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Unsolved physics problems

 Fundamental force, gravity

History of the Universe

« Dark matter and energy
 Neutrino mass and oscillations
* Quark generation

* Matter-antimatter asymmetry




Matter-antimatter asymmetry

* QObserved asymmetry

baryon density parameter Qph?
102

PDG 2025
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baryon-to-photon ratio n = ny/ny

“10°

n = (ng —ng)/n,~6x10"1°

Sakharov conditions

C and CP
violation

BAU

Baryon Out of
number thermal
violation equilibrium


https://pdgweb.lbl.gov/2025/reviews/rpp2025-rev-bbang-nucleosynthesis.pdf

CP violation

« Particle and antiparticle follow different laws

Prediction of antimatter Parity violation Charge-Parity violation
(iov* —m)p =0 60Co — %Ni + 8 + v, Kp -t +m

1928
Charge conjugation

1964
Charge-parity

OXC.

positive charge negative charge

O 0L

electron positron

left handed right handed

Slide from Yanxi Zhang
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CP violation in the Standard Model

mass
charge

spin

LEPTONS

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
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« Cabibbo-Kobayashi-Maskawa (CKM)

mechanism
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flavour

eigenstates Verw

mass
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CKM matrix

Unitary matrix
v ZiVijVjZ = Ojk ., €.8. |Vud|2 + |Vus|2 + |Vub|2 =1

v 2iViiVik = ik €8 VuaVup + VeaVep + ViaVip = 0
Clear hierarchy in magnitudes

Only source of CP violation in SM

ninSM~10"1« 10710

New source of CPV is to
be discovered!

Wolfenstein parameterization, 1 = 0.225

1—)\2/2 A AN3(p —in)
Vokm = —A 1—)\2/2 AN? + 0O\
AN (1—p—in) —AN 1
|/ud %s Vie
Ve s —0,




CKM matrix

» Test of unitary (ppG 2025) Rigorously tested in the past

V' [WVial? + Voel? + [V |2 = 0.9984 + 0.0007 decades!

V' WVeal® + Ve |* + [Vep|* = 1.001 + 0.012 T :

° i 1% .

vV a+pB+y= (172+5) 10 % _Am & Am,
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Types of CP violation

« Direct CPV in decay
2 ' § 2
‘D-—(f‘ # ‘5-(?‘

* Induced CPV in mixing

* |ndirect CPV in interference

between mixing and decay




Large Hadron Collider

The ATLAS detector

(A Toroidal LHC Apparatus)

ALICE Detector
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LHCb detecor

« Designed for beauty & charm physics, 2 <n <5

« Excellent tracking system and particle identification

AN NN N N

momentum resolution, ép/p ~ 0.5%

precise vertex reconstruction, §(IP,) ~ 35 um
reconstruction efficiency, ~ 96% for long tracks
PID efficiency, e(u) ~97%, e(K) ~ 95%

mislID probability (m —» K)~5%

time resolution, ~ 45 fs

LHCb MC

{s =14 TeV

8, [rad] ™2

Momentum & Vertices

Energy

Vertex locator -~ Tracking stations

JINST 3 (2008) S08005 RICH detectors

Muon stations

Particle ID
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LHCDb data

e Recorded data for ana|ysis Total recorded luminosity — pp —35.9 fb™*
— 40
v Run 1 (2011-2012), \/E =7,8TeV, 3 fb~1 :_-E Run 3 - 26.75 /fb LIij
E:. 35; 2026 (13.6 TeV): 4.19/fb m
v Run 2 (2015-2018), /s = 13 TeV, 6 fb~! I E—— R T
g 0 = R tarn
v Run 3 (2024-2026), /s = 13.6 TeV R Run2- 590/
T e
S, 20 - Memt e
. . 3 :
* Production cross section £ 5 Run 1323/
S T mesmamn
v' o(pp > bb) ~ 72 ub at 7 TeV % lo T eI yom s
_ e y
v' o(pp - bb) ~ 144 ub @13 TeV 5 -
Phys.Rev.Lett. 118 (2017) 5 | s P
0' —
. \Q\\\'\’\"’\"‘\‘“\‘°\'\\c*’\°"\,°Q\Q"’Q
Large data sample for b physics G M R A




LHCDb physics

CP V|olat|on

Candidates / (0.014 GeV/c?)
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Abundant physics at LHCb
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, 2 .
Direct CP violation ‘D‘(" * "3’(?

 CPV from the interference between at least two decay paths

Ff — |Af|2, Af _ |A1| ei(61+¢1) + |A2| ez’(52+¢2) ...
T = |Af|", A7 = |Ai] @79 4 |Ay] €®292) ...

l Strong phase difference = Weak phase difference
ACP _ Ff — Pf _ —2 |A1| |A2| Slr((52 — 61) sin :¢2 — ¢1) — pehg'uin
Li4+T7  |A] 4+ |As|” + 2|A1| |As| cos(8a — 61) cos(dy — ¢1)
b—=< < c C
’ Iy Iy
+ ¢ b < c
B+ W o W )
d(s) — d@s)

K" +
u > u \\ u KD
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Direct CP violation

Acp = Araw — Aprod — Aget
Araw = (ng — nl_?)/(nB + nl?)
Adet = Atrigger + Atrack + Apip + -

Measurement of Aqp in BT — J /Y™ decays [Phys. Rev. Lett. 134 (2025) 101801]

Measurement of A.p in Bt - pYK** decays [phys.Rev.Lett. 136 (2026) 2, 021803]
Measurement of A-p inAp/E) = AhTh'~ decays [Phys.Rev.Lett. 134 (2025) 10, 101802]

Measurement of Agp in A) - pK*nt m~ decays [Nature 643 (2025) 8074]
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Measurement of A.p in BY — J/Yn™* decays

« Expected CPV at 0(1%) for J/yn* and negligible CPV for J /YK ™*
[PRD 49 (1994) 5904, PRD 52 (1995) 242]

 Ideal decay to search for direct CPV in b decays to charmonium

Adcp = ALV™ — AJVK = (gI1Vm _ fJIVEY _ (gl10m _ p 110K

CP raw raw det det

b—=< < c ¢

+ ¢ b < c

B+ W B+ W+ B
a N a©)
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Measurement of A-p in BY —» J/Yn™* decays

e Measured results

10°

g 10* g 10* E
2 ) 2l Acp = (1.29 + 0.49 + 0.08)x10~2 (Run 2)
R 4 y AMcp = (1.42 + 0.43 + 0.08)x10~2 (Run 1+2)
! 5100 5200 5300 5400 5500 . 5100 5200 5300 5400 5500
m(J/y n*) [MeV/c? m(J/y ) [MeV/c?]
§ 1053 LHCb 5.4 fb! igggljf}t - N;: losz LHCb 5.4 fb’! fgggljf/itKj 1St EVIdence (3.20') fOF d|reCt CPV
3 —>J/yK* 3 b i o . .
2 w0} shntig” ] S =t { | iN the beauty decays to charmonium
IUEEA AN T IVE N N final states.

9 FE] B Ar Rl RS
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m(J/yK*) [MeV/c?] m(J/wK") [MeV/c?]
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Measurement of A.p in BT - p°K** decays

* Longitudinal polarization fraction in B — VIV decays

2
f1 = 140l?/(Aol* + 1ALIZ + |4

* fr~1in SM, measured to be 10% to almost 100% across different decays

(a) 3 b) (_ Wt
» K*t (= Kan™) (b) b S
W+ u | » K*t (= Kdnt)
(5 - - u BT J !
B* ¢ b o0 (=t i |
a ) v PP (= ntn)
u > u u > u




Measurement of Aqp in BT - p°K** decays

« Separate different resonances by an amplitude analysis
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Measurement of Aqp in BT - p°K** decays

* First observation of CPV, exceeding 9o

* Help to shed light on the polarization puzzle
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A long list of searches in b baryons at LHCb

Help to understand the
dynamics of weak in the

baryon decays

Provide a better picture
of CPV originating from

quark transitions

| Decay | Methods | Data___ | References |

AS - pKon~
A - AhR'
A - pnmtn”
A} - pK-ptu-
A} - ph~ht
A}, - pK~/pr~
A) - ph~h*h~
A9 - ph~h*h-
=5 - pK-K-
B > pK~nt
A} - pD°K~
A) - Ay
A) > Arh™
A) - ph~
A) > Ahh'
A) > pK ntn™
A, 5P - pKSh~
Ay = ] [pph~

Acp
Acp

TPA, energy test

Amplitude
kNN

Miranda S},

photon polarization

Decay parameter

1ifhs"
S
3fb?

6.6 fb~1

3fb?
3 b=t
3fb~?
3 bt
3 e
Syt
3 fbrt
9fb?
3
9fb-t

JHEP 04 (2014) 087
JHEP 05 (2016) 081

Nature Physics 13 (2017) 391

PRD 102 (2020) 051101
JHEP 06 (2017) 108
JHEP 03 (2018) 182

PLB 787 (2018) 124
JHEP 08 (2018) 039
EPJC 79 (2019) 745

PRD 104 (2020) 052010
EPJC 80 (2020) 986
PRD104 (2021) 112008
PRD105 (2022) L0O51104
PRL 133 (2024) 261804
PRD 111(2025) 092004
PRL 134 (2025) 101802
Nature 643 (2025) 1223
JHEP 10 (2025) 169
LHCb-PAPER-2025-021

Credit :

Shanzhen Chen
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Measurement of A.p in A3

D —> Ahth'~

decays

« Large CPV up to 75% is observed in B - h*h'~h""* (h = K, ) decays

» Interesting to search CPV in A} /Z}

— AhTh'~ decays

« Use A) - A} (Ar™)n~ decays as the control channel

|Vu|<‘

AN A AN

'/ \ N
J/

>
N

\\\

or — ’ ‘/,S |(,~ 13

b

|V'“b|()—”7

1]

PhysRevLett.124.031801

| ﬁ i

<0.92 GCI\//CQ

JrJrJfJ”r+J[+
f

.|Z

0.5
E
S 0.0
= [
= 2
€ -0.5
&
d,s >
”g < 2 |
d,i -1.0r 0.78 < m
- — -1.0 )

-0.5 0.0

COS 911@1

1.0
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Measurement of A.p in A} /Z) — Ahth'~ decays

- First evidence of CPV in A -» AK*K~ decays, 3.10

AAP(A) - Aztn) = —0.013 £ 0.053 £ 0.018,
AACP(A) - AK*7~) = —0.118 4 0.045 £ 0.021,
AACP(AY) - AKTK~) = 0.083 + 0.023 £ 0.016,

AAP(EY > AK~7") = 0.27 £ 0.12 £ 0.05,

a r — T T T T ] T T T T T T T T T ]

L ook LHCb 9 fb”! 1 2 s00HRUN 142 LHCb9 ! -

% | — Total fit . % i A — Total fit .

2 400 F . """"""""A%L"AK“K? ....... ._:....E..4OUE_............._p _Z"h_)XK+K_ _:

= — Z)—> AK'K™ 1 & - —E > AK'K

T 300F A A (mis) 4 7 300F -0 —

> _ - - === Ay—> AK 7 (mis)

3 [ Comb. bke. ] ot Comb. bkg.

3 200} 0 e A)— AK'Ky 1 3 200 11 2, Ttk =

S [ T Al AKK 70 1 = > ARRY )

= - N =i T R A,— AK'Kn° .

6 100 ¢ j} \ 8 100 ¢ B
0 o 1_4.\/1 -':‘T”"""""“' q.'-f.T.".-hkd-* 0 N .4-./ 1 .L " ."'W“'M
5400 5600 5800 6000 5400 5600 5800 6000

m(AK'K") [MeV/c?] m(AK*K™) [MeV/c?]



Measurement of A.p in A} /Z) — Ahth'~ decays

- First evidence of CPV in A} -» N*tK~ decays, 3.20

AAcp = 0.165 £+ 0.048 + 0.017

0 *+ 17—
A9 - N*+K
—r r 1 . . r 1T T T 1T T ] —r ' . 1 . . r T T Tt T T 1]
25— I ) —~ 160F LHCb 9 fb! 4 o~ 160F LHCb 9 fb! =
i LHCb 9 f5-'1 770 QO 140F H m(AK)< 2.9 GeV ] 2 140EF m(AK*)< 2.9 GeV 3
{ 20 _ Ag—> AK+K_—: -60 % C m(K"K™)>2.2 GeV ] % s m(K'K7)>2.2 GeV ]
g r 1] > 120 F 1T — Total fit 1 = 120 3 — Total fit B
8 15__ ] 50 g 100:_ ---------- m'Ag%‘?TK#K‘ ------- -_:----g--lool ------------- H _Z‘Ij_)ZK+K— _:
C C - ] : =0 =i .
= = 80F _i:'}_’j“’;’{( o < 8ofF 1 o AKX
] 4 C A zmis) - 7 4 " ---A,— AK m*(mis)
JZ: 101 _*§ 60 Comb. bkg. E _*% 60F Cf)mb bke. E
T sl 5 40F Ty - Aga AK:K:yO 1 F 4of A T— Aﬁ AK'Ky 3
& 5‘; 20_}#4%} fo A AKK 7" 5 20;;.]1"' L* A,,—)AKK;[" 3
0 L. B - 0 Y 1 .'_'L'J’H"’E!'-'M;L-l-{-"-‘-ﬁ#‘-'l'g:l-_-h;: 0k -.‘/ L l _u-}*—-k{-r :g-l-rl'
0 10 20 30 5400 5600 5800 6000 5400 5600 5800 6000

m*(AK") [GeV?/c*] m(AK'K") [MeV/c?] m(AKK~) [MeV/c?]



Measurement of A.p in A} - pK*trnt n~ decays

* First observation of CPV in baryon, a milestone in CPV

T
>
[0}
(O]
<
3
5
s
S
8
&
S
O
8
(6]

Acp = (245 +0.46 + 0.017)%, 5.2 ¢

LHCb 9 fb™

Comb. bkg.

—— A pK 77 °

—— Ag = pK /(> 7)

A — prata
A - pK K7

=0 pK K™

Run 1+2

5.8
m(pK z*x") (GeV/cd)

LHCb 9 fb™
§ Data
—— Total fit

—— Al > pK*n 7*a®

—— Ag - PKy (5 a'y)

Ap»praa
—— A} > pK'K 7"

205 pK ' K*

mpK*z ) (GeV/cd)
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Measurement of A.p in A} - pK*trnt n~ decays

 CPV in local phase-space regions

Decay topology Mass region (GeV/c?) Acp g\g 1800:
1600 |-
Mmyx- < 2.2 S
A9 — R(pK~)R(n+7") P (5.3+1.3+0.2)% o 1400
Mt o— < 1.1 < 1200
e
M- < 1.7 S
2 800
A) = R(pr7)R(K~ 7)) 08 <mp+px- <10 (27£08=+0.1)% =R
)
or 1.1 <m+g- <16 60 400
A9 = R(prtn)K~ Myt < 2.7 (5.4+0.9+0.1)% 202
A) — R(K—ntn)p ME-gtm— < 2.0 (20+£1.24+0.3)%

(a) LHCb9 fo'

3 4 5

m(pr ) [GeV/c?]
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O _O " .
Bd,s — Bd,s miXing o -7 5..%.(f~

* |BPu) =p|Bgs) £ q|Bis), p &q € Cwith [p|]? + ]q]*> =1
* Abundant physics Amg = my —m,, T, Aly=1; — Iy

L e I L I A A
" — < | oscillation ] < | h very fast oscillation
By WSNP>W By 08:‘ Amy~ 0.5 ps™t ] 0-85':\‘ ) Amg rg 17.765 ps~1 ]
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> > > s : i 1!
q u,c,t b i Al';= 0 4 i
0.4 - 0.4
b W q i ] i
0.2_— ] 0.2
BO u) C,tu "uy C7t EO : _.—‘.’—.—l——.— OSSgs———— - — i A \4
& NP? i 0-% 2 4 6 8 080 05 10 15 20 25 30
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CKM angIeS ﬁ(s)

« CPV phases from the interference between mixing and decay

* Related to B ; normalised triangles

CPV phase ¢, = ¢y — 2¢p

VeaVip
cb¥ chb
VudVip + VeV + ViaVip, =0
i
. ()
s L
Ai&g (0] ﬁ:(gg*
%
2 BN
(0,0) (1,0 R

VtsV:b
cs” cb
VusVJb o Vcch’;; + VtthZ =0
Y
00) (1,0)
gj/iﬁ ’/’A)’s ﬂs R
A“'AC’ oy @’;’
- AR
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CKM angIeS ,B(S)

» Accessed by tree dominated transition b — c¢s, e.g. B® — J/YKS & B — J /o

+ Measured ¢, = ¢ + A, CIEUN 4 AGNP

« Stringent test of SM and sensitive to New Physics in mixing

c C

Cc
J J
5 ) I g , b ) /¥ <O J /9
c c p _
B(;d B i 7 ‘
s s/d mixin b < s
s 7 @ g! q 5 0 s \ )
q b < B, $(1020)/Kg
$(1020)/Ky $(1020)/K? J
- q >

q q q

29



Time-dependent Decay rate

. ltis all aboutaf_q“f b, = —arg(1y)

v' q & p, mixing parameters; Ar & Af , decay amplitudes; nr, CP eigenstate value

v’ T,, decay width; AT,, decay width difference; Am,, oscillation frequency

AF AF
r(B2() - f) = |Af|2 (1 + |/1f|2) e” [coshTt + sinh( z ) + C cos(Am,t) — Ssm(Amqt)]
_ 2 AT, t AT,t

r(B2() - f) = ‘g‘ |Af|2 (1 + |/1f|2) [COShT + sinh (T) — Ccos(Am,t) + Ssm(Amqt)l

2Re(Af) 1|5 2:7m(/1f)

= , C = Direct), § = Interf.
142" 1+|/1f| 7 { ) 1+[ag|° ( )
B - (t) B - (t)
= Acp(t) = — 4 (AN = ngsin(¢g) sin(Amqt)

FBE}—)f(t) T FBg—>f( )
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Experimental measurement

= Experimentally
Acp(t) o €778 (1 — 2) - (Cpcos(Amygy)+1+ Sy sin(Amyt))

e = (— 1)"
Dilution of Flavour tagging
v Disentangle CP-even (L = 0,2) & CP-odd
Dilution of decay time resolution (L=1+ K"K~ S-wave) components

= Angular analysis y

a’; ~42(3) fs » D = 0.757

a§;~60fs > D~ 1

0 + .- +
By = Jiy( = p"p7)¢p( = K'K7) Slide from Peilian Li
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Time-dependent CP violation

» Measurement of sin 2 in B® — 1/)1(50 decays [Phys. Rev. Lett. 132 (2024) 021801 ]
« Measurement of ¢¢ in BY — ] /1i¢ decays [Phys. Rev. Lett. 132 (2024) 051802]

« Measurement of ¢, in BY - J /T~ decays [Physics Letters B 797 (2019) 134789
« Measurement of CPV in B® - J/yn*n~ decays [arxiv:2601.15646]

« Measurement of ¢ in BY — ¢¢ decays [Phys. Rev. Lett. 131 (2023) 171802]
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Measurement of sin 2 in B® - yK. decays

0.0079

* Precise prediction sin 28" = 0.7155% 39077 [CKM fitter]

+ Golden channel to measure sin 28 = sin(28ee + A¢ """ 4 ApNF)

 Previous average sin 2 = 0.699 + 0.017 [HFLAV 2021]

Dominated by Belle

Update with 3 channels

sm(zs)—sm(2¢l)@

{ Data
— B> J(—ptu)KS

- B()H'd,'(QS)(—)p'u )K;’ ]
—= B> Jpp(—efe )KS
BO (= £+ K .
Combinatorial bkg.
B Partial bkg.

Total fit

BaBar J/\ ;K i 0.657 £ 0.036 + oom —
PRD 79 (2009) 072009 4 ; No LHCb
BaBar J/y K| ) ) 0.694 +0.061 + 4.031 9 Gfb_l
PRD 79 (2009) 072009 : )
BaBar y(2S) Kg ) 0.897 +0.100 + 0.036 = 104k
PRD 79 (2009) 072009 ) . L0 £
~ Belle Jiy K N 0.670 +0.029 £ 0.013 & Run 2
PRL108(2012)171802 ; -
Belle JAy K 0.642 +0.047 + ¢.021 0
Bel Ie PRL 108 (2012) 171802 1 : 9
Belle y(2S) Kg ) ) 0.718 +0.090 + 0.031 ,g 103
— PRD 77 (2008) 091103(R) ' ! = b
LHCb JAy K, 0.750 + 4.040 =
I—HCb JHEP 11 (2017) 170 S : O@
Run 1 LHCb w(2S) Kg 0.840 +0,100 + 0.010
—~ JHEP 11 (2017) 170 : 1
- 1
World Average 0.699 +0.017 0[S ot e
HFLAV ’ ™ : 10F2 4 4 FEOR
5150 5200 5250
0.4 0.5 0.6 0.7 0.8 0.9 1

300 )3)0 I)4O£JI "3.40() 5500
m(KY) [MeV/c?]
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Measurement of sin 2 in B® - yK. decays

* Consistent with SM results and 1st time to dominate this measurement

sin2B = 0.717 + 0.013 + 0.008 (Run 2)
sin28 = 0.724 + 0.014 (Run 1+2)

Sin(2f) = sin(2¢,) L=

PRELIMINARY
BaBar : : . 0.69 +0.03 0,01
1.0 I ! ! J | ' '] PRD 79 (2009) 1072009 ; L
+  B°-BY yield asymmetry . BaBar x_. K : | 0.69+0.52+0.04 +0.07
—— Total fit PRD 80 50093 112001 A I
- BaBar J/y (hddronic) K : 1,56 +0.42 £ 0.21
0.5 PRD 69 (2004):052001 : :
Belle ; : d 0.67 +0.02+ 0.01
— PRL 108 (2012) 171802 :
-~ H
~ s ALEPH : : L . 0.84*152+0.16
% 0.0 PLB 492, 259 (2000) ' = 1
BN - OPAL ; : P 3.20 380 + 0.50,
- EPJ C5, 379 (1998) . ;!
I CDF ' ! : 0.79 *41
0 5‘_ LHCb PRD 61, 072005 (2000) L I o
L 1 LHCb ; : ; 0.724 +0.014
[ 6fb PRL 132 (20245 021801 ! ;
L BO (s 00V KO (= ot Bellebs : ! : 0.57 £ 0.58 * 0.06
i ‘f’l( ) 15( ™ ”l) | | 1 PRL 108 (2012) 171801 ! T
_10 PR S PR PR S PR T PR R PR R Average H H 0.709 + 0.011
0.0 2.5 5.0 7.5 10.0 12.5 15.0 HFLA i : i

t [ps] 2 .'1 0 1 2 3



Measurement of ¢. in BY - J/y¢ decays

» Precise prediction for b — ccs decays, ¢pie® = —37.010-2 mrad [CKM fitter]

 Golden channel to measure ¢, = ¢pree + + ApNP

* Previous average ¢£¢ = —50 + 19 mrad [HFLAV 2021]

&18000F 'y 3 T
X C = o o HFLAV
2 16000 2015+2016 LHCb E =1 DO 8 fb
> E Eur. Phys. J. C u L' 0.13 68% CL contours
14000 f EUr. . _ 1 s _
l’(\}, 12000 E (2019) 79:706 Total _: (Alog £ =1.15)
g s . 3 0.111 CMS 116.1 fb~1
< 10000 - — — Signal =
8 8000:_ ---- Background - 0.09
e E LHCb 4.9 b1
= . : :
oo 4000 |- E 0.07
= 2000 J \ =
g J =
0 1 1 1 1 | P ) 1 L [ P afiosin mrmsn ) Np—— . | Y ' |
5200 5300 5400 5500 %% 0.3 0.1 01 03

m(JAwKK~) [MeV/c?] ¢<elrad]



Measurement of ¢,

10°F

LHCb Run 2, 6 fb™' 7

2 10* ; i -~ -4~ Data

= R — Total fit

S 3 RCElEe, % -.-- CP-even

e 10F Ny S — - CP-odd E

§ I S-wave E

< 2

° 10%

2 F

g B

S vk Run 2

1 [ L L L L 1 L L L L | L
5 10
Decay time [ps]
10000 —— —r——r——t—
i LHCb Run 2, 6 fb”!
8000
~ -
< r
$ 6000
‘2 | " 4Data =
g 4000_ — Total fit ]
g Fo, --- CP-even 2
Q — CP-o0dd
2000~ _ S-wave —3
O_ : | i |
-0.5 0 0.5
cos@,

Candidates/0.02

Candidates/(0.06 rad)

™ L L Ff Y LA % n T
- - Data LHCbRun2, 6 fo'
10000 — Total fit -
k -.-. CP-even
— CP-odd
S-wave
5000 -
i - > == -— o e - -
0 ] I | i
-0.5 0 0.5
cosO
K T < T - I 2
8000+ LHCb Run 2, 6 fb_l -
L N i}
6000 -
E + Data
4000 g T — Total fit
-.- CP-even
Pt — CP-odd
2000 \\ // ~ - S-wave 7 ]
L \\_ L e
0 B [ ! |
-2 0 2
¢, [rad]

in BY - J/y¢ decays

I — _39 +22 + 6 mrad

AT!/¥? = 0.085 + 0.004 + 0.002 ps~?

v" Most precise measurement
v' Consistent with SM
v" No CPV observed
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Measurement of ¢, in B) - J/Yyrn*n~decays

« Second good choice to measure ¢

 Contributions in the #*7~ mass spectrum need to be separated

Combinations /(5 MeV)

9000 =T — T T T T —
3000 f LHCb —e— RS data and fit 3

E — = B> Jynrw
L A | e B = J/yrr =
6000 F e Physics background —
5000 — Combinatorial background =

—= WS data and fit

4000
3000
2000 | :
1000 =<

nhaiad

oE

5300

5400 T ss00
m(J/yrr) [MeV]

JWTT _ 75 1 65 + 14 mrad (2015+2016)

—_ — LY PN
> LHCb T AGR
é) —e— Data and fit — £(1500) 1
<0
103 £(1790) —
v — _/(;)(1270) =
N " .
— £'(1525) B
5 rN NR
= a2 ./
s 10 VY E
s '~ W

/
) ity
"""""""""""""""""""""""" N, I [E
/ 0
PR B PR A S
1.5 2
m, . [GeV]
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World average ¢,

CCS

S

—52 + 13 mrad

= —60 + 14 mrad

. ¢S]/¢¢

-
 1st evidence for CPV

Exp. Mode Dataset ¢ (rad) AT (ps71) Ref.
CDF  JWK¥K~- 96fb ' [-0.60, +0.12], 68% C.L. +0.068 + 0.026 + 0.009 2
DO JWEKTK~  80fb~' —0.557938 +0.163+:0% 3
ATLAS JWK*K~ 49fb' +0.12+0.25+0.05 +0.053 + 0.021 + 0.010 4
ATLAS JWK*K~ 143fb™' —0.11040.082+0.042  +0.101 % 0.013 = 0.007 5
ATLAS JWK*K~ 80.5fb™" —0.08140.0414+0.022  +0.0607 % 0.0047 £ 0.0043 [i]
ATLAS above 3 combined —0.087 +0.036 + 0.021  +0.0657 & 0.0043 + 0.0037 [T
CMS  JWK+*K- 19.7fb™' —0.075+0.0974+0.031  +0.095 + 0.013 £ 0.007 6
CMS  JWKYK~- 96.5fb™' —0.0734+0.02340.007  +0.0761 = 0.0043 & 0.0019 [7]
CMS above 2 combined —0.074 £ 0.023 +0.078 £ 0.004 P
LHCb JWK*K~ 3.0fb™' —0.058+0.04940.006  +0.0805 == 0.0091 = 0.003
LHCb  Jipntn~  3.0fb™' 40.070£0.068+0.008 —
LHCb JWK*tK—* 3.0fb™' +0.11940.10740.034  +0.066 + 0.018 + 0.010
LHCb  (2S)K*K~ 3.0fb™' +0.23%033 4+ 0.02 +0.0661041 £ 0.007
LHCb D} Dy 3.0fb™'  +0.02+£0.17 £0.02 —
LHCb DiD; 6.0fb™' —0.09+0.11+0.03 —
LHCb  Jintn~  1.9fb7'% —0.057+0.06040.011 —
LHCb JWK*YK~  6fb™' —0.039+0.02240.006  +0.0845 = 0.0044 & 0.0024
LHCb JWK*tK=¢ 3.0fb™' +40.0040.28+0.07 +0.115 & 0.045 4 0.011
LHCb above 9 combined —0.033 +0.018 +0.085 £ 0.004

BY 5 JWKTK~ combined —0.060 + 0.014 +0.074 % 0.004

All combined —0.052 £ 0.013 +0.076 £0.004

“m(KtK—)>1.05GeV/c2  PRun2 € Jip —etes HAFLAV 2024
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Ars®[ps
o
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0.07

DO 8 fb~!

HFLAV

68% CL contours

(Alog £ = 1.15)

D CDF 9.6 fb

Si116.2 fbit
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ATLAS 99.7 fo™!

-0:1 0.1
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e
-
-

AMIVRK[ps=1]
<)
3

0.07

DO 8 fb~1

S 116.2 fb! :
Combined”

LHCb 9 fb~? )

HFLAV

68% CL contours

(Alog £ = 1.15)

__CDF 9.6 fb™?

AT errors scaled by 1.51

ATLAS 997 fo-! /

I 7

0.05+
-0.3

-0.1 D.1
/KK [rad]
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https://hflav-eos.web.cern.ch/hflav-eos/osc/HFLAV_2024/

CPV study in B® - J/ymn*m~ decays

* Average 4)1/1/)(/)

—60 + 14 mrad, neglected Ag, at O(10) mrad prysreviett.115.061802]
* Primary control channel B - J/1p°(770) decay

 Enhanced penguin contributions in B - J/yp®(770) relative to B® - J /YK

........................

12000 |-

L = (a)
C ] C
10000 H —— Data and fit - ~ } J !
8000 | B 0 Boiyrr ] C} J /U', /q
C B> Iy ] b
6000 Partially Rec. Bkg. —] DO -

Candidates / (2.5 MeV/c?)

- : | |y g
4000 ;_ ------ Combinatorial Bkg. _; B { (_l W C: u } T u
S Rz ——Gi MU= b

S O T W d

5250 5300 5350 5400 5450 5500
m(J/yntn~) [MeV/c?]
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CPV study in B® - J/ymn*m~ decays

* Estimate A¢, assuming SU(3) flavour symmetry

v’ assume identical penguin parameters a’e®® in B® - ] /1p° and ae'® in BO > J /¢

v [y, €] from PDG, || and 23¢! from this analysis

v 2p from B® - J /K2 Run 2 analysis [Phys. Rev. Lett. 132 (2024) 021801]

(€ —1) +€(§ - 1) )
(€ 1) + e e )
1 —aefe™

1 — aefetr

A¢s = —arg (

£ =| )\|e—i(2ﬁeﬁ—2ﬂ) —

Ap; = 0.9 + 9.8 mrad in Run 1

[Phys. Lett. B742 (2015) 38]
Run 3 analysis is ongoing, particularly important to improve Ag¢, precision
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CPV study in B® - J/ymn*m~ decays

* Most precise estimate of Ag,

2(¢/T = 0.710 + 0.084 + 0.051 rad, |A| = 1.019 + 0.034 + 0.024 (Run 2)
27T =0.718 + 0.088 rad, |A| = 1.033 + 0.035 (Run 1+2)

Ap, = 5.0 + 4.6 mrad << ¢, uncertainty of 14 mrad

.............. 02 - T - - 1 , - ' , T :
& 1s0E ' ' R g - L] 1.20 _ LHCb
; o LHCb 6 fb™! B L LHCb 6 fb ] 68% CL contours
y 1600 ;_ —e— Data and fit —; E ] 1.15
= 1400 pp— = z L .
S 1200 : 3 1.10 J/p 3b J/p 9fb
= 8 £,(500) E E; _
P £(1270) E bt =
L 800F - = 5 1.05
= = - = @(782) E b=
2 60F paasoy .2
= 400 = o 1.00
g oo --par00) B
. E P ol 1 S 0.95
05 1 15 2 “0 5 10 0.4 05 0.6 0.7 0.8 0.9 1.0

m( ) [GeV/e?] ' modulo 21t/Am,, [ps] 268 [rad]



Measurement of ¢. in BY - ¢¢ decays

* Penguin-dominated decay via b — sSs
« Sensitive probe to NP in mixing and decay
« Cancellation of mixing and decay weak phases

VesVeh Vo V;;) y

%

— X
th ts Vts tb

SSS __
—

10*

LA L B R R B B R L B NN R R R EL B B
¢ Data
‘n @ LHCb j

10° — B > ¢¢ 5
Run 2 ]

] > 4y

—
=

Candidates / 11.25 MeV/c?)

|

. \ 1 I 1
5200

I5300‘ l5400] ‘5500l -
m(K*K' K*K) [MeV/c?]

_
<
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Measurement of ¢. in BY - ¢¢ decays

e L o o =Sy S ]
: & T 1200 (b) %qu 3
& 1l 6fb" 1  Sio00f
= ; ; - -+ 4=
S of N
2 8 600
g 1 S -
= E d g 400F
B M g u
5 107! O 200F
| | I ! ] O: """""""""""
102 e -1 -0.5 0 0.5
Decay time [ps] cosd,
T T

Run 1 + Run 2, 9 fb’ LHCb -

Run 2. 6 fb”! w—— SM prediction )

Run 1 + 2015 + 2016, 5 fb" —r

Run 1, 3 fb’! |

2011, 1 fb

L L 1 l ' 1 1 L ] 1 1 L L 1 ' ' L
-3 -2 1 0 1

d)::"" [rad]

355 = —42 4 75 + 9 mrad (Run 2)
558 = —74 4+ 69 mrad (Run 1+2)

v" Most precise measurement
v' Consistent with SM
v" No CPV observed
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Prospects

 Target to record 300 fb~! at the end of Run 5

E

Peak luminosity [10** cmr2s-1]

Endorsed by the CERN Research Board

on April 2025 _ , _
Expectation with 300 fb™1
Run 1 Run 2 Run 3 Run 4 Run 5 o
16 1:— 350"-_‘ A E § T E 1 Y —Y I I KM g
14 b ) @ b a %8 E 8 ™sin 28 5 Afn, & Am, Tovsoom
12b= = = — 300 ' os EE ! E
- Upgrade 11 ; = SE8 E
- actual 44250 ] - 3 =
10 - — w— eXpected il ~7 c 0.4 —5 -
8 :_ TOLT expected with improved LHC optics at Run 5 é 200 E 1= - 3 B
- & = 03 — —
oE- XS J 150 9 - [ =
- X B 0.2 =
2 100 5 § Vol =
4E Upgrade _/, 3 0.1 Wl =
. :— xs (’ i .—'-'—'.'J‘/r_ 80 &) 1 Y | | ’ | =
0 : {- PN U U ST ST W U U 0 0'0-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
2010 2015 2020 2025 2030 2035 2040 p
Year

CERN-LHCC-2024-010
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A brief history of CP violation

Observation of time-
dependent CPV in

Observation of the

Parity violation| = A
B? — B? oscillation

The CKM Matrix |

TD. Lee, C. N. Yang B decays
S M. Kobayashi & T. 2008 ' S y
&C.S.Wuetal (g il CRpenshomicn LHCb collaboration
A 3 H A
Siranae cariides: 4 Flrst obseryatlon of Time-integrated
\nge p . direct CPV in decays CPVin B°d
CPV in Kaon decays i S A
NA48 & KTeV collaboration LHCb collaboration

J. W. Cronin, V. L. Fitch__

2001

LHCb Run2 2025

LHCb Runt

Cabibbo mixing Observation of the Observation of Observation of CPV
N. Cabibbo B® — B? oscillations CPV in BT decays in AY decays
Argus collaboration LHCb collaboration LHCb collaboration
v v v
Branching ratio of K® — uu and Observation of CPV in B° Observation of CPV in
prediction of the charm quark system DY decays
Glashow at al. BaBar & Belle LHCDb collaboration

collaboration
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Summary

« CPV studies are important to understand matter-antimatter asymmetry
« LHCDb experiment is an ideal platform to study CPV

« Huge efforts in the last decades, no physics beyond SM is observed

Stay tuned for Run 3 results!
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LHCb detector

LHCb Detector Elect "
Weight: 5,600 tonnes ec r:omagne IC R —— S SR
pechdi Calorimeter ——
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Tracking RICH?
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Magnet
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CKM fitter 2025
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Measurement of A.p in A} - pK*trnt n~ decays

1

| (a) LHCb 9 fb”
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Oscillation frequency

— B-D 7 - Bg—»Bg—»D; T — Untagged

Nat. Phys. 18(2022)1-5

Candidates / (0.5 ps)

Asymmetry

3000

2500

2000 f

[ Belle 11
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+ B ()E()
* B 0 B 0 + E()EO

80 60 -40 20 00 20 40 60 80
Aty [ps]

PhysRevD.107.L091102
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CPV in neutral B mesons

« CPV of interference between mixing and decay
« Abundant physics ¢5 = =28, ¢pg = 2B, Amg, Ty, Al,...
« Stringent test of SM and sensitive to New Physics in mixing

CPV phase ¢, = ¢y — 2¢pp
b  uwct g b W q

< < < < <

Pm
B, 44 NP? |14 B(g) By| | w ety NP? yuct| By q/p

> > > > >

q u,c,t b q 14 b

52



Control of penguin contribution

t

e

(B, J/vK} |

[ By — J/m® ]

-

Pseudoscalar Fit

‘-
-
-
-

Vector Fit

[ By — J/¢p° ]

\

[Bs R D:D;]

"B — DD Fit

Nominal Fit
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Propects

CERN-LHCC-2024-010
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Propects

Prospects

The next decades are poised to probe the nature of CP violation and the Standard Model
with unprecedented precision, and potentially observe signatures of new physics

Category i) CPV & CKM angles in B decays [ESPPU 2026 Projections]

Expected Uncertainty / Current Best Uncertainty [%]
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Slide from Peilian Li
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