.
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Strong phase difference (8) of D2>K "

Simplified Picture: ( simple = no mixing )

Complex ratio
DCSD/CF amplitude

Amplitude triangle:

CP,=CF £ DCSD
[ DCSD enhanced for visibility ! ]

@ — e—iﬁxn
(K=m+|DO)

B

DCP+

ACP — D Kzt
Kz —

D" Kzt

DCP+

oK (12,7+1.3+0.7)%

—>K 7t

2rcoss, . +y = (L+ R, )AL,

With external inputs (r, y, Rys) and A,

cosd,, =1.02+0.11+0.06 £0.01

BESIII: PLB734, 227 (2014)
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Benefit ADS method of extracting y,



Other topics: y,

CP eigenstates of D: BESIII, PLB744,339(2015)
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Desirable Quantum Correlated measurements
LHCb-PUB-2016

 Uncertainty of strong-
phase inputs from CLEO-c
contribute ~2° to y, and will
be comparable with the
experimental systematic
uncertainty at LHCb RUN2

« BESIII is only machine
running at t-charm energy
region. Related QC studies
are key to constrain the y
measurement at LHCb
upgrades 1(2)

Decay mode

COnantity of interest

Comments

D — KirFm-

D — KYK+K-

D— K¥aFata—

D— K K a7

D— aota—ata—

D— K*EgFq0

D— KPK*n+

+_—_0

D— ate—m

D— KMrra—m?

D— K+K—="

D— K=x%F

c; and s;

c; and s;

v

R 4 _\/

c; and s;

F, or ¢; and s;

R, S v
R, s
F,

P, and ¢; and s;

F,

Binning schemes as those used in the CLEO-¢
analysis. With future, very large «/(3770)data
sets, it might be worthwhile to explore alter-
native binning.

Binning schemes as those used in the CLEO-¢
analysis. With future, very large ¢/(3770)data
sets, it might be worthwhile to explore alter-
native binning.

In bins guided by amplitude models, currently
under development by LHCh.

Binning scheme can be puided by the CLEO
model or potentially an improved model
from LHCD in the future.

Unbinned measurement of F.. Measurements
of ¥ in bins or o and s; in bins could be
explored.

Simple 2-3 bin scheme could be considered.

Simple 2 bin scheme where one bin encloses
the K* resonance.

No binning required as Fl, ~ 1.

Unbinned measurement of F| required. Ad-
ditional measurements of F, or ¢; and s; in
bins could be explored.

Unbinned measurement required. Extensions
to binned measurements of either F, or o
and s; possible.

Of low priority due to good precision available
through charm-mixing analyses. 21




Summary

BESIII had collected the largest data samples for study of
charmed hadrons, including D%, D*, D,* and A" etc.

A range of important and unique results had been published in
recent years.

BESIII will collected more 17/fb data at y(3770) resonance peak.
The constraint on y from strong phases is expected to be <0.5%.

More important results are expected in charmed hadron decays
at BESIII.

Thanks!
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( 2009 start of BESIII data taking
\¥ Center-of-mass energy: 2.0-4.95 GeV
"‘ ;, p Designed luminosity : 1x1033 cm2s!
7 7| Achieved Design Luminosity on

*_ Apr 5t 2016 : 1x1033 cm2s-1
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The latest world averages of the CKM Unitarity Triangle Angles
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B For B> D(K, 7" n7)K decays, the relations are followed:

v’ bin +i: Assuming k bins in DP,
4k relations and 2k+3 unknowns;

- _ -, -+ -
Fi —J_df{ﬂ (Ksm 7" )pK™) The bin number: k>2;

I

= T:‘"""?ETI'_‘F 2rglcos(dg— y)c;+smldp—y)s;], = LHCb
. R N o 3 + * 2 251 JHEP02,169
l“!. = _dF{E —(Kem m :IDK ) {; 2.0
! ; 1.5
=Tr+r§Ti+Er‘B[cns{ dp+ y)e;—sm(dg+ y)s;], ::’ L -
0.5 4 decays

v' bin —=i: 05 10 15 20 25 30

m?*(Kdnt) [GeV?/c?]

l"fsj_dl“{ﬂ‘—qxgw‘w’f}ﬂx‘) o LHCD
i ¥ 25
1 . :‘5 2.0
=T;+rgT;+2rg[cos(dg—y)c;—sin( 55— y)s;], .
f:f 1.0 s
[= fjl*{ﬂ*—&{ﬁfgff}ﬂx‘] ST |
J 05 10 15 20 25 30

m?(K9r~) [GeV?/c!]

=T+ 13T+ 2rg[cos( 85+ y)c;+sin( S5+ ¥)s;].

Charm inputs (c; and s;) are essential to constrain the y measurement!



d D>KSn*n is the most important channel to measure strong-phases
4 The (c,,s;) measured in D>K.°t*n~ also provide critical inputs of

measuring strong-phase in other D decays. No strong-phase input for y

v' GLW [1: via D°>CP eigenstate, KK, wtr~, KOnO etc. measurements for GLW.
v" ADS 2 via D°>CF and DCS, such as K*n-, Ktnn°, K*n-nn*, KK, etc.
v' GGSZ B via with D°>Multi-body self-conjugate decays, K. n—, K.OK*K- etc.

ar
@) B
~ o8k
L The precision of y
) 63 measurement from
Tt three methods.
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