LINTP »

ZZIN) At < J' 4

N 572 =
508 PEKING UNIVERSITY

%

Recent Results on CP Violation
In Baryon Decays at LHCDb

Tianze Rong
on behalf of the LHCDb collaboration

2025 International Conference on New Frontiers in Physics, Kolymbari
28.07.2025




lOutIine

* Here “h” means K or it

* Introduction

« CP violation in charmless beauty baryon decays

> A} — ph~ » A)/E0 - ARTh; > AY/EQ - pKOh~ > A — pK-mtm-
[PRD 111 (2025), 092004] [PRL 134 (2025) 101802]  [LHCb-PAPER-2025-016, in prep.] [Nature(2025), arXiv:2503.16954,]

« CP violation in beauty baryon to charmonium decays
> A} - J/Pph~
[LHCb-PAPER-2025-021, in prep.]
« CP violation in beauty baryon to open charm decays (decay parameters)
> A) - AOh™
[PRL 133 (2024) 261804]
 Conclusions and Outlook
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l Introduction

* Violation of CP symmetry (CPV) is essential to explain the observed matter-antimatter
asymmetry in the Universe

Sakharov
conditions

« CPV in Standard Model (SM) is insufficient to account for the observed asymmetry

 Understanding CP violation within the SM (CKM mechanism) and searching for CP
violation beyond it are important tasks in particle physics
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‘CP violation in baryons

« CP violation has been well-established in oscillations and decays of mesons
« Particularly, B meson decays exhibit CP asymmetries at the level of ~10%

* For baryons, CP violation had never been observed — until recently!

» Hyperon: [PRL 129, 131801 (2022)] > Bottom baryons: [PRL 134 (2025) 101802]
* Acp(A->prn~) =(-0.2510.48)% « Acp(A) > AKTK™) = (-83+2.8)%

e Acp (A% - pK_n+n‘) = (2.45+ 0.47)% » First |
[Nature(2025)] Observation!

» Charm baryons: [JHEP 03 (2018) 182]
« Acp(Af > pKTK™) — Acp(Af »pntm™) =
(030 +1.1)%

« CP violation in baryons is complementary to meson studies and essential for
comprehensive tests of the CKM mechanism
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LHCDb experiment

 Dedicated experiment at CERN for measurement of b, ¢ hadrons

« Single-arm forward spectrometer covers 2 <n <5 T

» Excellent vertex resolution
» op =20 um

* Excellent momentum resolution / LAy
> Ap/p = 0.5- 1.0% (5 — 200 GeV/c) /) RH2

 Efficient particle identification (PID) s

> €K - K)~95%
» mislDe(r - K) ~ 5%

s LHCb Dataset
< Runl + Run2 (2011-2018): 9 fb~1 of pp collisions

L)

[JINST 3 (2008) S08005, Int. J. Mod. Phys. A30, 1530022 (2015)]
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CP violation measurement

 CP violation is manifested as a difference between the decay rate of a particle and
that of its antiparticle a r(A) -x)—r(A) -Xx)
T 5 X) +T(A - X)

A) - pK ntm A) - pKtnm?t
* The raw asymmetry is directly measured by I I L T T
Sl Sttt th 1 Sl R
determining the yields Swoor | gzeorr  Siowo B Nk
< so00F || e Comb. bkg. < so00F [ e Comb. bkg
3 r A) = pK i’ 1 3 r A, - pK*'nnn’ 1
ry 7 5 60001 —— A = pK n'(=nmty)] g 6000 — A, > K (> Y]
A . N (/12 - X) o N( Ag - X) 'g 4000F ;‘b:”:’l’((’r ): 'g 4000F fg"’f":’r(”i :
p— — — x b = P I ] O . :,:)—niK*Kthf
raw N( /12 — X) + N( /12 - X) ~ 2000 / -.___._:h—’l”""*"‘ — 2000 \— 5 oK'k
%4 ............. 56 5.8 % 54 --------- 56 lllll 58 ;
mpK rtn) [GeV/c?] m(pPK*wnt) [GeV/c?]
 Experimental and production asymmetries need to be subtracted [Nature(2025)]

Acp = Argw — Aexp — Ap

e Control channel is included in some results, and the difference of CPV is measured
AAcp = Acp(sig) — Acp(ctrl)
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CP violation In charmless beauty baryon decays
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Acp measurement in A - ph~ decays [PRD 111 (2025), 092004

« Search for CP violation in A}, - pK~ and A), -» pm~ decays, using Run1+Run2 samples
. Dynamics analogy to B0 — h*th~ decays

A%y = (=25£22)%

PK™ _
Decays BY > tm™ 0 S tK- BY > Ktm~ BY - K*K~ Acp =(=251£29)%

(Dominated by LHCb Runl measurement)

Direct CPV (%) —31.4+3.0 224+ 1.2 8.31 +£0.31 16.2 £ 3.5
[PRB 787 (2018) 124-133]

* A-p measurement AP | APPT L AP _ ph _ APPT _ APH A
P CP =|Amnaw (T Ap —4p PID — AT P

A = N(45-ph7) -N(4; oph?) (1o Experimental asymmetries
raw N (Ap -ph~)+N( 4 -pht)

L o o S ~35 (¢
[ LHCb 9 fb!

w

wn
=
>

» Detection asymmetries A = o(pp— A)Y) — a(pp— AYY)
From calibration samples "7 o(pp— AY) + o(pp— A0Y)
p~1%, K*~0.5%, Tt ~0.1%
» PID asymmetries Ap;p~0.1%
From calibration samples

W
(=]
Yevic?
|58}
1 =}

[ } Data

[ — Fit

[ A)—spK-
r B'> K-

N :
wn
D
n

ndidates / (10

» Measured for Runl  Ap~1%
[J. High Energy Phys. 10 (2021) 060]

g
=]
T

20F BY 5 KK~

FoEE A)opr K_'
[ ===- Comb. bkg. p 1

- Part. reco. bkg.

Candidates / (10 MeV/c?)

Ca
&

» Control channel for Run2
A) - A¥ (- pK~nt)m™

: : | N » Trigger asymmetries Ar~0.1%
Y P P L Data driven method
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ACP measurement in A% - ph_ decays [PRD 111 (2025), 092004]

e Sizable CP violation ruled out

AP = (=1.1+0.7 £ 0.4)% APT = (+0.2 + 0.8 + 0.4)%

CP
3 3

rG—~3.5 _xl(‘)-‘ — 1 T r 1 T T T T {G\3.5 _le} — 1 T T 1 T T T T @2'5 XIQ ToTorT T T 52'5 XIQ T T
< [ LHCb9 ! £ [ LHCb9 ! = | LHCbOfb! = | LHCbOfb™!
E 30F E_S-O - 2 2 1
Sosf —— F Sosp T SO \ SO Gp—
= B A - pK- = A pK = S JUVEEYE g —_—— e = B B — 1
st B oK1 5 BU s K+ ] S5 I Bokir | ] &5t B K-+ ]
S20F B" > KK~ — 1 B20f B> KK | ot ] I T BYs S 7L O Bt ]
E Ay pr pK~— | % Ay —pr | D K™ | T EE Aopk _ T Aopk _ 4
8 {s[ === Comb.bkg. 1 & |sE === Comb.bke. || E S [ ---- Comb. bkg. | pn S L ---- Comb. bkg. pTL‘

T [~ Part reco. bkg. ] I —— Part.reco.bkg. | 1.0 - —— Part.reco. bkg. 1.0 —— Part reco. bkg. 7

0F 1.0 F i [

S5E 0.5

0 == . 0.0 Semmememus e | ol NS ol

5.2 54 56 8 5.2 54 6 38 52 5.4 5.6 5.8 52 5.4 5.6 5.8

m(pK~) [GeV/c*] m(pK*) [GeV/c*] m(pr) [GeV/c?] m(prt) [GeVie?]

* Most precise result in this mode
» The precision improved by a factor of 3 compared to the PDG value
» Not dominated by systematics anymore
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Acp measurement in A2 /E) — AhT h; decays [PRL 134 (2025) 101802]

« Study of three A) decays Antn~,AK*n~,AK*K~,and E) - AK~nt, Antm~decay
» Runl+Run2
> Control channel: AY - Af (- A1)~

« Measurement of 5 branching fractions

™

> A) - Artn~, E) - AK~m* are observed for the first time

/ N

L wesw 4 Decay B(x10°)

—— Total fit

— AV AK T 3

—swr 3 Al s Azta 53+£044£05+05

— T 1 T T T T T T T T

1000 - LHCb 9 fb™! 7] 70
r — Total fit ]

800 - — A Az - 60

— 52_) At i 50 - - Ay Arr(mis)

= AV— AK*K(mis)

Candidates / (20 MeV/c?)
N
o

=

E 0 + - : - .

g 6O oD ame Al 5> AKtz~  46+024+0440.5

g w0 I I BN A *+ 3 A) - AKTK- 10.7+£03+04%1.1

g/ e I A S W E)oArta 1L0£264 14438

T — $400 5600 5800 6000 Eg — AKn" 104 +14+12+35
m(Ar* ) [MeV/c?] m(Am*K") [MeV/c?]
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Acp measurement in A2 /E) — AhT h; decays

[PRL 134 (2025) 101802]

* AA-p measured for 4 channels
» MNAcp = Araw(signal) — A,y (control) — AAdp — AA,,,

AAY (A) = Artr™) = —0.013 £ 0.053 £ 0.018,
AAY (A) » AKT77) = —0.118 £ 0.045 £ 0.021,

| AAP (A9 5 AKTK™) = 0.083 +£0.023 £0.016, |

AAY(Z2) - AK 7t) = 027 £0.12 £0.05,

- Evidence (3.10) of direct CP violation is found in A}, > AK*K ™~ decay

» Significance calculate using the negative log-likelihood method , confirmed by pseudoexperiments

Recent results on CP violation in baryon decays at LHCb
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.101802

Acp measurement in A% /E) — AT h; decays

[PRL 134 (2025) 101802]

« AY - AKTK~ is dominated by intermediate N** (- AK*) and ¢(— K*tK ™) resonances

* In the region dominated by the N** resonance, local A p
show 3.20 evidence, examined by pseudoexperiments

A) - N** (> AKY)K ™
AAc-p(N*TK™) = 0.165 + 0.048 + 0.01

possibly via b — uus

A — N*tK~ A) > N* K
~ 160F 0 LHebom! 4 ~160F ' LHCboOM' = 3
S 140F H mAK)<29Gev 3 R 0F MAK)<29GeV
% : m(K*'K)> 2.2 GeV ] % s m(K*K)> 2.2 GeV ]
S 120¢ 4 — Total fit 1 S 120 — Total fit ]
o — o o — — — —{) — b -
g 100 = /EE: iff 3 —o_g I00F —_ f_%_) %EE ]
~ 80 Y 4 I 80F —E- ]
S 6of AR I Ao A (i)
- Oomao. . B - i
S gof T cdoakky 4 3 aof S 2
= - T b 7 1 B e A A~ AK'Ky 1
8 20 ¥+J_q:|;l:¢_-(y K A AKK R g gk A AKK R
© ok Jl +“4¥I*L‘++“"++4&4ﬁ+m_ O 0 L bttt gk d
5400 5600 5800 6000 5400 5600 5800 6000
m(AK'K") [MeV/c?] m(AK"K™) [MeV/e?]

LHCb 9 fb™']
A)— AK'K™ 460

T

20
m2(AK™) [GeV?/c4]

T30

My+ - < 1.1 GeV (consistent with zero)

A) - Ap(—> KTK™) or

non-resonant:

AAcp(Ag) = 0.150 + 0.055 + 0.021
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0 /=0 01— [LHCb-PAPER-2025-016] , in preparation
StUdy of Ab/“b — pKS h decays To be submitted to JHEP [New!] .

« Study of A) and Z} baryon to the final states of pK2m~and pK K ~, Runl1+Run2

x10°

» Update of previous analysis used only 2011 data < ey T A TS
2 Ab—) e ]
> Control channel: AY — A¥ (- pK)m~ Control channel: " ) S
A = AL (= KT 2 O e
E j
QO ]
« Measurement of all 4 BFs o
. . . m(pKgm)[MeV/c?]
> Improved branching fraction measurement of A} — pK27~ with a factor of 9
. . 10°
> First Observation of 2 decays g F T bl T o — ——
"(\\ > 18 —— Total Fit 4 =2 70F LHCb | . rotal Fit
& Result [x1079] S 16 Y A pK > coE 9" Afj’_) le ox-
QB(A°—> pKIr~) [10.62+0.21+0.16 £ 0.98] o 14 M- rer 4 2 m Gl
© B(A} pKiK~) [061E008£0060.06] ¢ - ERECION é | 4 rkir
B(_,O—> pKSﬂ' ) < 2.8(3.2) at 90 (95)% CL % 08 13 30 r % = 2% pKn
B(E)—pKJK~) [3.9 £0.6 £05 £04 £14 2 06 E ks % &
R 15 o l‘
0.2 = 10 |
stat. syst. control b-quark o T T © &\ . ---5
mode fragmentation m(pK)[MeV/e?] 54 000 6200
fractions  !Mproved precision m(pKOK )[MeV/c2]

First Observation!
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Study of A} /Ep —» pK2h~ decays

[LHCb-PAPER-2025-016] , in preparation
To be submitted to JHEP

[New!]

Candidates/(15.6 MeV/c?)

0.8}

* AA-p measurement in 3 observed decays

» Mcp = Mpaw —

AA,

— AAexp

 No CP violation is found

» Signal channel
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» Global A-p in 3 decay modes
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Study of A} /Ep —» pK2h~ decays

[LHCb-PAPER-2025-016] , in preparation

|
To be submitted to JHEP [NeW']

%, 22F T
} 20F LHCb
« Local A.p for A — pKOm™ investigated % 18 B 91"
> N*,K*~ resonances observed & ig: 31 o
> Ac-p measured in 4 bins T 8" S
6F
: . 4E "
* No CP violation is found 2F —TT
| S AR 0
0 10 20
m?(p w)[GeV?/c4]
> Local Agp in 4 regions of AY —» pKOm~ decay
N
& m(prT) m(Kgr™) Yield AT %]
¢ Bin 1 - < 1.1GeV/i* 821+34 —06+4.0+1.9
Bin 2 i 1.1,1.7) GeV/c®  870+40 124+42+1.8
Bin 3 < 2.4GeV/c? > 1.7GeV/c? 220050 05+24+1.1
Bin4 > 2.4GeV/c* > 1.7GeV/c* 840+50 3.3+55+2.0
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Acp measurement in A}, » pK " n ™~ decays ——

« Search for CP violation in A} —» pK~m*m~decays

r(A)->pKk ntn~)-r(4)>pKtnnt)
I‘(Ag—>pK‘n+n‘)+I‘(Z2—>15K+7t‘7t+)

* Acp =

« Amplitudes of the tree and penguin transitions are expected to have comparable contributions
-

s b s
W_.r: “—u : ;@_ u/d .
b u A Sizeable weak
d

u/d
- » phase difference

u

Yy v

d
* Rich resonances

A) - N*t(prtn™)K~, pK*~(K~m*tm™) » Possible strong
. _ _ hase difference
Ap = A(PK)f (), NO(pr)KO(mK") " |

» Cancelling production and detection asymmetries: Acp = AAyay — AAp — Mgy
« Control channel: AY — AT (pK~nH)m™
« Same final state, no CP violation expected
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Acp measurement in AY - pK~ "~ decays a0z

» First observation of CPV in baryonic decays

e A = (2.454+0.46+0.10)% 5.2¢ Using z-score method
CP
» Signal channel > Control ch |
_ _ - — — ntr nn
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A, (signal) = (3.71 £ 0.39)%
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Acp measurement in AY - pK~ "~ decays a0z

. : 2
L ocal ACP reaChlng 60 Decay topology Mass region (GeV/c?) Acp
. - <22
 Interference between resonance states induces | A9 - R(pK~)R(x* ") ek~ < (53+13+02)% | 4o
phase-space-dependent CPV Mtr— < 1.1
« Most significant local CPV found in N* Mypn- < 1.7
resonances regions A) = R(pr )R(K™ %) 0.8 < myrp- <10  (2.7+£08+£0.1)%
» look-elsewhere effect accounted for the or 1.1 <muix <16
significance A9 s R(prtn ) K~ Mpen— < 2.7 (54+09+01)% | 60
A — R(K—ntn)p Mgt < 2.0 (20+1.2+0.3)%
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< N7 resonances
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CP violation In beauty baryon to charmonium decays

Recent results on CP violation in baryon decays at LHCb



Study of A}, — ] /ph~decays

[LHCb-PAPER-2025-021], in preparation [New!]

See more details in
Xiaofan’s talk

« Study of AY — J/Ypr~ and A} — J/ypK ~decays
* No CPV observed in Runl data [JHEP 07 (2014) 103]
* Mcp = Acp(Ay~ J/pm™) = Acp(Ny—~ J/YpK™) = (5.7 £ 2.4 +£1.2)%

« Measurement of the CP asymmetry difference AA.p with Runl+Run2 data
* First evidence of CP violation in beauty baryon to charmonium decays!
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https://indico.cern.ch/event/1457095/contributions/6557384/

CP violation In beauty baryon to open charm decays
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Decay parameters

« Decay parameters: proposed by Lee & Yang to study P violation in hyperon decay A — pm™
> Between pm~, there are both P-violating S-wave and P-conserving P-wave  [Phys. Rev. 108 (1957) 1645]
» Decay parameters a, 8, y indicate the extent of P violation
» These parameters can be extracted from the angular distribution

> The same definition in the A?, A} decays from a spin-half baryon to a spin-half baryon and a
pseudoscalar meson

9Re(S*P) NG S and P waves
*= ! L 9 ar 1
S|2 + | P|? v, fy Toosd = E[‘(1 + aP, cos 6)
)8 _ le(S*P) -a—fPAco:é\ F;
S|P+ |P)? AP
2 2 * p = (a+Pp cos 9)z’+ﬁPAx’+ypAy,
V= el i i p 1+aPp cos 6
S|P+ |P]¥
with 012-|-B2—|—f)/2: 1, =

[.J.Mod.Phys.A 37 (2022) 27, 2250169]
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.108.1645
https://www.worldscientific.com/doi/full/10.1142/S0217751X2250169X?srsltid=AfmBOoruRT9gPhpoAQNsvVlzs0cdPCiOUNbz_ZGFOO1sHwdufuk6jTlU

Probe CPV with decay parameters

« CPV observables can also be defined using the decay parameters of CP-conjugated processes
@, (3, 7 are the decay parameters of anti-baryon decays

* AS (A@) is the strong (weak) phase difference between S- and P-waves

: [PRL 129 (2022)131801]
 Clean observables, less polluted by experimental effects (Sci.Bull. 68 (2023) 583-592]
« Complementary to decay rate asymmetry [PRL 133 (2024) 261804]
——————————— ———————
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https://www.sciencedirect.com/science/article/abs/pii/S2095927323001159?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.261804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801

Beauty and charm baryon decay parameters [PRL 133 (2024) 261804]
e Study of A) - Afh™ (h =, K) with AT > Akt A - pr~ or AT - pK?, Run1+Run2
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- A9 — Ath™ decay parameters are measured for the first time
 CP violating parameters A¢p consistent with CP symmetry

« No CP violation in 8, y or phases in A} decays as well Ad
« Weak (A¢) and strong (Ad) phase difference determined:

AL - Am? Af - AKY
0.01+0.02 -0.031+0.14
A6 2.693 +0.017 2.57 +0.19
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.261804

lConcIusions & Outlook

* LHCD provides an excellent environment to study CP violation in baryon decays
* Numerous new results from Run 1 & 2 data
 First observation of CPV in baryonic decays!

« A major step forward in understanding CP violation
« While generally smaller than in mesons, baryonic CPV can be significant under specific conditions
» The complex dynamics of baryon decays call for innovative analysis techniques

 Future prospects
» Huge increase in sample size expected for Run 3 with higher hadronic selection efficiencies
 EXxciting opportunities to deepen our understanding of CP violation
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