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CP violation in SM

SM charged current interaction

Ls = = (E’Y“W:VOKMdL + @’Y”W#VQKMUL)

V2
d;
dr d L/?.Ld Vus .Vub d
S|1=Verkm|s|=|Vea Ves Vu S W Vij
b" b v;,d Vris Vrﬁb b

eThe unitary CKM matrix Vv Introduces tree-level couplings
between up and down-type quarks

3 free parameters + CP violating phase 0

* Vv Unitarity tested by over-constraining CKM parameters
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CP violation in SM

In the Wolfenstein parameterization

1—\2/2
Vekum = —A
AN (1 = p —in)
Im
Two phenomenon i |
triangle from unitarity VermVegy = 1, s Vg
% LB AT
(Bd ')VUqub T 1/Cfiﬂ/r:b + thV;b — 03 . e -8

Re

(Bs :) VusVJb g ‘/csvzz 6 i ‘/ts t}l; =)




Neutral B meson mixing

b u,c,t q b ’\f\% q
gg 1774 1% E{g} Bf.?, u, ¢t} u,e,t Erg
. AVAVAVAV
q u,c,t b q 1% b

*The wave function could be represented using % (t) = a(t)| B, > +b(t)|B; >

*Mixing and decay can be described by time evolution equation

() (0)- (o, 5B ) () 1

*Solving the equation will give us

Tpia-rt) = [AsP(Q+[As[P)e M x
(cosh 8 — Dy sinh 2* £ Cf cos(Amt) F Sy sin Amt) ,
)\_qi_ 7 A(B — f) Df:M f:i)\f’z f:21m—/\f.
T pA; T VpAB ) 14 [Ag[? 1+ [Af]2 1+ |Af]?
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CPV in Neutral B meson

CP violation in mixing

Unequal transition probabilities

between flavour eigenstates

P(B — B) # P(B — B)

CP violation in decay

A
' Unequal CP-conjugated decay rates

e [(B— f)#T(B— f)

Ar

q/p

CP violation in interference of decays with/without mixing

Time-dependent or time-integrated difference of decay rates of initial flavour eigenstates

[(B..5) — fcr)(t) # T(B(p) — fep)(t)



Opportunities for probing for new physics

ML=M"-A, A,=|Ale%, g=d,s,

SM point

ImA,
o

® NP short-distance contributions
can influence mixing

SM,

miy = mpp 7 - AT’ ’

2 1 DReAd1 2 3

[PRD86033008] 2__’exd:,de;_arga..;m_;.ga_"' T A I__

® Through B mixing, NP energy - SM,mims -

scales of up to 20 TeV for tree T 0: _________________

level NP or 2 TeV for NP in loops E
can be probed L
[PRD.89.033016] 2

2 1 OReAs1 2 3


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.033008
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.89.033016

The LHCDb detector

A single-arm spectrometer with a forward angular coverage 2< n<5

eExcellent resolution in vertex locator, decay time recostruction and Energy
measurement

eParticle identification with high precision

RICHL & RICH2 [LHCb Performance]
LR v ) P Calorimeters
m — K mis-id: ~ 5%

LHCb MC

uuuuuu

beam 1 ™" -2~ s % I 8 | | beam 2

Vs =14 TeV

0, [rad] ™2
3n/d

T 0, [rad] /

VE;;) Tracking System
{T|!:l i pm Ap/p = 0.4%@5 GeV/c
for high-p tracks to 0.6%@100 GeV/c

Muon System
e(p—-p) ~97%
m — pmis-id: 1 ~ 3%
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https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04013

CP violation in B'— yKg decays

0.7 T T T S —
-8 M 3
C e L\ .
0s B3 e silsy =
O .
£ ]
0.5 _—‘\g \ 3
— & sol:wicos 25 -
F o fexcl atCL 095) —
0.4 _—?§ _
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[z @ _—— E]
0.2 ‘ e —
o 3
0.1 h ke
B =
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-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

sin(23) # 0 = 'CP violation [CKMFitter]

Less than 1% penguin
contribution in sin2f3

b '3

ImA (¥ KQ) ~ sin 28,

Vi Ve
Bi= arg| —-2 )
| g( Vb Vi



http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.pdf

CP violation in B'— yKg decays

The decay channel B9 K; offers a theoretically clean access to the CKM angle f3.

- T(B%(t)—= ¢K3) — T(B(t)— vKQ)

CcP ;
A (= e , ~ Da¢Drr S sin(Amgt)
[(B%(t)— ¥K2) + M(B(t)— vK2)  ~——
; Experimental dilution factors
. _ op [LHCb-Paper-2023-013 In
Three main channels are used to determine AP(t) preparation]
,_:1_—»1[]E LA L L N L L L L L L B L L B
® BO — J/w(_> ,LI,L)KL[S}'(% 71'+ﬂ'7)(82%) Eh LHChH — FuD]]ﬁL- .
B 0 — J / w(% ee)K g«(-) T _) (12%) & preliminary g-"\'-. . ::u :i jl_ulq_],}iﬂii:’ K |
o B y(28)(— p)KY(— 7t m)(6%)  fl W=
:; 'I:'x — E[:‘-mnhi]n]s;_nrial BG
:"E:_ II'.II. ‘artial BG
From mass fits, sWeights are obtained for [ 4 |
effective background subtraction in : VAN W %WW
CPfit [sFit] j /,{__,: '-:1-\1‘ ]
][]EI}JEJ[JI - 'JJIU{J ‘ 'I; I-5'2I?1[]=:I - '1‘31}0 II\:\I I.">3I5[]I - I?)-'llf}ﬂl - Ic'}il-.'i[ll - I5-‘3[)f.}

m(YKY) [MeV /]
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https://arxiv.org/pdf/0905.0724.pdf

CP violation in B'— yKg decays

Decay time fit to the Run2 data sample, and the time dependent asymmetry obtained in
Run2 data

o T T T T T A EE R R T
= L ———————
210N . T ]
= ) LHCb preliminary & ik
~ < i
@ — Full fit 4 )
:é 10° — B" = Jp(— pp) K 4 0.50
8 g — B ¢(2S)(— pp)KE
E i —— B Jh(— ee) KD 1 0.25
S
100 | 0.00 F
—0.25
H}E_ =() r[}:_ 2 &
g 't LHCb preliminary
1l _U‘TS;_ B sap(— OKY— nrm™)
] I R 8 10 I 14 B I T A N A T
t [ps] t [ps]
[LHCb-Paper-2023-013 In
preparation]

Shun? =0.716 £ 0.013 (stat) 4 0.008 (syst)
PR
CRun2 — 0,012 4 0.012 (stat) = 0.003 (syst)
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CP violation in B'— yKg decays

b—ces C., [EEA

PRELIMINARY
BaBar Jhy K N 1 0.026 £ 0.025 + 0.016
PRD 79 (2009) 072009 e .
BaBar Jiy K| ) > : . -0.033 +0.050 + 0.027
PRD 79 (2009) 072009 il : Y
BaBar y(28) Kg i _, 0.089 +0.076 £ 0.020
PRD 79 (2008) 072009 ; G i
Belle Jhy K, g H _ 0.015  0.021 *5028
PRL 108 (2012) 171802 L : .
Belle Jiy K, L B -0.018 + 0.026 554
PRL 108 (2012) 171802~ = B :
Belle w(2S) Ko, ; -0.104 £ 0.055 *3%7
PRL108 (2012) 171802 ' s
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LHCb-PA 2023013 :
World Average : 0.006 + 0.010
HFLAV Al

-0.2 -0.1 0 0.1 0.2

[HFLAV]
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CP violation in B'— yKg decays

b—ces Cp

Summer 2023
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sin(2f) = sin(2¢,) EZ2A

PRELIMINARY

BaBar JAy K, 0.657 + 0,036 + 0.012
PRD 79 (2009) 072009 —— :
BaBar Jiy K| ’ 0.694 + 0,061 + d.031
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CP violation in B'— yKg decays

b—ces Cp

Summer 2023

PRELIMINARY

sin(2P3) = sin(2¢,)
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CP violation in B'— yKg decays

b—ces Cp

Summer 2023

PRELIMINARY

PRELIMINARY

sin(2f) = sin(2¢,) EZ2A

BaBar Jhy K
PRD 79 (2008) 072002

BaBar Jiy K

0.026 £ 0.025 + 0.016

e
s

BaBar y(28) Kg
PRD 79 (2009) 072009

Belle J/y K,

PRD 79 (2009} 072408 £l

-0.033 + 0.050 + 0.027

_'.._D,(JHQ +0.076 * 0.020

BaBar JAy K
PRD 79 (2009) 072009

BaBar JAy K

—h—A

PRD 79 tEOOQlJ 072000
BaBar y(2S) K

PRL 108 (2012) 171802
Belle Jiy K|

PRL 108 (2012) 171802
Belle w(2S) Ko,
PRL108 (2012) 171802
LHCb Run 1 J/y Kg

.

: 4

JHEP 11 (2017) 170
LHCb, Run 1 w(28) K.

JHEP 11 (2017) 170
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LHCb-PAPER-2023-013
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0.04

0.02
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L @ HFLAV 2015 (Belle + BaBar)
- ® HFLAV 2021
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0.657 + 0,036 + 0.012
0.694 + 0.061 + 4.031

0.897 £ 0.100 x 0, 036

0.670 £ 0.029 = 0.013
0.642 +0.047 + 4.021

0.718 + 0.080 + 0.031

—u
. 0.750 = of‘cmo
0.840 + 0,100 + 03010
0.720 + 0.014 + 0:‘007
0.647 +0.053 + 0:‘013
0.708 CiD‘H

1.8 0.9 1

Jng

This measurement is the most
precise single measurement
of sin(2p3) to date
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CP violation in B,.— J/WyKK decays

In the SM prediction

q A, Vi Vis Va Vi ;
e (), A () (385) -
P/ B Aj/pe tb Vis cbVes
Ve Vs

oM 98, §E gz~ P, = —Far (——)
2 b ¢ b 5 Vo Vi
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CP violation in B,.— J/WyKK decays

In the SM prediction

q\ A ViVie\ (VaV2 1.
AJ/'L/JQ& — (—) —A /¢¢ = 7] (T/tb_‘/t*) (V*V = T}€+2 ﬁé‘.
p B, J /Yo thVis chYces
Veo Vs

oM 98, §E gz~ P, = —Far (——)
2 b ¢ b 5 Vo Vi

- Golden channel: B? — J/v¢

P(BS - J/TJ)KK) _ F(Bg — J/T,bKK) s o obs | .1 (A t)
(B = JJYKK) + T(BY = JjgKK) 7 S0 smiam:

Acp (t) —

S

e CP eigenvalue of the final state = (—1)
e A mixture of CP-even & CP-odd components - angular analysis 13



CP violation in B,.— J/WyKK decays

=)

Tji“

f

In the SM prediction

A * 7 . _ tree pengum
P/ A Vi Vi Vd)Vcs

sizable modification to @.in BSM
quM —28,; + 5¢peng ~ —28; = —2arg (_ )

- Golden channel: B? — J/v¢

T'(BY = J/YyKK) —T(B" = J/yKK)
I'(BY — J/YKK) +T(B? — J/YKK)

Acp(t) = . sin @2 - sin(Am,t)

e CP eigenvalue of the final state = (—1)
e A mixture of CP-even & CP-odd components - angular analysis 13



CP violation in B,— J/WwKK decays

K+
d N4
d'T'(t) _ Zm: N (8) f 0k, 01, b). [arxiv.1306.1911]
dtd cos O d cos Gidod = R
3 AT ATt
Bylt)— 4—e_r"‘t {ak cosh —=— + by sinh —= + ¢, cos(Am,t) + d, sin(&mst)} . ,
47
k fe(0, v, p) Ny a bi Ck q
1| 2 cos?9 (1 —sin® O cos? ¢) | 40(0)|? 1 '.:.C:):;.qb..;.i 0 SN g, | A, (0) - CP even
2 | sin’*¢ (1 — sin® @sin® ¢) |4, (0)? 1 — cos Ps " 0 : sin g,
3 sin® 1 sin® ¢ |AL(0)]? 1 = cos bs E 0 E_ Sin ¢n A” (O) - CP even
7 %(1 — sin? 8_(:052 ) |As(0)|? 1 : .0.0;%?;.\ 0 :.S.i;l.(?;'_: AJ_ (O) - CP odd
""" \ Limited sinsitivity
_ on :
Q 4 &

14



CP violation in B,.— J/WwKK decays

Experimental:
PDF(t) o e(t) - €(Q) - e 227™% . (1 — 2w) - T(t, Q)

* Key steps to extract @;

» Modelling of angular acceptance and decay time acceptance

» Flavour tagging and time resolution calibration

[LHCb-Paper-2023-016 In

(The 1in B,— J/yKK decay is found to be ~ 42 fs,
preparation]

and (1 —2 )?is found to be ~4.2%)

—
f=]
G
T

—
¢ Data

:;’ %LHCb Run 2, 6 fb'
ﬁ 10°E — Total fit
- - v g — — Signal
signal candidates: 349000 =l --- Background ]
8 - wimm B Wy KK
< ) 1
T I0°F ¢ \\
. . = F 1
Splot technique is used for MV Y ]
effective background subtraction P et \\ é
[sFit] 5200 5300 5400 5500
m(J/y K*K™) [MeV/c?]
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https://arxiv.org/pdf/0905.0724.pdf

CP violation in B,.— J/WwKK decays

Flavor Tagging in LHCb

opposite side

e s __._--r. 0S kaon
b—c ik
b— XI— \ OS muon

0OS electron

SV

OS vertex charge
OS charm
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CP violation in B,.— J/WwKK decays

Flavor Tagging in LHCb

SS pion e
. . SS proton SV =
*’ (SS kaon)

r .
,,,,,,,,,,,,,,,,, Algorithm output: |-
Tagging decision d
“ Mistag estimate n
b —
b— XI™ \ 0OS muon
. OS electron

OS vertex charge
OS charm
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CP violation in B,.— J/yKK decays

Flavor Tagging in LHCb

SS pion

. . SS proton
*’ (SS kaon)

Control Channel for

- calibration:
77777777777777777 Algorithm output: |- SS tagging: o
! Tagging de_cision d | OStagging: * - / °
Mistag estimate n
gz

OS vertex charge
OS charm
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CP violation in B,.— J/WwKK decays

Flavor Tagging in LHCb

SS pion

. SS proton
*’ (SS kaon)
BO

Control Channel for

- 2 i calibration:
77777777777777777 Algorithm output: |- SS tagging: o
g Tagging decisiond  |° OStagging: * - / °
; Mistag estimate n
b— AL
b— XI~ \ OS muon
OS electron
OS vertex charge
OS charm

The estimated mistag is calibrated
using linear equation:

05 !
S L LHCbOStag
[ —+ data points
041 — calibration curve
[ ndistribution

2 [LHCb-Paper-2023-016
1 Inpreparation]

w = po +p1(n— (M)
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CP violation in B,.— J/WwKK decays

Decay-time resolution

m t
(=l T =)

p p” 7
eCalibrated using prompt J/PKK events with all
tracks coming from pp collision (PV)

¢
2

o, € (0.049, 0.054) [ps]

BT e B3N Rl RERE AR AC] EEREA ERke
=z 5 o #
= —40 B
= | A -
3 o1 1 3
30 =
£
i 1 3
=20
005 B 5
: Opif =Pot P10 ]
—_10
EPJC79(2019)706 ]
0 ' ' 0
0 0.05 0.1 0.15
O lps] B e P L

PG I PO | ) Py e
1 0 01 02 03 04 05

- Effective Gaussian resolution, with width parameterised as ‘ -

Ouff = Po + p10; — 42 fs in average, D ~ 0.75 g T é

e Small bias (=5 fs) in VELO is corrected by adding as mean p of the Gaussian resolution
model
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CP violation in B,.— J/WwKK decays

Decay-time efficiency obtained in data

g 2
o R : L L | T T T U | b g 3 I~ 7
w3 b THCD 2 w ¢ FEE ;
= [ ; ; i D 15 time-biased
o [ time-unbiased o j
1.2+ = o - ]
27 i L .
el : ¥ ]
0.8 . 0.5 3
B EPJC79(2019)706 ] B i
06__ | . , ey __ 0_ R S T T | | | T N R T | ]
1 10 1 .}0[[35]
Anaular effici otained a[p*"] [LHCb-Paper-2023-016 In
ngular erriciency o tained In data preparation]
W | i T T T ~ 12 I I I (.u L2 I i .I I
g LHCD simulation 2 | LHCb simulation 2 LHCD simulation
ERR! £ L ] g =1 ]
3 2 | | ~
. N S T 0'9'_1”"4)'4'”6""0?””_1 R RS
-1 —.5 0 0.5 C{)S[—}pl a = CDSBK = @; [['ad]



CP violation in B,.— J/WwKK decays

& 12000} -

S " LHCb Run2, 6 fb=11

» 10000 | .

g

3 o o

= 8000F" ]
S A

& : ]

6000 |- t

4000 E

2000} _ el ]

8 & s i

B i e e S~

0 IR N TR NN NN N (NN AN SN NN SN NN SN (N (N N SN MO e

-0.5 0.0 0.5
cos B¢

19



CP violation in B,.— J/WwKK decays

- - o L :
N 12000 - o B ]
= B i - 9000 -
S " LHCb Run2, 6 fb=11 & - ., LHCbRun2,6 e
2 10000k ” € 7500F .
T - 3 _‘g R 3
= R al i N ]

= g VMM e,
o K ] 8 . o h
© 6000k 4 4500 ]
4000} . 3000 . .
» ] . 3
----- i T~ G|
2000__ "_.-—' '''''''' '--...__‘“ ‘: 1500_ h""--..____.-_. e — ol _
E—;-‘Lf———“---———————-----———:-—.:'-"--;——: e B R emara ]
0 RN RN GRS T ST AT SN S NN PN B O . _‘TITTIIII|IIII|IIIl|I!IIiIIII|IIIITII"I""I_

-0.5 0.0 0.5 00,75 -0.50 -0.25 0.00 025 050 0.75
Ccos B¢

cosB,
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CP violation in B,.— J/WwKK decays
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CP violation in B,.— J/WwKK decays
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CP violation in B,.— J/WwKK decays
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CP violation in B,.— J/WKK decays

HFLAV

HFLAV
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[LHCb-Paper-2023-016 In
preparation]

—0.039 + 0.022 = 0.006
1.001 = 0.011 £ 0.005

¢s|rad]
R\

® (Consistent with the prediction of Global fits assuming SM:
HTEMEtter o (008681 o0y tad, gUTater — . §.0370 4-0.0010 sad
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CP violation in B,.— J/WyKK decays

Polarisation-dependent fit

New physics effects can vary in different polarisation states
e Allow |A] and ¢, differ in polarisation states
« Shows no evidence for any polarisation dependence

Parameters Values (stat. unc. only)

@2 [rad] —0.034 +0.023

dsl — ¢0 [rad] —0.002 +0.021

fol 0 [rad] _0.001 +0:020 [LHCb-Paper-2023-016 In
(-*',5 S (* s ; = g-g%.} preparation]

¢s” — ¢ [rad] 0.022 % 5’026

/\0 0.069 —_0— 0.025

Al l/Aﬂ 0.982 F 5{2%

AL /A9 1107902

A5 /29 Lt
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CP violation in B.— ®® decays I

e 0 is a golden channel to study CP violationin - decays

» Tiny CP violation expected in the SM (uplimit: 0.02 rad)
> Sensitiveto NPin © mixingand - decay

« The polarization dependence in © - IS tested for the first time.
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CP violation in B,— ®® decays

Very similar analysis strategy as  © - J/YK+K-
-~ 1. Flavor-tagged time-dependent angular analysis
2.Very small S-wave contribution thus negaligible
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https://arxiv.org/abs/2304.06198

CP violation in B,— ®® decays

Fitting Result

=— + + rad
|1 = t t
* Consistent with SM expectation
* No sign of polarisation-dependence observed
z\ 0.1_ T T I
g 0.08F
Run 1 +Run2,9 fb' LHCbH - § -
Run 2, 6 fb™ = SM prediction el < 0.04 E E
. 0.02E .
Run 1+ 2015 + 2016, 5 fb -T [
0 ]
Run 1, 3 fb! — 53
2011, 1 fb* -0.04 ‘ ‘
ol by By OIIIIOI.1IIIIOT2IIIIOI.3'I
-3 2 - 0 L (t-t,) modulo (27t/ Am) [ps]
¢ [rad] [arxiv.2304.06198]
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» Time-dependent measurements of CP violation are peformed with the full LHCb Run2
data sample

e B0 _ YKL: sin(28) = 0.716 4+ 0.013 £ 0.008
e B, J/UKK : ¢s = —0.039 = 0.022 £+ 0.006 rad
B, DD $3*° = —0.042 + 0.075 £ 0.009 rad

e L HCb dominates the world average of many CPV measurements

e Still statistics limited, Upgrade | and Il needed to further test the SM and
search for NP indirectly
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https://arxiv.org/pdf/1812.07638.pdf

Time-dependent angular fit

EPJC79(2019)706

P(t, 0. 0, 41 8) o Z N OO O $) = by Am, AT, T~ T

k=1

P (¢, 2192, 6>, n°%, n>K, 8,)

10
k B?
o< Z CEHNG® e, (1)

{[Q (qos GSSKITOSISSE) 1, (11B°)

Angular amplitudes

+S (qOS,‘ q-SSK, _nOS, nSSK) hy (I|Bs)] ® R (t = t’|5;)}

3 ATt ATt
hk(t]B?) = A;e S (ak cosh —— + by sinh -

+ci cos(Amt) + di sin(Amt)) ,
_ 3 ATt ATt
0y _ =T ik =
hi(t|By) = 4—n (ak cosh > + by sinh >

—ci cos(Amt) — dy, sin(Amt)) ,

a,, by, ¢, di involve strong and weak phases
(6, ¢,) of each component

C%, account for the interference

between P- and S- wave

flavor tagging

decay-time efficiency
decay-time resolution

A |
1| |Aof? 2 cos® O sin” 0,

2 | A2 | sin?6i(1 —sin®6, cos® @y,)
3 | |AL]* | sin?6(1 —sin® 6, sin® ;)
4 | |A4AL| sin® 0y, sin® 4, sin 2¢p,

5 | |AoAy| | 5V2sin 26 sin 26, cos pp
6 | |[AgAL] —% 2sin 26}, sin 26, sin @y,
7| |Asl 2sin®0,

8 | |AgA)| | 3V6sinb;sin26,cospy,
9 | |AsA,] —%\/6 sin 6 sin 26, sin @y,
10 | |AsAol 3cosfx sin? @,
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2.Polarization dependent test of B.— O®

50 = —0.18 £ 0.09 rad . Ao| = 1.02+0.17 ,
s — Pso = 0.12£0.09 rad IAL/Ao| = 0.97 £0.22,
b1 — 50 = 0.17+0.09 rad A1/ Ao] = 0.78 £0.21 .

3.CKM matrix representation in phase convention.

| Vad| | Vs | |V |e ™™
Vekm = | =Vl  [Ves|  [Val AHN).
Viale™#  —|Vis|eT™Ps |V
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