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Introduction

CP violation 1s one of the Sakharov conditions for the generation of a
matter-antimatter asymmetry in the early Universe

CP violation in the quark sector in the Standard Model arises from the
complex phase in the CKM mixing matrix. Not enough to explain baryon

asymmetry
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Introduction

Wolfenstein parameterization
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Unitarity of the CKM matrix leads to triangles in the complex (p, 1) plane
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Huge experimental and theoretical progress in last P
25 years - so far confirms the CKM picture 2021
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Golden measurement channel B; — J /YK 8 >
. J— . . +rl
tree dominated b — c¢Cs transition < “ >
) v Wy
Measurement primary goal of the b-factories “
C T/q)
Interference between decays with and 4 L //g
and without mixing leads to CP asymmetry @ wl~<
. . — N\ ~
Acp(t) = —nssin2Bsin(Amgt) c @K
sin2¢; = 0.667 £ 0.023 + 0.012 sin23 = 0.687 £ 0.028 4 0.012 sin28 = 0.76 + 0.034
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sin 2[3

New

New LHCb Run 2 (6 fb!) results using B; — J /YK, (both muons
and electrons) and B; = Y(25)K;

Tagged time dependent analysis to determine sin2f3
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sin 2[3

w  1.00
s Fit
5 0mf +oxen g s'j/g; (2—>u+u_) o = 0.714+0.015 (stat) +0.007 (syst)
S
b0 C%n(ium— ko = 0.013+0.014 (stat) & 0.003 (syst)
5F S
v SRun2, o = 0.647 +0.053 (stat) £ 0.018 (syst)
0.00 S
o C{;‘(J;;) o = —0.08340.048 (stat) & 0.005 (syst)
_0o5F S
limi Run 2 _
ok ;I)JrHe(lermary S.gl:;(;e+e_ Ky = 0.752 4+ 0.037 (stat) + 0.084 (syst)
OTE B g Y 7 ] CJ/uwn(—>e+e— "o = 0.046 + 0.034 (stat) 4= 0.008 (syst)
—1.005 P I 5 8 10 12 11 b4
t |ps
Em 0.100: —r r 1 r o+ 17T+ +T T T 1 r 1 T 7 ]
S omf guamme ™ i Run 142 combination all modes
0.0505— — R 142
vk ; S@D“K”g ¢ =0.723 £0.014 (stat+syst)
ook ' Cf;f(ré 172 —0.007 £ 0.012 (stat-+syst)
—0.025 — —
0050 1 cf Belle (2012) precision of 0.031
—0.075 F 3
- contours holdI 39:76, ?7‘%: C? T
G T T 0w 0.75 0.80 0.85

Sy LHCb-Paper-2023-013



LHCD LHCb-Paper-2023-013
ACO

sin 2[3

sin(2p) = sin(2¢,) EZ72

=175 0.20 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T PREL'M'NARY
< ] BaBar J/y K 0.657 +0.036 + 0.012
QS = Belle IT 2023 ] PRD 70 (2009} 072009 A I
. g‘féggg i BaBar Jiy K| 0.694 +0.061 + 4.031
0.15 e LIL{CLb e ] PRD 79 (2009) 072009 ;
® LHCH Run 9 § BaBar y(2S) Kq 0.897 £0.100 + §,036
r e ] PRD 79 (2009) 072009 " :
0.10 B ES:_[(: gé\l(lz}é?z) 171802 = oeToz 0028 0:.01 ’
i ] Belle Jay K 0.642 +0.047 + .021
i PRL 1 os‘l(lzm 2) 171802 — ;
0.05 B ] Belle y(2S) Kg 0.718 +0.090 + 0.031
L > ] PRD 77 (2008) 091103(R) :
r 1 LHCb Run 1 Jy Kg N 0.750 + 0.040
0.00 E ] JHEP 11 (2017) 170 * ;
) L - LHCb Run 1 y(2S) K . 0.840+0,100 +Q.010
- . JHEP 11 (2017) 170 * ' f
C ] LHCb Run 2 Jiy Kg ; 0.720+0.014 + 0.007
—0.05 - LHCb-PAPER-2023-013 & ;
i ] LHCb Run 2 (2S) Kg 0.647 +0.053 + 4.018
[ contours hold 39%, 87% CL ] LHCb-PAPER-2023-013 I :
_0 1 i PR T R A T S T T N TN SO T T NN SN SO S T NN SN T SR T N S A T ] World Average e 0.708 £ Q'01 1
05 060 06 00 073 080 085 L : L : -
Sz/)KS 0.4 0.5 0.6 0.7 0.8 0.9 1
LHCDb Run 2 result most precise to date Source o(5)  a(0)
Fitter validation 0.0004 0.0006
AT 4 uncertainty 0.0055 0.0017
Still dominated by statistical uncertainty FT calibration portability 0.0053 0.0001
FT Ae,g portability 0.0014 0.0017
Decay-time bias model  0.0007 0.0013

Run 2 achieved precision (0.015) 1s close to
0.012 expected in the 2000 yellow report

PROCEEDINGS OF THE WORKSHOP ON
STANDARD MODEL PHYSICS (AND MORE) AT THE LHC
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B, mixing
Interference of decays with/without mixing gives measurable phase

3
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to resolve fast B, oscillations
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CP violation in B, mixing

b, = arg (_ M ) « Observable phase ¢, = -2B,= Dy, - 2 Dp,

* In the Standard Model expected to be
small ¢, = - 0.0368 radians

* Larger values possible in models of New
Am, = My — My Physics

Golden mode used by all LHC experiments B—J/y ¢
 LHCb also studied B¢—J/yv KK, B¢—J/y wiw , Be—w(2s)¢, B¢—>D "Dy

bt
% Since B—J/w ¢ 1s not a

CP eigenstate time-dependent
angular analysis needed to
determine ¢,
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New

¢.. LHCb

arx1v./2308.01468

New LHCDb result using B¢—J/w ¢ and the full Run 2 dataset (6 fb™!)
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. arx1v./2308.01468
¢.: LHCb

Parameter Values 2 S S —
¢, [rad] —0.039 = 0.022 = 0.006 E.o.os— LHGH R3S

Al 1.001 £ 0.011 £ 0.005 £ [

I, — Ty [ps™!] —0.0056+20013 + 0.0014 T

AT [ps™] 0.0845 =+ 0.0044 + 0.0024 £

Amyg [ps™!] 17.743 + 0.033 4+ 0.009 2 |

|AL|? 0.2463 + 0.0023 + 0.0024 _

| Ao|? 0.5179 = 0.0017 % 0.0032 ~0.05

6. — 0 [rad]  2.903%§0%; £ 0.048 -
d| — 0o [rad] 3.146 £ 0.060 £ 0.052 0 0.1 02 03

(¢ ps) modulo (21/Amy)

LHCD
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¢.: GPD results
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Data taken up to 2017

¢s = —0.087 +0.036 (stat.) + 0.021 (syst.)rad
ATl 0.0657 + 0.0043(stat. ) + 0.0037(syst. )ps"1
I, = 0.6703 + 0.0014(stat. ) + 0.0018(syst. )ps ™"

Eur. Phys. J. C 81 (2021) 342

8 TeV data plus 96.4 fb! at
13TeV up from 2017-18

¢s = —21 £ 44 (stat) = 10 (syst) mrad,
AT’y = 0.1032 £ 0.0095 (stat) £ 0.0048 (syst) ps_1

Phys. Lett. B 816 (2021) 136188
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Summary of ¢

SM no penguins

S LHCb 9 fb~1

DO 8 fb~?

preliminar
68% CL contours
(Alog £ =1.15)

CMS 116.1 fb™?
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Combining with ATLAS, CMS

In agreement with the SM predictions
Large scale factor on Al%, I
reflecting tensions in experimental data

Combining with LHCb measurements
in other modes gives
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New B, lifetime summary Il

Effective lifetime measurements also

probe Al'y, I'; consistent with B, —
J /W@ but less precise

New LHCb measurement using
B; — J/yn' (CP even) and B; —
J/Yrtm~ (CP odd) in £,(980) region

Relative yield versus decay time gives
AT

AT, = 0.087 +0.012 £ 0.009 ps~!

In agreement with HFlav averages

Parallel talk
s Veronika Chobanova
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CP violation in B, mixing in
loop diagrams e.g. B; — ¢¢@

Tiny CP violation in SM

$%*° = 0.00 & 0.02 rad

LHCb update with full Run 2
dataset earlier this year

Tagged time dependent

angular analysis

to determine ¢,
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arxiv: 2304.06198
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Run 2

Run 1+2 combination



B° — n'K;

a) HaY

Loop suppressed b — 5q@ transition with
relatively high BF
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| ns;g = 829 £ 35 Parallel talk
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400 — : -
. B0 n'Ks Continuum |
350 | 4 B%tag
4+ B°tag

Entries per 0.64 ps

0.50
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~025F

Belle Il Preliminary [cdt =362 b1

Asymmetry

B -n'ks

Background shape validated from
sideband

Fit validated with B* - n'K*

0.19 + 0.08 £+ 0.03

0.67 + 0.10 + 0.04

HFLAV: Cop = —0.05 + 0.04 Sgp = 0.63 + 0.06

8 Scp = sin2B3, O(~ 1%)

arXiv:hep-ph/0505075
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L Belle Il (preliminary)
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Events / 1.0 ps
N w -
o o o

=
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Asymmetry

Ccp = —0.06 £ 0.25 + 0.07
Scp = 0.047345 + 0.10

Theory: Scp = —0.035 + 0.017

23

Asymmetry

b

d
Challenging mode as no tracks
directly from b-vertex

Most precise result to date
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<D K1t 1sospin sum rules

Belle IT

B(K°nt) 7po
B(K+7I'_) TB+

B(K*n°) 7po
B(K+n—) 75+

B(K°n")

B B(K* )

— 2AK“71’“

Igr = AK+71'— + AKO‘/T+

WA: I, = (=13 + 11)%, precision limited by K2r°

SM predicts [x; = 0to~1 %

240 200 — 70F .
220f « Data Belle Il (preliminary) 180 e Data Belle Il (preliminary) ” i * B, o (a=+1) Belle Il (preliminary)
3 —F|t o 60F _o
F— R e Ba - B
200 R det 362 b S 160| - B Ko f,_dt:sesz1 ol Jiot=se2 "
2180 - o + =140 —BB background o f
w160} — BB background = back o 40F
ai S gq background o :
Y140 -qq background 5 120 |- S 30f
g 3
g 120} 2 20f
§ 100 o] ok
'.g 80 L 0 : I I L L L
§ 60L 4 : -
M e R ¥ : £ 08 —.—
g ’ g 02
20 E g
524 525 5. 26 527 528 5.29 < -06EF
6 4 2 0 2 4 6

M,, [GeV]
Time dependent measurement, with 415 candidates
Acp = 0.04 £ 0.15(stat) + 0.05(syst), Scp = 0.751023(stat) + 0.04(syst)

Precision comparable with world’s best result even with smaller sample

Agoo = —0.01 £ 0.12(stat) + 0.05(syst)  Including time integrated study
Ik = —0.03 + 0.13(stat) £ 0.05(syst)
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CKM angle y

Y accessed 1in many ways using b = ¢ — u transitions

B decays
BT — Dht,Bt - D*ht,B* - DK*t, Bt — Dhntn~
B - DK*® BY  DFx*
B, —» DFK* Bl - DFK*ntr™
D decays: wide range of 2,3 and 4 body modes
D° - Ktn= DY —» hth~
D’ - K.h™h~, D% — hTh' 7"
D 5 K ntnat, D 5 K"K 7 at,D° 5 Kot 70, D° - i~ ntn™
Several methods: ADS/GLW, GGBPGZ
Theoretically clean measurement at 10-7 level (Brod+Zupan arXiv:1308.5663 )

BaBar and Belle achieved precision of around 15°. LHCDb has achieved 4° precision

Important role for BESIII (Quantum correlated measurements at the (3770))
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e.g. interference of b > uand b - ¢
transitions in B¥ — Dh* decays

(4.0 MeV/c?)
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/ \
rge’(‘m[) / e.g. DK

Lo Bt LHCh
S8 :

W00 500 500
m([K*K~]pK™) [MeV/¢]

e.g. ADS/GLW analysis in JHEP 04 (2021) 081
28 observables measured

y determined up to 4-fold ambiguity



LHCb Yy combination

Combined fit to all LHCb measurements and charm mixing data

Bt 5 pg®™+

L

B% — DK™
B — DFx*
B! - DYK*(mm)
D— K'a~

1-C

0.6 ' All Modes

D— K*n~

D — hth—#°
D—ataatn
D— Kta=® L
D — K*n¥atga™ 0.2
D — K{K*n¥ i

D — KYK*n¥ 05 50 60

0416330

v = (63.8737)°

LHCD

C“O' T T T

LHCD LHCb

S.
October 2022 — 100

1 1 I L1
llllllllllllllllllll

Preliminary

Consistent with the CKMFitter prediction

v = (65.5757)°

LHCb met its goal of 4° precision with Run 1+2 data (LHCb-TDR-012)
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Recent LHCD results

BY o DO with DO Kimtrtn rom external
Large uncertainty from external

inputs of strong phases/coherence
’y o (548t§§ 1_82 © factor from CLEO/BES

v = ( 1 1 6+ }.421 ) O Model dependent amplitude analysis,

will benefit from BES3 measurements

29
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Recent LHCD results

LHCb-PAPER-2023-009
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D Belle 2

Belle IT

Belle 2 starting to produce results in combination with Belle data

0.2
il Belle + Bellell | BPGGZW analysis of
0ol JLdt=(711+128)fb B* - DOt with D° — Ksh+h_
Dhm0.15? v=¢3=(784+11.4+0.5+1.0)°
01 stat Syst ext
” JHEP 02 (2022) 063
0.0%5— P510 | (100) 150
0, [°]
1f
09| | o GLW analysis of B* — DgpK*
0.7F
i 06F o
3 o v € [84.5,95.5]
02 90 % CL arxiv: 2308.05048
ot \ _ _ L\ _ _ )\
N>

0 20 40 60 80 100 120 140 160 180
[
a1 Parallel talk Marcus Reif
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Prospects for B-mixing

Still room for New Physics amplitude at level of 10 % in By By mixing ©

In the next decades move from 10 fb! to 300 fb-! with LHCb upgrades
plus ATLAS/CMS/Belle 2

< 9 fh-! ———> <+——Goal: 50 fb'! ————————> <+—— Goal: 300 fb-! —>
Upgrade I Upgrade Ib Upgrade 11
Runl | LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5| Run 6

2011 2012{2013 2014|2015 2016 2017 2018§2019 2020 2021 |2022{2023 2024 2025)2026 2027 2028§2029 2030 2031 2032§2033 203442035 2036 2037 2038(2039(2040 2041

) T T T T T ) F T T T
e} I ©
| LHCb Run 1 | I .
20'030, . UT fitter based on SM .g. 0.05- LHCb Run 1 CMS 17-18 i
—_~ X L .
[<a
8 f ] S
£ 0.025- Belle 5 2 ATLAS 15-17
Lo L]
%o} I . 0.041 -
0.020F UTFIT 2023 World Average _|
0.03F -
0.015}- i - ]
p LHCb15-18 (preliminary) LHCb JAUKK 15-18 (preliminary) :
] 0.02F HFLAV 2021 World Average _|
0.010[- ] I HFLAV 2023 World Average (preliminary)
LHCb Run 4 Belle Il (50 bA)j 1
elle ai B
B ° o ; 0.01} LHCb Run 4 ]
0.005 LHCb Run 6 I . oMS R ]
7 . LHCb Run 6 un6
- 1 L CKM fitter based on SM ATLAS Run 6 |
0.000 . ol ol ] 0.00E 1 P P ]
100 10' 102 103 104 10° 10' 102 103 104
LHCb L fb~! L fo!

LHCb-PUB-2018-009, ATL-PHYS-PUB-2018-041,
CMS-PAS-FTR-18-041, https://pos.sissa.it/294/005/pdf
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Prospects for y

2023
At present g, ~ 4°

2030
Belle 2 with 50 ab! o,~1—2°

LHCb Upgrade I (50 fb'!) g, ~1°

2040
LHCb Upgrade 1I (300 fb!) 0,,~0.4°

DK
r
o Bo
— —_
~ o)

0.12

0.1

0.08

0.06

T T [ T T T [ T T T [ T T T [ T T T
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To fully exploit precision improved estimates of strong phases from BESIII

will be needed
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Summary

New precise measurements of sin(2f) and ¢4 from LHCb

¥y known to better than 4°: no longer the least precisely known CKM angle
* New results on y from LHCDb, Belle always coming

Belle 2: Ramping up and producing wide range of interesting results
« e.g B - n'K,

A lot more to come in the next decades from LHCb Upgrade(s),
ATLAS/CMS and Belle 2
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Penguin Pollution

,,  Penguin contributions could mimic NP effects

Study using other modes related by SU(3)

] symmetry to limit size using data
e.g. B, =2 Jy K*, B" = J/yp

~—~ 2000
g Qo
penguin diagram = 1800
J/Y Q
g S 1600
Colourhsinglet,” c — 1400
exchange ,/ —_ D
. ' . = 1200 —+ D
g —— Total PDF
0 —— O : 1000 l_io signal
BY w ) QO
= 800
=
s y = 600 f - - - Combinatorial bkg
G 400 Ay = Jypr

A(BY = (JWK™);) = —=AA; [1 — a;e%e"] 200 B

0 ' 5500 5600
B> uyks
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Penguin Pollution

Fit to CP observables + polarization amplitudes in B, = J/y K*, B =» J/yp

NG = 0.0001 5309 (stat) 500 (syst) rad,
AG7? = 0.00170919 (stat) £0.008 (syst) rad
AGT? = 0.0030919 (stat) £0.008 (syst) rad .
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ch
L )

Value [x1072ps™1!]

Renormalization scheme

Predictions for Al

Reference

7.7 £2.2
8.8+ 1.8
92414
91£1.3
7.6 1.7

Pole mass
MS
MS
MS
Avg. MS + PS

Asatrian et. al. [1]
Asatrian et. al. [1]
Davies et. al. [2]
Lenz et. al. [3]
Gerlach et. al. [4]

[1] Hrachia M. Asatrian et al. Penguin contribution to the width difference and
asymmetry in mixing. Phys. Rev. D, 102(3):033007, 2020.

2] Christine T. H. Davies et al. Lattice qcd matrix elements for the BY — B?

width difference. Phys. Rev. Lett., 124(8):082001, 2020.

[3] Alexander Lenz and Gilberto Tetlalmatzi-Xolocotzi.
bounds on new physics effects. JHEP, 07:177, 2020.

Model-independent

[4] Marvin Gerlach et al. The width difference in B — B mixing at order s and
bevond. JHEP. 04:006. 2022.



Belle2 potential for a /¢,

Access a from TD-CPV in B® — nr, BY - pp

4.8 v
= (8521_43)0 HFLAV Tree: e " Penguin: e c.i 1 .
Acp(t) = Ccos(Amgyt) — Ssin(Amgt) b s

S = sin2a + 2rcos 8 sin(a + B) cos2a | ' | 2 4
AB’»x'n )=Te?+Pe’, r=|P|/|T]

Control hadronic parameter r and § using BFs and CPV of all isospin-related
B — mr (B — pp) channels, which are all accessible at Belle 11

B(ptp~) = (2.67 £ 0.28 + 0.28) X 107>, f, = 0.956 + 0.035 + 0.033 arxiv:2206.12362

B (p*p°) = (2.32 £ 0.22 £ 0.27) x 1075, f, = 0.943 £ 0.035 + 0.060

Acp = —0.069 + 0.068 + 0.060 arXiv:2208.03554
B(ntn~)=(583+0.22+0.17) x 107°, Talk by Xiaodong Shi
B (n*n®) = (5.10 £ 0.29 £ 0.32) X 1076, A¢p = —0.081 £ 0.054 + 0.008 at Lepton-Photon

B(n°n°) = (1.38 £ 0.27 £ 0.22) x 107%, A¢p = 0.14 £ 0.46 + 0.07 PRD 107(2023)112009
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