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* Introduction.

~ * Measurement of the CKM angle ¢
o B, > /)¢ ) ATLAS, CMS and LHCb

T

» Measurement of the CKM angle ¢35
beauty . B, - ¢
« CKM angle y measurement
_ « B¥ > [h+h_nin$]Dhi(h = K,m) LHCD
« CP violation in charm sector.

» CP violation in multibody D decay.

charm —

« Summary.
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CKM matrix and CP violation

« CKM matrix is a 3x3 unitary matrix, elements represent the strength of flavor-
changing weak interactions.

d” d Vua Vas Vb
s'"| = Vekm |s |, where Vegm = [Vea Vs Ve
b’ b i Via Vis Vi |

« Parameterized by 3 mixing angles and CP violating phase.
* VuaVup + VedVep + VeaVep = 0

 CKM phases are related to CP violation*SCPV).

VeaVih VeaVep _ _ VudWyp
* azarg<_t_dty.);ﬂ=arg<—v V'>;y_arg( VedVep/
Vuqub td tb c

« CKM matrix unitarity: test consistency of the CKM

mechanism.
« Sensitive to New Physics (NP).

Vi
Vea

(0,0) (1,0)
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CP violating ¢, and AI in B, —>]/1/)¢ decays

/ \ b — Ccs transition \
¢.: weak phase difference between direc S g
decays and decays through mixing of BY. 5O - &1

* * y i \
* ¢ps = =205, Bs = arg[=(VisVip)/(VesVen)]- Tl
b —» = ek

* Sensitive to NP.
T

CKMfitter —0.036570:0013 159

\ UTTit —0.03700 £ 0.0014rad /

8 AT;: decay widths difference between mass eigenstates.
- Standard Model (SM) prediction: (0.085 + 0.015)ps~? [arXiv:1511.09466].

* Sensitive to NP.

—0 . . UCT :
Bd — B, oscillation [ s —» > > b § —— =
B4 w % %H’ B, <:> BY: ucty u ct >§?
¢ -§ ¢ ANANNANNNS - 3
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https://arxiv.org/pdf/1511.09466.pdf
http://ckmfitter.in2p3.fr/www/html/ckm_main.html
http://www.utfit.org/UTfit/

Measurement with B, —» J/Y K"K~ decay

Phys. Lett. B 816 (2021) 136188
Eur. Phys. J. C 81 (2021) 342

arXiv:1906.08356
arXiv:2105.14738
LHCb ATLAS CMS
Same-side (SS) and opposite-side (0OS) tagger OS tagger
Helicity Transversity

SS Kaon
PV SS Kaon NNet
SS Proton
/ SS Pion BDT

SS Pion
Signal Decay

/

Same Side

P / Opposite Side

/\»

0S Kaon
OS K. NNet

0S Muon

0S Vertex Charge
OS Electron

0S Charm

time-dependent angular analysis for signal from mass distribution.

Helicity (LHCb)
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https://www.sciencedirect.com/science/article/pii/S0370269321001283
https://arxiv.org/pdf/2001.07115.pdf
https://cds.cern.ch/record/2679467/files/1906.08356.pdf
https://arxiv.org/pdf/2105.14738.pdf

Comparison between CMS, ATLAS and LHCb Results

Measurement of ¢, LHCDb Public results

ATLAS Public results
CDF, DO, ATLAS and CMS LHCb CMS Public results

Bs = ]/ Bs - J /KT K~ (including By - J /1),
Bs = ¢ (29)9, -
B, - J/Yyntm ' HFLAV
BS . D+D- ) 2‘_ DO 8 fb . _m(,)on
S s “s - 1 0.13 68% CL contours
= -
¢. [rad] AT, [ps] (Alog £ = 1.15)
-1
ATLAS ~0.087 + 0.036 + 0.021  0.0657 + 0.0043 + 0.0037 11| .
CMS —0.021 + 0.044 + 0.010  0.1032 + 0.0095 + 0.0048
0.09
LHCb (all mumu) | —0.042 + 0.025 0.0813 + 0.0048 1
LHCb 4.9 fb~
LHCb (ee) 0.00 + 0.28 + 0.07 0.115 + 0.045 + 0.011 &0 :
. )
ATLAS 99.7 fb~?
Important check for the results with muons, because o ' ' v J |
. i . - -0.5 -0.3 -0.1 0.1 0.3
the systematic uncertainties are independent, while d<csrad]
. S
the studied mechanism of the CPV is the same. LHCD (ee) not included

« The combined result is consistent with SM predictions.
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/index.html

CP violation in B? — ¢¢

arXiv:2304.06198

* b - sSs is benchmark to study CPV in FCNC decays.

* CPV arises from the interference between decay
and mixing, characterised by the phase ¢:°° and
|4].

 Final state has 3 linear polarisation states.

« 6fb™1 13 TeV
» Flavour-tagged time-dependent angular analysis.

» 15840 signal yields.

» Signal weight is used to subtract background in the fit to
decay-time and angular distributions.
e %% = —0.042 4 0.075 £ 0.009 rad

+ [A|= 1.004 £ 0.030 & 0.009
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https://cds.cern.ch/record/2857424/files/2304.06198.pdf

Combined results in BY - ¢¢

arXiv:2304.06198 AR B B
 Combined with data taken in 2011 and  Runi+Run2.9' LHCb -
201 2 Run 2. 6 b w— SM prediction o |
¢ $%°° = —0.074 £ 0.069 rad
e [A| = 1.009 % 0.030. Run | +2015+ 2016, 5 fb" —-r
« The most precise measurement. Run 1. 3 fb” —
« Consistent with and supersedes the
. 2011, 1 fb' .
previous measurement.
. . PR PR R R T N T R
. Agree with the SM expectation. 5 - - , 1

¢ [rad]

The first time that the polarization-dependent CP-violation
parameters are measured
* Show no significant difference between the three polarization states of
Bd — ¢¢ decays.
« Constrain new physics contributions in b — s transitions.
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https://cds.cern.ch/record/2857424/files/2304.06198.pdf

Direct measurement of y

* CKM y is the only angle that can be
determined using tree-level B meson

decays with negligible theoretical
uncertainty.

rs(p), 0p(p) are ratio of amplitudes of and strong phase
difference between BT (D) and B~ (D?) decays, respectively.

« Direct measurement of y can probe NP beyond SM.

« Several time-independent modes: B —» D™h, D® and D° decay to the same final
state.

« GLW: CP eigenstates (D - K*K~/ntn™).
« ADS: Cabibbo-favoured (CF) or Cabibbo-suppressed (CS) decays (D —» K*r ™).

« BPGGSZ: multi-body D decays, study CP asymmetry over phase space (D - Kdntn™).

. Time-dependent (interference between mixing and decay): B® — D¥r*..

2023/11/22 LHCP




Combination of y measurements

LHCb-CONF-2022-003 Split by initial B meson species 68.3% CL

Species Value [°]

Uncertainty  Interval
Bt 60.6 gy [56.8, 64.6]
B° 82.0 s [73.2,90.1]
B? 79 s 55, 100]

« Combination of measurements sensitive to
the CP violation angle y and charm sector is
performed.

* Include new and updated measurements from
B decay

* BE = |[K | h* arXivi:2209.03692
* BE = [hth %) h* arXivi2112.10617
.y = (63.8733)

« Compatibility with indirect determination
« ¥ = (65.5131)° CKMfitter

« Compatible with previous combination

2.20 tension

T F 3 T T T
4 2 -
» "
M
Pl LHCb 7
& % Preliminary
‘6‘ October 2022—
b

-
v
L D BT BT

« y = (65.4*38)" arxiv:2110.02350 P e
* The most precise determination from a single experiment.
2023/11/22 LHCP 9



https://cds.cern.ch/record/2838029
https://arxiv.org/abs/2209.03692
https://arxiv.org/abs/2112.10617
http://ckmfitter.in2p3.fr/
https://arxiv.org/abs/2110.02350

y measurement with B* — [h*h™n*n*| ht

arXiv:2301.10328
. The first study of CP violation in

- |[KtK ntn ] ht(h = K, ).

 Phase space integrated analysis for K*K n*n~ and
nin Y.

e B’ —>D( D [7°]) h*
= B* =D (=D [z°]) h*
-—-B'*DC*DWDh
s B —Dh*[ 7]

B? -»DK*[7"]

Part. reco. mis-ID
=== Combinatorial
—— Total

Candidates / (6.20 MeV/c?)

- supersede the previous B - [r*n w7 "] h* measurement. —&— Data
arXiv:2012.09903 5
5200 5400 5600 ,
CP-violating observable Fit results \ m(DK™) [MeV/c']
ARETT 0.093 =0.023 = 0.002 ::150 |
AKKnm —0.009 +0.006 =+0.001 < VD
AR 0.060 +£0.013 +£0.001 | s
AT —0.0082 == 0.0031 £ 0.0007 e
REK™ 0.974 +0.024 =£0.015 O e
P 0.978 =0.014 =+ 0.010 . N
0 50 100 150
y [°]
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https://arxiv.org/abs/2301.10328
https://arxiv.org/abs/2012.09903

y measurement with B* — [h*h™n*n*| ht

arXiv:2301.10328

Q - | I I 1 I I 1 I 1 1 I I I 1 |-
é 02F ;I;Ibgb
. : 7 — —_
External information on Direct measurement of charm parameters | B :f—
charm parameters, currently | allow the CP-violating observables to be ~02f
from amplitude model. determined model-independently. b

2

i Fit projection
- == = No CPV prediction

0.6 B*—DK* -

bresence of CP violation effects. b
8-76-54-3-2-112345©¢6 78

30 agreement with previous LHCb Bin number
determinations using other channels.

 Binned analysis for K*K " ntn~.
* Local asymmetries confirm

Result will evolve after charm arxXiv:2110.02350
model-independent measurement. <

100 |-

[ 1 PS integrated
50 ] Binned
LHCb 2021

1 |
OO 50

2023/11/22 LHCP 11



https://arxiv.org/abs/2301.10328
https://arxiv.org/pdf/2110.02350.pdf

CP violation in charm sector

« CP violation in up-type quark decays in charm sector.

« CP violation is expected to be tiny in Standard Model(SM) due to CKM elements and
GIM mechanism: A p~10"% — 1073,

} direct CP violation in decay
| CP violation in mixing
Interference between decay and mixing

* Types of CP violation:

« LHCb has reported the first observation of

CP asymmetry in D® - h*th~ decays in March 2019 [PRL 122 (2019) 211803].

» Further studies are ongoing in charm sector.

More will be given by D.Friday’s talk on CPV and mixing in ¢ decays.

2023/11/22 LHCP 12



https://arxiv.org/pdf/1903.08726.pdf

Search for CP violation in multi-body D decays

* Direct CPV arises from different weak and strong phases between the amplitudes

involved in the decay

 3-body charm decays

* Resonances provide a source of strong phase difference.

* Enhance sensitivity to CPV in localized regions of the phase space.

2023/11/22 LHCP 13




Search for CP violation in multi-body D decays

ke
o

L LA L B B LA B B
— Permuted T-values 1
----- Data T-value

* model-independent approach.

« Compare Dalitz distributions of D° and D° decays.

« DY > 7Y decay (unbinned) LHCb-PAPER-2023-005
» p-value is obtained by comparing nominal result to the
expected distribution under CP symmetry.
« p-value is 0.62 : | ]
* No indication of any CPV in localized region of the phase 0 e
Space. [T-value x10°]
. D(J;) — K~K*K* decay (binned) arxiv: 2303.04062
« p-value is defined as the probability of obtaining a test variable (Dalitz-plot distribution

comparison of D° and 50) that is at least as high as the value observed under CP

conservation.
« D} mode: p-value = 13.3%
« D* mode: p-value = 31.6%
* No local CP violation observed and the first search for CP violation in the D(Jg) - K KTK*

decays.
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https://arxiv.org/pdf/2303.04062.pdf

* The measurements of ¢, from LHCb and so on are in an agreement
with the SM, results with final state containing electrons are an
important check.

« New precise ¢55° tests of SM in B, decay, in agreement with the SM.
* The most precise single measurement of g is performed.

 Direct measurement of y in B decays improve precision in LHCD.
* Uncertainty < 4°

« Further improvements expected with other decay modes and more
knowledge of charm hadronic parameters.

* New search of local CP violation in charm sector.

2023/11/22 LHCP 15




Thanks for your attention!
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BACKUP
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LHCb Result - B, - J/Y(eTe )¢ decay

T (o IR 4% MY VY VAT VA LSRN Il Same-side tagger and opposite-side tagger. SSkaon

« Admixture of CP-even and CP-odd components, disentangled by . S
time-dependent angular analysis. &
* (1.27 £ 0.05)x10* B; = J /Y (ete™ ) decays from the fit to e R A T

m(ete”K*K™) distribution. /\B}

OS Vertex Charge
0S Charm

» CP observables are determined by fit to background-subtracted]|
candidates in BY decay time and helicity angles distributions.
- ¢ =0.00+0.28 £0.07rad

« AT, = 0.115 & 0.045 £ 0.011 ps ™

& 250F 2 [ T T T T T
2 E o 10 3
E 200F IE X

* The first time that ¢ measured with | 2 B S S

the final state containing electrons |3 0k L e

5 3 = [ -Total [

- No evidence for direct CPV. T sop EI g o
@)

. - -.S-wave
d 1 e~ L ' ' '

. —1 L 2 \ 2 L
seo| | 10 5 10

J52()()‘ . .54{)0‘
m(e*e K'K™) [MeV/c?] Decay time [ps]
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https://arxiv.org/pdf/2105.14738.pdf

y measurement with B* — |[K*nrin*| h

arXiv:2209.03692 o R IR
z Ofh! i Ofh!

¢ 9 fb_ly 7,8 and 13 TeV % W H B — DK .Bin2 -1 u B" = DK' Bmn2 7
.’. 10 - | 1l -

« Through CF and DCS amplitudes £ w CPV il

- high branching fractions and only charged = , | W
particles 10 R :
* FirSt measurement Of parameters in this 0 n.2 !').v1+ .").(Vi n.8 n.2 0.4 0.0 n.8
decay in bins of phase space of D? decay mok- | G o+ [GeV/e]

» Magnitude of CP violation in one of bins is the largest yet observed.

_ +6.040.6 +6.7 \°
* Y= (54-8—5.8 —0.6 —4.3

* One of the most precise determinations (2nd).
« Compatible with current averages.

From external inputs for hadronic D decay
parameters determined from CLEO-c and BESII|

Improvement from incoming BESIII ¥(3770) data.

* Have a strong impact on the overall knowledge of vy.

2023/11/22 LHCP 19


https://arxiv.org/pdf/2209.03692.pdf

Measurement of CP asymmetry in D® - K" K™

arXiv:2209.03179
-1 E791
¢ 5.7fb 9 13 Tev __4__ FOCUS
e Acp(K~ K1) =[6.8 + 5.4 (stat) & 1.6 (syst)] x 10~* I CLEO
. . . -~ —_— Belle
» Consistent with the previous LHCb results. : N 5 I
« Comparison with the world average gives a compatibility — CDF
f1.3 t o LHCb 3 fb’!
OoT 1.00. . . /' - LHCb 5.7 fb"!
« The most precise measurement of time-integrated CP
asymmetry in D° - K"K™. S0 5 0
Ap(KK*) [107]
<& 0006} L combmton, M wice 4+ Combination of charm CP asymmetries by LHCb
00045_ + Nodirect CPV ’,—::, —; ° a‘;{_K+ — ( 77:}: 57) X 10_4
b0 1 ¢ ol _,=(232+6.1)x 10"
0 e - . .
O e 1+ Departure from U-spin symmetry is 2.7¢.
oomb ‘i"l""'f“."&;}};;“;sc; N 4+ The first evidence of direct CP violation in D° - n*n~ at
—ooor ooz o ooz ooos  the level of 3.80.
as. ..
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https://arxiv.org/pdf/2209.03179.pdf

