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. Outline

* Here “h” means K or 1t

Introduction

* CP violation in charmless beauty baryon decays

0 — 0 /=0 +7,— 0 /=0 07— 0 -t
> A, - ph > Ay /2, — Ah h; > Ny /2, = pKJh > Ny > pK '
[PRD 111 (2025), 092004] [PRL 134 (2025) 101802] [LHCb-PAPER-2025-016, in prep.] [arXiv:2503.16954, accepted by Nature]

* CP violation in beauty baryon to charmonium decays
» A} = ] /ph~
[LHCb-PAPER-2025-021, in prep.]
* CP violation 1n beauty baryon to open charm decays (decay parameters)
> A} > A0h~
[PRL 133 (2024) 261804
* Conclusions and Outlook
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L Introduction

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

* CP violation has been well-established 1n 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(Ad - prT) = (-0.25£048)% o Acp(AY > AKTK™) = (—8.3 +2.8)%

> Charmbaryons:  [JHEP 03 (2018) 182] o Acp (A - pK—mtmT) = (2.45 + 0.47)% & Fist

o Acp(AY 5 pKTK™) — Acp(Af s prtrn™) = [arXiv:2503.16954] Observation!

(0.30 £ 1.1)%

* CP violation 1n baryons is complementary to meson studies and essential for
comprehensive tests of the CKM mechanism

CP Violation in Baryon Decays at LHCb
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LHCD experiment

* Dedicated experiment at CERN for measurement of b, ¢ hadrons

* Single-arm forward spectrometer covers 2 <n <5 e
 Excellent vertex resolution '

> o1p = 20 um
* Excellent momentum resolution oL HeAL vy MS
f M3

> Ap/p = 0.5 - 1.0% (5 — 200 GeV /c) oy

 Efficient particle identification

> e€(K - K)~95%
> mislDe(r » K) ~ 5%

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

[JINST 3 (2008) S08003, Int. J. Mod. Phys. A30, 1530022 (2015)]
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/10.1142/S0217751X15300227

ACP measurement in A% — ph_ decays [PRD 111 (2025), 092004]

e Search for CP violation in A}, - pK~ and A} — pn_ decays, using Runl+Run2 samples

» Dynamics analogy to B - h*h™ decays

Decays B >natn~ B2->n*K~ B°->K'n~ BY->KTK~
CPV (%)  —314+30 224+12 8314031 162435

* Most precise result in this mode

» The precision improved by a factor of 3 compared to the PDG value A%: =(=25£2.2)%

19:4
- - = (=2.5 + 2.9)¢
» Not dominated by systematics anymore Acp =(=25129)%
(Dominated by LHCb Runl measurement)

» Sizable CP violation ruled out [PRB 787 (2018) 124-133]
PK~ __ pmt _
AV, =(-11+£07+04)% ACP = (+£02£08£0.49)%

~3.5 f(lo'z ------------ 3.5 xl(‘)a “““““““ 5\2.5 _xl(-)] T T T A S 5\2'5 -xIO‘ — 7 ——————
= | LHCb9 ! S LHCb 9 fb-"! < [ LHCb9 fb! < | LHCb9 fb!
o [ }  Data I = =T _Dam_ == o 20 § i D_mﬂ ] o 20 i I D_am ]
Sast o { Sasp ool SO Ry IR el
= [ BN Ap—pK > [ B A)-pK* 1 - L RVIVEEY, S _——— e o e o [ B A e
L [ S B> K-at L B K*ta 1 &;15'_ :I BO—)KJT_ ] &;15'_ = B K-at ]
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A-p measurement in A} / Eg — AhT h5 decays [PRL 134 (2025) 101802]

» Study of three A} decays Amtm~,AK*m~,AK*K~, and E) » AK~m*decay, Run1+Run2

> Control channel: A} - Af (= An™)m™

- Evidence (3.10) of direct CP violation is found in A, - AKtK~ decay

» Mcp = Araw(signal) — Apaw (control) — AAp — Adoy, | AAY (4) » Axfr) = —0.013 40053+ 0.018,
AA (A) = AK ™) = —0.118 £ 0.045 £ 0.021,

| AAP (A 5 AKTK ™) = 0.0834+0.0234+0.016, |
AA (Z) = AK n%) = 027 £0.12 +0.05,

& LS T i s T C BSSS . e E. B
2 500k 0 LHCb 9 fb™! 1 = 500k -0 LHCb 9 fb”! 3
% E Ab — Total fit 5 % f Ab — Total fit ]
= 400F - [T — =~k - = & =5 goof— - — - -ﬂ — s KK 3
S f =SBy 1 & | —E)-> AK'K" 1
< 300F A AKTz(mis) 3001 c-- Aos AK7(mis)
§ B b b, il § : Comb. bkg. E
200 J1 0 - AV— AK'K™y 1 J200 Y} . s KKy -
= : + L A AK'K Y ] g ' B e g |
g 100 2 j} -] 5 100 S B e A— AK'Krw A
O F %_: i © ' ]
o) roe— _— T e e, ) e— S L X Pt st Mt
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.101802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.101802

A-p measurement in A} / Eg — AhT h5 decays

[PRL 134 (2025) 101802]

« AY - AK*TK~ is dominated by intermediate N** (- AK™) and ¢p(—» KK ™) resonances

* In the region dominated by the N** resonance, local A.p

show 3.20 evidence:

Mg+ < 2.9 GeV

A) - N** (- AKT)K™: possibly via b - uiis

AA:p(N**K~) = 0.165 + 0.048 + 0.017

A) - N*TK~ A) - N*“K*
~160F ' LHCbof' ~ 160F | "LHCbOfb!
2 w0k a m(AK )< 2.9 GeV 2 10k m(AK")< 2.9 GeV
% : 1 m(K K> 2.2 GeV % s m(K'K7)>2.2 GeV
s 120 s — Total fit s 120F — Total fit
o -_-———= .y —_—— —_ = - 7 Ate-

S0 = 80F —E,—
E 60 - --- A,‘f—> AK " z~(mis) E 60 :_ - --Iﬁ—> AK 7 (mis)
=] 3 Comb. bkg. = s Comb. bkg.
% 40F . A AV AK'Ky g 40F A TR Z?,—> AK' K™y
R T I I I e
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A)— AKK{ 60
1450

0
m2(AK™) [GeV?/c4]

mK+K— < 1.1 GGV

L1 I
20 30

(consistent with zero)

A) = A¢p(— K*K™) or non-resonant:

AAcp(Ad) = 0.150 + 0.055 + 0.021
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0 [LHCb-PAPER-2025-016] , in preparation
| StUdy OfA /“b — pK h decays To be submitted to Sci. Bull. [NEW!]

« Study of A), and E} baryon to the final states of pKm~and pKOK ~, Run1+Run2

» Update of previous analysis used only 2011 data

> Control channel: AY = AT (» pK~ Control channel:
b Cc S
A - Af(- K0p)m™

10F

Candidates/(15.6 MeV/c?)

e Measurement of all 4 BFs

RF

I Data
—— Total Fit

5600

5800 6000 6200
m(pKgn)[MeV/c?]

» Observation of A} — pK2n~ with statistical precision improved by a factor of 9

3
» First Observation of 2 decay S v e 3
a(\\ S 1.8 —— Total Fit .
e Result [x107¢] S 16 &Y 45— pKir 3
@B(AM» pKir~) [10.62 4 0.21 4+ 0.16 £ 0.98] o 14 [ &~ K57 3
B(A)— pKIK~) [0.61£0.08%0.06 % 0.06] g 12 e
B(Z° — pKor~) < 2.8(3.2) at 90 (95)% CL 3 05 bart. rco, bks,
B(E)—pK{K™) [3.9 £0.6 £05 £04 £14] = os - Comb.bkg.
I B ;
0.2 -
stat. syst. control b-quark oE e
mode fragmentation m(pK3m)[MeV/c?]

fractions  Observation with

higher precision
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First Observation!




Study of A%/Z) — pKOh~ decays

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

To be submitted to Sci. Bull.

[New!]

* A-p measurement i 3 observed decays

Candidates/(15.6 MeV/¢?)

> Acp(signal) = AA,,,, — AA”

> Control channel
A) = Afm

"} D
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A Alw
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» Signal channel
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0 /=0 01.— [LHCb-PAPER-2025-016] , in preparation
. StU’dy Of Ab/ “b — pKS h’ decays To be submitted to Sci. Bull. [New!]

e Local Acp for A5, - pKIdm™ investigated

» N* K*~ resonances observed

» Acp measured in 4 bins

e No CP violation 1s found

» Global A.p in 3 decay modes

L 228 40
& 20F 0 LHCo M.
> 18F | 9 fb!
O 16F 30
Sl 8 .
X 10f ,ON 20
oL A 140
4EQ0 E
26 e TTCE RS
b/ e
0 10 20
m2(pr)[GeVcH]

> Local Acp in 4 regions of A} — pK9m™ decay

AN N _
SO Result [%)] S m(pr-) m(KJn™) Yield AT (%)
CACP (AO s pKOTT_) 34+ 19+ 0.9 (?/\\ Bin 1 - <11GeV/c? 821+34 —-0.6+4.0+1.9
AP (AS N pK%K_) 5 113 + 9 " Bin? i 1.1,1.7)GeV/  870+40 12.4+42+18
b S

Bin3 <24GeV/2  >17GeV/c2 2200+£50 05+24+1.1

AP (B> pKSK™) 22 £15 +£11 Bind >24GeV/?  >17GeV/¢? 840450 3.3+55+20
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A C'P mec asurement 1Il A% — p K - JIA T JIA - dec ays [arXiv:2503.16954, accepted by Nature]

Search for CP violation in AY - pK~m*m~decays

_ I (Ap-»pkntn ) -T(A) >pK*n~nt)
T (A)>pKk—ntn )+ (A >pKrn—mt)

* Acp

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

s b W= s
W : ;; u/d ,
b > —u 10 AR ud Sizeable weak
A u > u ’ " S u phase difference
d > d . p
* Rich resonances
AY) - Nt (prntn K, pK*(K~nm™) ® Possible strong

29 5 A (pK ) f(ntn), N*O(pr=)K*(r*K~) phase difference

Cancelling production and detection asymmetries: Acp = AApay — AAprog — Aexp
« Control channel: AY - Af (> pK~nH)m™

* Same final state, no CP violation expected

CP Violation in Baryon Decays at LHCb
S .
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ACP me asurement ln A% — pK o Tl: + Tl: o dec ays [arXiv:2503.16954, accepted by Nature] .

» First observation of CPV in baryonic decays

» Signal channel

_ _ —~ _ — » Control channel
A) - pK ntn A) - pKtnmt B B
a 7 T T T ] 8 L A%—)AZ_TL’_ A% —)AZT[-I_
e LHCb 9 fb 1 g LHCb 9 fb 3 e R
O - (@ - 4§ J e = — — — + = = = bl -3 Dua 4 L3so00f 1 LHCbom ] L3000 LHCb9 fb!
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R a L i 30000 Data = 30000 ata -
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2 4000 4IPFRE 1 E Aon6F e Bl el J sooof 7 000 -
8 B —Ag_)PK K'nm 8 o _Ab—>pK+K * 0: veceleccbesdosobocdecsiond 0: . veeodossionioncboadonsiosd
! =0 . 1 - =0 o s | 54 538 6 54 . 58 6
2000 f f L 97 PR mE - oA FIEEE P m(AL) [GeV/c?] m(A.x) [GeV/c2]
0 i 0 W = _
54 5.6 5.8 6 54 5.6 5.8 6 Apaw(control) = (1.25 + 0.23)%
m(pK ) [GeV/c2] m(@PK ) [GeV/c?]

Apaw (signal) = (3.71 + 0.39)%
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A CP mec asurement 1n A% — p K - JIA T JIA - dec ays [arXiv:2503.16954, accepted by Nature]

»Local A.p reaching 60

Decay topology Mass region (GeV/c?) Acp

* Interference between resonance states Mg < 2.2
, A? - R(pK~)R(nt7™) P (53+1.3+02)% | 40
induces phase-space-dependent CPV Moyt g < 1.1
* Most significant local CPV found in N* Mpr- < 1.7
resonances regions Ay = Rlpr ) R(K™n%) 08 <mgeg- <10 (2.7£08+£0.1)%
or 1.1 <m,+g-<1.6
% Aresonances < f;(980) resonances A = R(prtn ) K- Mprtn- < 2.7 (544+09+01)% | 60
T o e e e R 0 —rta i < 2. 2.0£1.2 +0.
G 00F oy mesm ] 2wl ®) —— _\ A - R(Kntn)p My—gir < 2.0 (2.0 0.3)%
& ooof 1 8 ..+ ]
S { 8™ ;
S a00f E = %o E
§ b ] £ oo ' ; /«31800_ """"" 1\ & 4000——————— 3 g 0
2 a00f PN R - BT . 7 > 1600} S ss0p (D) LHCO 1 5 sof (€)  LHCOOM
@] F 4 I @] F .t ] L - ] () r I Data r : I Data ]
100:_ J ‘-‘* ‘.omw E 200 '?’“f, m O 1400 #* % E @) 3000i Total fit 3 Q 3000F —— Total fit =
Et AR 3 E o T ] g S K E 3 [ o gpm myy mmm mm)mmle m—— e —— o ]
bt T ol T g op Moo 112 as00k - 3 2 2500F — il
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\ m(_pK’) [GEVICZ] m(mta) [GeV."cy ij 800:— "* r.” ' _: E 2000;_ b ........ igrfp‘:??z*rnn 3 E 2000;_ b ........ ggrf;;%;r”*”o E
g o L E o T e S I B SR R et
g 400 .-: ) 3 § 1000F p— /12 —>iK‘K*rr § 1000F  — Hﬁ —>;K*K'7r+
3 ] &) E B b 1 O 3 ; i
200 o E 300 ; ) : E0 o pK K- _; 500 - Z, > PK'mrK" =
_ 54 5.6 58 6 54 5.6 5.8 6
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/

< N7 resonances
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Stu dy of A% — ] / I,Dph_decays [LHCb-PAPER-2025-021], in preparation |New!]

e Study of AY = J/yYpr~ and A} — ] /YpK ~decays, Runl+Run2
* First evidence of CP violation in B meson decay to charmonium [PRL 134, 101801 (2025)]
« Acp (BY> J/Yym™) -Asp (BT - J/YK') = (1.29 + 0.49 + 0.08)%, 3.20
* No CPV in b-baryon to charmonium observed yet [JHEP 07 (2014) 103]
« Acp(N— J/Ypm™) - Acp(AS— J/YypK™) = (5.7 £2.4 +1.2)%

* Measurement of the CP asymmetry difference AA.p
* AACP - Araw(A(I)J - ]/l/)pﬂ'_) _ AraW(A(I)) - ]/l/)pK_) + AD (K_) _ AD (T[_)

e LHCb Run2:

R S A I A aaaasr O AaRE
S 700 s 7 + Data E S 8000E 5.9 fh! - \(\—{-Data- —_— o o 250 59161 =3\ N -+ Data E
S 6w S 60 —Fitmodel S 7000 2 ER < E
> > : \§ : E > E Q . ]
8 _8 . § 6000 E- % — Fit model 3 2 6000F- AY — Fit model 3
g 500 g-s — Signal 3 g g A _ 5 £ A() ' E
E 400 E 400 Comb. E k=l 50005— b — Signal = g 50005— b — Signal —
o 4000 - E 4000 F- 3
300 300 A IPK* © E Comb. © 2 Comb. :
3000 - 3 3000 - E
200 200 E 2000 - 3 2000 - 3
100 100 = 1000 - 3 1000 - =

0 5700 i 055500 5600 e 0 :;00 600 700
m(Jyprt) [MeV/c?] m(J/ypK") [MeV/e?] m(JIYpK™) [MeV/c2]

0 -\ — 0 0 -\ — 0

Araw (A8 > J/ppr™) = (5.94 + 1.14) % Araw (A8 > J/pK ™) = (0.98 + 0.30) %

CP Violation in Baryon Decays at LHCb



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.101801
https://link.springer.com/article/10.1007/JHEP07(2014)103

Stu dy of A% — ] / l/)ph_decays [LHCb-PAPER-2025-021], in preparation | [NewW!]

* Measurement of the CP asymmetry difference AAp

 Weight the A), = J/YpK~ sample to cancel the Ap (A%), Ap(p), and also trigger asymmetry
* Corrected Run2 result: AA-p = (4.03+1.18+0.23)% 3.30¢
e Combined with the LHCb Run1 results with the Best Linear Unbiased Estimate (BLUE) method

* AMp = (4311+1.06+0.28)% 3.90
* First evidence of CP violation in beauty baryon to charmonium decays!

* Measure the triple-product asymmetry (TPA) for the two decay modes

0, = . - - _
* Triple product ég' Cr = Pt (Tip X Pr )
Ap: Cr = Py~ (Pp X Dr+)
_ T(Cr>0)-T(Cr<0) Ar_oaa U/Ypn~ ) = (-1.37£1.15) %
* Asymmetry Az = T'(C7>0)+T(CT<0)
o T_ Ar_oaa J/YpK~) = (—0.04+£0.28) %
* Under CP: CT ~ _CT' CAT - cAT No evidence of TPA found!

e CP violation variable:AAt_yqq9 = % (A — Az)

CP Violation in Baryon Decays at LHCb
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Study of A3 — J /Yph~decays

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

* Measurement of the local CP asymmetry with 4 binning schemes 4.,

* 1: Split the ] /Ypr~ data sample evenly in Dalitz-plot (4 bins)
 2: Split according to resonances in M (pm ™) spectrum (4 bins)

* 3: Split according to pmt~ resonances and boosting angle 8, (8 bins)

* 4: Split evenly into 128 bins

* Both raw asymmetry A,.,,, and TPA A1_,44 are measured
* No significant variation of asymmetries across the phase space

Araw Scheme 4 AT_0dd
e 30_' LI L L e | R L R 0.4 Legnl 30_ AL R R L B 04
& OUF LHCb &> VF LHCb
: 0.3 . 0.3
§‘ 28F 59 fb’ j_loz § 28F 59 fb! jloz
@ 26F 1| @ 26F = N
= 2uf il l A 17
o C = - o - =
=> £ o 110 = - -0
~ 22F - [ = = 22¢ N
c'\d—/ 5 ] ——0_]_ ?‘:—" - 7 _—0“
Eoop W - \0’5(\\ ] E 20p ol ((\\«b :
N3 ' e\'\((\ 1-4-02 N3 - - 1402
: Qo 03 : Q h 03
16 -_ 1 " L " l 1 " 1 1 40 4 16 -_. L L 40 4
2 4 6 ’ 4 6 A
mA(p1) [(GeV/e2y] ™ mA(pTr) [(Gew&)z] Trodd
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Study of decay parameters in A}, = ATh™ decays  rreiscos s

[Phys. Rev. 108 (1957) 1645]
* Decay parameters: proposed by Lee & Yang to study P violation in hyperon decay A = pm™

* Between pmt~, there are both P-violating S-wave and P-conserving P-wave

A : . N S and P waves
* Decay parameters a, B, y indicate the extent of P violation , %, | 2Re(S*P)
%y a= :
e The same definition in the AY, Af decays from a 2,08 1) ﬁ i (+SL]1:; |)2
. . ik _ «im
spin-half baryon to a spin-half baryon and X b= sEr P
a pseudoscalar meson ar_ _ 11‘(1 + aPy cos 0) _|S]2 - |P)?
dcos 0 2 7:|S|2+|P|2>
b - (e + PpcosB)z" + BPpx' + yPrY' wiith o2 & B2 P L,
p 1+ aPp cos B
* CPV observables can also be defined using the decay parameters of CP-conjugated processes
* a, f,y are the decay parameters of anti-baryon decays A, =0 AftanAg

a— o

Rg, = b+ b = tan A¢

* Ad (A@) 1s the strong (week) phase difference between S- and P-waves

o QI

Rgg = = tan Ad.

™ R

e
QI

¢ Clean observables, less polluted by experimental effects

s Complementary to decay rate asymmetry
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.108.1645
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.261804

Beauty and charm baryon decay parameters [PRL 133 (2024) 261804]

e Study of AY - Ath™ (h = m, K) with At - Aht, A - prt~ or AT - pK?, Runl+Run2

. . 8000 LHCb, 9.0 ! L A5 A (AT) T Ao AN (> AK )T ]
* Simultaneous angular analysis of 6 decays s R e
o 6000F T 1 2 1500
0 A} rest frame 2 [ AAPKIK 3 _
A} rest frame Y t %4000-_ tt)l?xfg(l):)) % 1000:
ES I S -
rrrrrrrrrrrrrr 2000} 500
0—l—(;S(I)OISI O—I
(cos@l)
NS rOREN v e : -
2000 + Data = 2000 LHCb,9.0 fb + Data -
= F i 1= F v AOA_A!':AK‘ ]
§ 1500F A ALK = 1500 ’ +lbfz\lil(xl)0)) .
o) —Fit (x10) g —Fit(d0) 7
G o 10005- _+_ ; \:; 1000: if :
A rest frame s00F "4 F ] E 500%
C * ] C ]
v B e S S
0 + 7 — . (eos) (9,) Irad]
* A}, = AZh™ decay parameters are measured for the first time
 CP violating parameters Agp consistent with CP symmetry
e No CP violation in 5, y or phases as well A9 > At A AYK™

* Weak and strong phase difference determined: A (weak phase)  0.01 + 0.02 —0.03+0.14
Ad (strong phase) 2.693 + 0.017 2.57 £ 0.19
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.261804

LConclusions & Outlook

* LHCDb provides an excellent environment to study CP violation in baryon decays

e 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
 Exciting opportunities to deepen our understanding of CP violation
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