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LHCb experiment LIMPA 30 (2015) 1530022

* Dedicated experiment at CERN to measure b, ¢ hadrons

ECAL HCAL

seops o M Excellent vertexing, hadron PID,
RICH2 - . .

W Sl ~ momentum; flexible trigger ...

T2 ’ R 9

Magnet

........ i , ,
' BY measurement Main topics
tall NN —— P . .
B taggmgw * Heavy flavor and CP violation
// AL m * Rare decay

QCD: production, spectroscopy
 EW and Higgs
* Heavy ion

LHCbHEH: AT, FelheRs. ‘m’ﬁ‘é%ﬂﬁﬂ?%ﬁﬁ FERIFHRAF. RIXAF,
KE, "G@Jﬂi/lzjt . AEREKE, FRIFRAKRE., AitTWXZE, WEiheXE
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LHCDb data
* pp collisions aty/s = 7, 8,13,13.6TeV, [ L =20fb~!

* All species produced with large rates
o(pp - bbX,13TeV) ~ 0.5mb  B*:B%:B: A} ~ 4:4:1: 2
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PRL 118 (2017) 052002
PRD 100 (2019) 031102(R)
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Brief history of CP violation

2001
Parity violation Strange mesons: Beauty mesons: Beauty baryons:
T. D. Lee, CP violation in K° CP violation in B? CP violation in A)
C. N. Yang, decays decays decays

C.S.Wuetal. J. W. Cronin, BaBar and Belle LHCDb collaboration
V. L. Fitch et al. collaborations

1963 1973 2019
Cabibbo Mixing The CKM matrix Charm mesons:
N. Cabibbo M. Kobayashi, CP violation in D°

T. Maskawa decays
Vud  Vus Vub LHCDb collaboration
Ved Ves Veb |

Vid Vis Vb




Direct CP violation for beauty mesons

* Two body decays * Three body decays

BO—>K+ -
Acp T =-0.083 + 0.005
_ + t ot
0 pr—rt B 5> n¥ntrn BT > K*n™n
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Recent LHCDb baryonic CP violation measurements



Long list of efforts by LHCD

Methods ___ Daa | Referene

A9 - pKon~ 1fb~?! JHEP 04 (2014) 087
A% — AhR' ACP 3fb~? JHEP 05 (2016) 081
R — S 3 fb_i Nature Physics 13 (2017) 391
6.6 fb=1 PRD 102 (2020) 051101
A9 - pK-utu~ Acp 3fb~1 JHEP 06 (2017) 108
At - ph~ht Acp 3fbt JHEP 03 (2018) 182
A9 - pK~ /pmn~ Acp 3fb~1 PLB 787 (2018) 124
A% - ph~h*h™ TPA 3fb~1 JHEP 08 (2018) 039
A% - ph~h*h™ Al 3fb~! EPJC 79 (2019) 745
B, > pK K~ Amplitude 5fb~t PRD 104 (2020) 052010
Ef > pKnt kNN 3fb~! EPJC 80 (2020) 986
A} - pDOK - Miranda Sép 9 fb~t PRD104 (2021) 112008
A% > Ay photon polarization 3fb~? PRDI105 (2022) L.051104
A% > ph™ Acp 9 fb~1 arXiv:2412.13958, PRD accepted
A) > AYh™ Decay parameter 9fb~! PRL 133 (2024) 261804
A% — Ahh Acp 9 fb~? PRL 134 (2025) 101802
A) > pK -t Acp 9 fb~? arXiv:2503.16954, submitted to Nature


https://link.springer.com/article/10.1007/JHEP04(2014)087
https://link.springer.com/article/10.1007/JHEP05(2016)081
https://doi.org/10.1038/nphys4021
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.051101
https://link.springer.com/article/10.1007/JHEP06(2017)108
https://link.springer.com/article/10.1007/JHEP03(2018)182
https://www.sciencedirect.com/science/article/pii/S0370269318308104?via%3Dihub
https://doi.org/10.1007/JHEP08(2018)039
https://link.springer.com/article/10.1140/epjc/s10052-019-7218-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052010
https://link.springer.com/article/10.1140/epjc/s10052-020-8365-0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051104
https://arxiv.org/abs/2412.13958
https://doi.org/10.1103/PhysRevLett.133.261804
https://doi.org/10.1103/PhysRevLett.134.101802
https://arxiv.org/abs/2503.16954

CP violation with decay parameters

* Decay parameters proposed by Lee & Yang to study P violation in hyperon decay

v S and P waves
g B = 2Re(S*P)
. ~ ISP+ [P
: 5= 2Im(S* P)
ar 1 ISP+ IR
Teosd EF(I + aP) cos 6) _ 5|2 — | P2
‘ (e +P 0)z" + BPpyx’ + yPpYy' ' ISP PR
p _ L@t Pycosb)z BPAX" + yPpry with o2 1+ 8% 412 = 1,
p 1+ aPy cos®

Parity violating observables: a (A, A), B(A,A), y(A, A)

CP violating observables: A¢p = Z&tzg Complementary to decay
rate asymmetry

* Clean observables, less polluted by experimental effects




Beauty and charm baryon decay parameters ALel

* Simultaneous angular analysis of 6 decays PRL 133 (2024) 261804
0 —
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s - ~+ Data(x10) R - Fit x10) 1

3 ’ — Fit (x10) kS [ = Hatedl)

2 1000 S 1000F
Lab frame [ % C -+- =
A rest frame 500 ; E 500 W
| | P | :u 1 | 1 1 1 1 1 1 1 1 1 |:
0—1 -0.5 0 0.5 1 0 -2 0 2




P and CP violation PRL 133 (2024) 261804

P violating observable «

»  First measurement for AY — ATh™ decays

CP violating observable A%,  pa_ — @W+a@)

« Most precise for AL decays CP ™ aA)—a(d)

* Confirmation of BESIII for a(A — pr™) . .
Consistent with CP symmetry

Consistent with Belle and BESIII

] T T T

] | I
A;HEWLU ————i 0 . [
Al—=Zn A=rn “
A0 it Af—>AK”*
A3k
A2t - Ai—> At i—
Af—AK” :
P —— Ai—pKg =
AT oy
Al—pK = Ay ALK —
AZ—>A§K' PR . BESIII . BESIII
At - Belle Ay Aimr - . Belle
b_) T Lag ) . LHCb < LHCb
I I 1 I ] 1 I 1 1L I 1L 1 L 1 I L L 1L L I 1L I L 1L 1L L I 1
—1 —-0.8 -0.6 —-04 -0.2 —0.1 0 0.1 02
o Aa



More parameters for A7 - Ah™ decays PRL 133 (2024 261804

* No CP violation in 5, y or total phases
* Weak phases consistent with zero, non-zero strong phases

- 2Re(S*P)
Decay Ar - Arnt Af - AK* ISP+ (PP
_ 2Im(S*P)
@ 0.368 +0.019 + 0.008 0.35£0.12 £0.04 p= 1S|2 + [P’
Vi —0.387 4+ 0.018 4+ 0.010 —OiZ_i O.ll_:_t 0.03 : 152 — | P|?
y 0.502 +0.016 4 0.006 —0.743 £+ 0.067 £ 0.024 = 1S|2 + [P’
17 | 0.480 £ 0.016 £ 0.007 | | —0.828 + 0.049 £ 0.013 witho? 4 2 472 = L
[ A (rad) 0.633 +£0.036 = 0.013 20017004
A (rad) | —0.678 + 0.035 4+ 0.013 —2.78 £0.13 £ 0.03
R; 0.012+0.017 £0.005  —0.04 £0.15 £ 0.02 Bar =41 = (anz)*sinAyy
R;} —0.481 4+ 0.019 4 0.009 —0.65 +0.17 £ 0.07 :
YAr = \/ - (aAj)zcos Apy
A¢ (weak phase)  0.01 + 0.02 —0.03 +0.14
Ad (strong phase)  2.69 + 0.02 2.57 £0.19 Az : phase difference between two

helicity amplitudes
Inputs for global fit: 1.-y. cheng, F. Xu, H. Zhong, PRD111 (2025) 034011




Crucial to control systematics

* Subtraction of experiment induced asymmetries (~ 1%, similar to/larger than CPV itself)

Ayield = Acp + Aprod + Adetection T Apip + Atrigger

JHEP 10 2021) 060 I \ \

| s wonTs oo
T T — 110 r ——y . 5 <ot p
S [T T T ] i) 3 3 2 : n M‘ t | I‘I
= 16F LHCb E E 105F ¥ p-deuterium data 3 “ sl K- fﬁaﬁ A 1 ‘
3 1ufp (s=8TeV 3 = 0ENE . — 3 e
< £ Data 2 b 3 & 100E p-deuterium fit 3
E —+— = 1 E _ 3 E LT 8
12E o Pythia8 (CR1) 3 g 95F i pdeuteriumdata ol £ 0.6 [t o
OF mm Pythia8 (CR2) E £ NF — p-deuterium fit 3 B by
8 = Pythia8 (Monash) E é 85 ;_ _; ol . .
- — — Q = E s,
6 o o 3 —= 80 _—? - : H
4 :— —_— _: - __ _____ _: N °
0 __ ------ l- -:*"_'_*_:-*:._*_. R _: 70 E_ _E lf-. | N H’ M-l
o TR P TR M B B 65 B 1 L M 1 0oL
) 25 3 35 4 10 102 0 5 500 5000 7500 16000 12500 15000 17500 20000
. : Er (MeV)
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* Data driven corrections, use control mode to reduce/remove systematics

- - Ay ™ T Fn— —
Al = DA — AAD — AAF™ — Mpp — A" — A — AL — AR + AG e.g. A) = Af(pK )
APT = Adry — AAR — AAT, — Adprp — AAS — AAp — AE™ — AT + AL

Usually good cancellation, slightly limited by control sample size




CP violation in A} — ph~ decays arXiv:2412.13958

u

» Dynamics analogy to B® - h*h™ decays

w+ ;

5
Decays B> ntn~ BY->nmntK~ B°->K*tm~ B°->K'K~ j — - ﬂ
0 /70 — 1
CPV (%) —314+30 224+12 8314031 162+35 B~ /A} K~ /p~.
—
. . . d,s d, s
 CP violation predicted: ~5% PRD 102 (2012) 034033 - T =7
PRD 95 (2017) 093001 ud u

e Sizable CP violation ruled out

APK = (=114 0.7 + 0.4)% APD = (402408 +0.4)%
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CP asymmetry in AY = AhTh; decays PRL 134 (2025) 101502

e Three A) decays Am*m~. AK*m~. AKYK~ and E) -» AK m*decay

* AY - At (> Ant)m™ as control channel

AAY (A) —» Antr™) = —0.013 £ 0.053 £ 0.018,
AAY (A) = AK*7n™) = —0.118 +0.045 £ 0.021,
| AAPP (A0 5 AKTK™) = 0.083+0.0234+0.016, | | 3.10, evidence for CPV in baryons

AAY (Z) - AK 7)) = 027 £0.12 £0.05,

T T T T T T T T T T T L~ [ T T T T T T T T T T T T T T

S 160 (a) LHCb 9 fb! 1 S 160 b LHCb 9 fb! E
> 140k \@ m(AK)< 2.9 GeV 4 > NI ( ) mAK)< 2.9 GeV E
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E 120 :— — Total fit - E 120F — Total fit -
C — A0 + g . C R N ¢ ]
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Ab - AK"K =~ : — E,> AK'K 1 0~ F — EZ,- AK'K” E
8 %% oA ammy) 3 g 80 -0 |1 -~ Ay AK 7+ (mis) 3
s sk A Comb. bkg. 1 3 60 A Comb. bkg E
E " b ..... A AKTK™ . E C b _ ]
T 40F T ¥ o KVO 1 T 40F Ly A AKKy
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Local CP asymmetry for A) > AKTK~ PRL 134 (2025) 101502

* In analogy to BY - K*K+K™ decay

* Two resonance-dominated regions

=k
03
0.2

" BT > K*K*TK~

0

' raw asymmetry

My+p- < 1.1 GeV

A) - Ap(— K*K™) or non-resonant:

AAcp(Ag) = 0.150 + 0.055 + 0.021

Myp+ < 2.9 GeV
A) — N** (> AKT)K™: possibly via b — ulis
AAcp(N*TK™) = 0.165 + 0.048 + 0.017 (local 3.20)
 Many N** contributing to AY — N*tK~
Several related N** channels to cross-check

N**— AKt = A) > N*"(AKT)K™

N** s prtn~™ = A) > N*'(pntn K~

N*t* > pr® = A) > N (> pr®K~

m(AK ™) [GeV/c?]

J.P. Wang, F.S. Yu, CPC 48 (2024) 101002

15




More local CP asymmetries PRL 134 (2025) 101802

Mpg+ < 2.3 GeV My+,- < 1.7 GeV
A) - N** (> AK )™ A) - Af(mtm)
AAcp(N**t™) = —0.078 + 0.051 £+ 0.027 AAcp(Af) = 0.088 + 0.069 + 0.021
g T Tt 9 435 DL B
45F 5 LHChO fi! 4.5 LHCb 9 1o § "
— A— AK+7L"_E =30 — Ay— Antn 4 12
QO = - Q
Y 3 125 = 35 10
0 : 3
g 3E 20 E
= 5 5E o~ 3
R 5 - 5
T 15 - T L5
1E >
: 0

m(AK™") [GeV/c?] m(Az") [GeV/c?]




Study of AY —» pK~ntm~ decays with Run 142 arXiv:2503.14954
| b

* Contributed by tree and loop diagrams * Rich resonances
- b Ww s AY > N**(prtn ™)K, pK* (K ntm™)
w- “ L0 - u/d
b > > u 0 * % — — * % — %% —
) . ., S o AT (R f (), N (pr K (K )
d > d . P

* Cancelling production and detection asymmetries

. N A = Afm~ A) - Azm*t
Control channel: Ay = Az (pK ™ )m T e e a B U e
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Raw yield asymmetry of A) - pK mtm™

arXiv:2503.14954

» Maximum-likelihood fits to mass spectra to extract signal yield
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Corrections for experimental bias

Acp = AAyield - AAprod — AAexp

* Production asymmetry: cancelled by
matching AY kinematics of control
to signal mode

Aprod [%]
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* Detection asymmetry: candidate by
candidate correction depending on final
state kinematics
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Systematic uncertainties arXiv:2503.14954

From experimental bias

Contribution Run 1 Run 2

Detection asymmetry difference (0.055+0.128)%  (0.081 £ 0.050)%
PID asymmetry difference (0.026 £+ 0.141)% (—0.028 £ 0.002)%
Trigger asymmetry difference (—0.039 £ 0.029)% (—0.050 & 0.008)%
Total nuisance asymmetry difference  (0.042 +0.193)%  (0.003 £ 0.051)%

From signal extraction

Contribution Run1l Run 2

Nuisance asymmetry difference 0.193% 0.051%
Mass fit 0.044% 0.067%

Total systematic uncertainty  0.198% 0.084% ‘ 0.10%




First observation of CP violation

arXiv:2503.14954

Acp = (2.45 + 0.46 + 0.10)%

A 2NLL

Rule out CP symmetry at 5.20, and large CP violation
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CP asymmetry 1n resonance regions 1 arXivi2503.14954
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What does it tell us

* CP violation do exist in baryons, history of particle physics.

. . ° ° Yesterday, at the Rencontres de Moriond EW, the LHCb collaboration reported the first observation of CP violation in baryon decays. The corresponding publication,
a mlle Stone ln Stud O f CP Vl O latl On submitted to Nature, appeared on arXiv. Differences in the properties of matter and antimatter, arising from the so-called phenomenon of CP violation, had been
y observed in the past using the decays of K, B and D mesons, i.e. of particles composed of a quark-antiquark pair containing strange, beauty and charm quarks,
respectively. However, despite decades of experimental searches, CP violation has not been observed yet in the decays of baryons, composed of three quarks, i.e.,
the type of matter that makes up the visible universe. The result announced today constitutes the first observation of CP violation in baryon decays.

2025

Beauty baryons:
CP violation in A
decays

LHCb collaboration

* CP violation in baryons unexpectedly small,
dynamics more complex than mesons

Cabibbo Mixing
N. Cabibbo

LHCb collaboration

* Is it SM or new physics? Likely SM, but more studies needed to quantify

J.P. Wang, F.S. Yu,
* Can it explain BAU? CKM itself insufficient CPC 48 (2024) 101002

10718(CKM) « 10719 (observation)
New physics needed




CP violation in future

* Many more data by LHCb: more measurements and more precise
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‘Global analysis of CKM mechanism (4 parameters)

When LHC started Current status

/ B<0
Befauttytoe Y ( CL>0.95) — Y
1 | [ | | A V] _1.5|||||||||||||||||||||||||||||
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A =0.826%0018 21 =10.22500+0.00067 P =0.159+0.010 n=0.348+0.010
a+pB+y=017346)°




BESIT Decay parameters and CPV in hyperons

e Pioneering work to probe CPV in J /1 = AA Nat. Phys.

PRL129(2

15 (2019) 631
022) 131801
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* Many other 1 to hyperon channels explored, no sign of CP violation
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Decay parameters and CPV in charm baryons

NE /[0.2]

Decay 0+ 00y K+ o - Alp
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CKM matrix up to A°

( 1,2 144 3 )
V., V.. V, 1 =547 =54 A A2 (p — i)
VCKM = Vcd Vcs Vcb =|-4 + %Azlls[l - 2(p + ”1)] 1- %/12 - %/14(1 + 4A2) Alz <+ @(/16)
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CERN Yellow Rep.Monogr. 7 (2019) 867

LHCb Upgrade I sensitivities

Table 10.1: Summary of prospects for future measurements of selected flavour observables. The projected LHCD sensitivities take no account of potent
detector improvements, apart from in the trigger. Unless indicated otherwise the Belle-IT sensitivies are taken from Ref. [568].

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 GPDs Phase 11
EW Penguins

Rk (1 < ¢* < 6GeV3c?) 0.1 [255] 0.022 0.036 0.006

R+ (1 < ¢* < 6GeV3ch) 0.1 [254] 0.029 0.032 0.008 ~

Rg‘)* Rpl\' 3 -Rﬂ'

0.07, 0.04, 0.11
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0 < 1%
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7, all modes (122)° [152] 1.5 1.5° 0.35° .

sin 283, with BY — J/¢K? 0.04 [569] 0.011 0.005 0.003 Uncertalnty
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xsin ¢ from multibody decays (K3m) 4.0 x 107° (K277) 1.2 x10™* (K3x) 8.0 x 1076




More information for decay paramerters
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First observation of CP violation in baryons by LHCb

25/Mar/2025

A new piece in the matter-
antimatter puzzle

The LHCb experiment at CERN has revealed a fundamental asymmetry in the
behaviour of particles called baryons

25 MARCH, 2025

\
\
\

\
View of the LH'Cb experiment in its underground cavern (image: CERN)

Yesterday, at the annual Rencontres de Moriond conference taking place in La Thuile, Italy, the LHCb
collaboration at CERN reported a new milestone in our understanding of the subtle yet profound differences
between matter and antimatter. In its analysis of large quantities of data produced by the Large Hadron Collider
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CONFERENCE || LATEST POSTS [| PHYSICS RESULTS

Observation of the different behaviour of baryonic matter
and antimatter.

By Joel Closier
® #baryon, #bottom, #cp violation, #Lambdab

First observation of CP violation in baryon decays — an important milestone in the
history of particle physics.

Yesterday, at the Rencontres de Moriond EW, the LHCb collaboration reported the first observation of CP violation in baryon decays. The corresponding publication,
submitted to Nature, appeared on arXiv. Differences in the properties of matter and antimatter, arising from the so-called phenomenon of CP violation, had been
observed in the past using the decays of K, B and D mesons, i.e. of particles composed of a quark-antiquark pair containing strange, beauty and charm quarks,
respectively. However, despite decades of experimental searches, CP violation has not been observed yet in the decays of baryons, composed of three quarks, i.e.,
the type of matter that makes up the visible universe. The result announced today constitutes the first observation of CP violation in baryon decays.
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