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Why CPV 1n baryon decays

O CPV may be one of the necessary conditions for baryogenesis - <
<,
O CPV is well established in meson decays 5\\4 u
» no significant deviation from SM prediction —\\d
» not strong enough to account for the baryogenesis Ag — pm
O However, no CPV has been observed in baryon sector yet 1% Yy
> Evidence of CPV in AY — pr~n*n~(3.3 o) [Nat.Phys.13(2017)391] b idy 1
> Recent measurement shows no CPV in AY - pn~ntn~(2.9 o) ﬁ_::\\u u
d

O The Standard Model predicts similar CP violation in baryon and meson decays

O Unlike mesons, only direct CPV occurs in baryon decays due to baryon number conservation
O Searching for CPV in baryon decays:
O Test of the SM and the CKM mechanism

O Explore new physics
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Experimental methods & observables

O Asymmetry in the yields of CP-conjugate processes

> Acp = Arqw — Aprod — Aget — Aother aw = N(H - f) _ N(Ij ~ f;) ACP 0.8 COSA¢SiTlA5
> DMcp = Agg " — AGT! N(H - f)+N(H - f)
E; ’sE LHCb @ giéj
O Miranda technique: Measuring CPV on binned phase space 3 ok Ih 59 5" "
> asymmetry significance: i, — % B 02
y ry si1g N CES ) ; 1sf X
B 10 -0.2
S 5i | 0.4
O Energy test: A statistical T test to compare the baryon anti-baryon samples 0__ . | ;‘3:
1 & ' i m2(n+n‘):jv (GeV/ct]
D) S 3D S Ly
i=1j=
. N(C;>0)—N(C;<0) + =, _N(-C;>0)-N(-C;<0) Todd _ L
O Triple product asymmetry:  42(%1) = §e S g s nic <o) 270~ N(_C->0)1N(_C-<0) " (A Ay)

Acp < cosApcosAS

ny+n— ng

O k-nearest neighbour (kNN): 7 = Z > I(ik)

k(n n_
++ i=1 k=1

|a;|* — |a;|2
|a; |2 + |a;]?

O Amplitude analysis: (;l) _ Z(‘;i)(f_‘; Alp =
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LHCb experiment

B Dedicated to b physics Licb Mo
Precision measurements of CPV & CKM angles
B Single-arm forward spectrometer

b production at small polar angles
B Angle: 10~300mrad

Side View s, HGAT, M3 \\

_ precise tracking, vertexing system
B Vertex Locator detector

B Upstream tracker

B Scintillating fibre tracker

B Muon

AN\

§ : \ high-efficiency PID B New FE and DAQs for all
ol [ ® RICH subdetector
| ECAL B Fully software trigger at
. W HCAL 40MHz on GPU+CPU
B Muon
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Integrated Recorded Luminosity (1/fb)

LHCb experiment

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024

) 2024 (6.8 TeV): 4.06 /10
| . 2023 (6.8 TeV): 0.37 /fb
~ + 2022 (6.8 TeV): 0.82 /fb

14 N . 2018 (6.5 TeV): 2.19 /fb
L B 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /ib
- o 2016 (6.5 TeV): 1.67 /b

12 2015 (6.5 TeV): 0.33 /fb
— . 2012 (4.0 TeV): 2.08 /fb
— + 2011 (3.5 TeV): 1.11 /b

10 — 2o1r:) (35 Te:V): 0.04:.-‘fb

8 —

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

» Run I: ~3/fb @ Ecm=7-8TeV
» Run II: ~6/fb @ Ecm =13 TeV
» Run III: ~25/fb @ Ecm = 13.6 TeV

More charm baryons: A, Z. ...

2024/7/28

Integrated Recorded Luminosity (1/fb)

W oA Ao
D L. o

LHCDb Integrated Recorded Luminosity in pp by years 2010-2024

2024 (6.8 TeV): 4.06 /fb

2023 (6.8 TeV): 0.37 /fb
2022 (6.8 TeV): 0.82 /fb
2018 (6.5 TeV): 2.19 /fb
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /ib
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /b
2011 (35TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

ee

May Jul Sep Nov
Month of year

ng
futfa

= 0.259 £ 0.018

» Average over Pr € [4,25] GeV and
ne€[2,5] @Ecm =13 TeV



CPVinA) - pK~ /pm~

Phys.Lett.B 787 (2018) 124-133

Search for CP violation in
Ag—> pK ™~ and Ag—> pm~ decays

Runl 3/fb @ Ecm=7-8TeV



CPVinA) - pK~ /pm~

O Mediated by the same quark-level transitions contributing to

B°/Bg

O Predicted CPV in A9 —» pK~/pm™ up to ~30%

Candidates / ( 10 MeV/c?)

Candidates / ( 10 MeV/c?)

2024/7/28
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generalized
factorization pQCD
approach
102Acp(Ay - pK™) | | 58+02+01} | —5+2
102Acp(8p = pn7) | §-39£02200, | —3174 |

Phys.Rev.D 91 (2015) 11, 116007

Acp(A} - prr~) = —0.035 £ 0.017 + 0.020

AACP -

— ACP(A(I)J - Pﬂ_)
0.014 + 0.022 + 0.010

INDEPENDENT from the proton detection and A}

production asymmetry



CPV in decays with K¢ and A°

JHEP05(2016)081 Run I 3/fb

Observations of A} - AK*t#w~ and A} > AKTK™
decays and searches for other A} and =) decays to
AhTh'~ final states

JHEP 04 (2014) 087 Run I 1/fb

Searches for AO and &} O decays to K? ¢pm~ and K? sPK ™~
final states with first observation of the A — Kgpﬂ'
decay



Candidates / ( 16.75 MeV/c2)

CPV in decays with K¢ and A°

O Not favored by the LHCb due to low detection efficiencies for K and A°

O Large CPV expected forAY — pKdm™ 10°Acp(Ap — pK*~)|  19.6+£1.3+1.0
O First attempt to find CP violation in multi-body decays of A% 10> Acp(Ap — pp™) —3.7£0.3x0.0
OF T~ T T T T T T T T T T (:]: 60F I L E (:];\ 90 LA A L A
: : IO LHCb | 2 wof LHCb
S0F 2 S0 1 2 wf 3
- o A) > AKtm™ ] oS eof 0 +pr— 3
40F Q 40 b 41 « % Ap = AKTK ]
305 N 1 I sof 3
o 30 ] © : E
" R § C : iﬂ)’ 405 3
20f- 14T o 5 20F 4 5 30 3
F por 8 F 1 &
@) 3 @)

10f 10f IR 3
: i FARY: A TR RN =
0 RN T SDUT AT SRR S I ST ST SACT W DN TN AR Tk S (ot PO S S M N 0 VT PSS Ll S S (TR SEa G PURPI SIS DU L | L 0 e Iy PP Saia | Etag PSS o o e 1
5500 5600 5700 5800 5900 5400 560 5800 6000 5400 5600 5800 6000
m(K3pm") [MeV/c?] m(AK* %) [MeV/c?] m(AK*K") [MeV/c?]

» First observation, ~200 signal
» BF measurement:

B =126+0.19 % 0.09 £ 0.34 + 0.05
» Acp =0.224+0.131+0.03

> AMcp(AK*Y™) = —0.53 £ 0.23 +£0.11
> AAqp(AKTK™) = —0.28 + 0.10 + 0.07

2024/7/28 10



CPVin A} - pD°[Ktm™ K~

Phys. Rev. D104 (2021) 112008

Studies of beauty baryon decays to
D%h~ and Aj’h_ final states

Run I+I1 9/1b



CPVin A} - pD°[Ktm™ K~

O AY - pDO[K+m~]K~ receives contributions from b — ¢ (DCS) and

b — u of similar magnitude

O The interference between these two amplitudes is expected to be large

O Interference is anticipated to be amplified in A*(pK ™) region

2024/7/28

Candidates / (5 MeV/c?)

Candidates / (10 MeV/c2)

60
[ LHCb —e— Data
5()_9&”l ------- Ay —>Dpk~
Full PHSP Combinatorial
r e A > DK™ ]
40} 7

30F . 3

20 AT _ 3

SRR A L s s
50400 5500 5600 5700 5800 5900
M(DpK~) [MeV/c?]

45 — LHCb —e— Data —

Eoo 2 ]
40 19”?(1"‘ V<SGVt éf)z;)bifzﬁ:iial _
35F - A) > D'pK™ ]
30F .
25k 3
20 3
15 .

10F

R B BN I Bl
59100 5500 5600 5700 5800 5900
M(DpK~) [MeV/c?]

Candidates / (5 MeV/c?)

Candidates / (10 MeV/c?)

60—
 LHCb —e— Data ]

soF °f" e A — DpK" ]
[ Full PHSP S?mbinalorial ]
C A > DK ]

40_—} ’

30:— il

204 il g

10_~+ '
F Fre Rt o

i RFS IR

591-0I0I ISISOIOI ‘\5I‘606m5|70&)| I5800 5900
M(DpK*) [MeV/c?]

45F LHCb —e— Data 3
Fom! L A 5. E
40F 5 2 4 4, = DpK’ =
E M(PK)<5GeVic Combinatorial 3
35E B

30E
25t
20
15k
10E
St

| B

SRR N . MR
&00 5500 5600 5700 5800 5900
M(DpK™*) [MeV/c?]

‘M(B— — K D= f)[° _|VaVal' |a P Br(D°— f)
M(B- = K-D°[— f)) VaVe| la2l  Br(D” - f)
0.2212 | 1 |
| —— ——1| 0.0077 ~ 1
0.08 ‘0.26 ’

O Asymmetry in the full PHSP:
Acp = 0.12 4+ 0.0919:92

O Asymmetry in the low M (pK ™) region:
Acp = 0.01 4+ 0.1619:93

Consistent with CP conservation!
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CPV in A} (E)) » ph™h*h~

Eur. Phys. J. C (2019) 79:745

Measurements of CP asymmetries in
charmless four-body Ag and El())
decays

Run I 3/fb



CPV in A} (E)) » ph™h*h~

! I. !
O Follow the path of the observation of ii Charmless decay :: Quark transition :: Charmed decay :E Quark transition
CPV in charmless multibody decays of :i A) > pr=mta 1 b—wuud (T + P) A (AF - prrt)n b— cud (T)
B mesons i: A) - pK-—wtn~ :i b— uus (T + P) ii A) = (AF - pK—nt)m™ :i b— cud (T)
N A} > pK KtnT H b— dss (T + P) LAY = (A = prat)rT | b— cud (T)
O Dominant diagrams with amplitudes of :i A 5 pK-KTK~ i: b— s3s (T + P) A = (AF - pK—nt)n , b— cud (T)
similar magnitude i 5 = pK wtr | b= wud (T + P) 1 AY > (AF - pK )T (1 b cud (T)
¥ H h E@-—%(Eﬁ'—%zﬂ(‘w+)ﬂ_ﬂ b— cud (T)
O Contain rich resonance structures, both | E) o pK mtK" b sdd [ b—uas (P /T) || A)— (Af — pK-nt)m~ '} b= cud (T)
in the two- or three-body baryonic ! : B (BF - pK~m*)n 11 b— cud (T)
invariant-mass spectra e mmmmmmmmee o S P L
g Signal channels Control channels

O Large CPV expected due to the strong-

. . > u
phase differences induced by the u u ! g @

. > d
interference patterns Ay 4 - p A, Ve~ R &S p

4 Vi ~ 1 m u,c,t ‘/L(IN)\B
. _ . b g Uua
O Six decay modes from 0.5-10K signals AP u -

d > d

O CP observables: AAcp = Acp — ASD™

=0 S —0 ‘/,‘b"\‘].

[
o~
IS
Y Y
S 2 »e
[
o
o
17
iLQ
Qg S

‘/u(l ~1
Vi ~ A3 W
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CPV in A} (Ep) » ph™h*h™

m(pK~) [MeV/c?]

= ~ 180 .
L < 3
> 2 160 3
2 300F LHCb +N(1520) S 140 _A(1232) +++++ LHCb 3
O Simultaneous fit to 6 decay modes o 20p } ++++ = b by £
= 200F Z 100F _:
: LN i S AT
S 150 — =
g AW gl |4 ity AL +$
O Example: A - pK -t~ I Mt T owb |t
Xample: Ap = P T 50;_.,‘“1' s 4 b 5 : 4
F & E 3
e 1 1 1 1 E 1 1 .
2500 - 2500 O 200 1400 1600 1800 2000 fooo 1200 1400 1600
§ : LHCh D § r m(pz-) [MeV/c?] m(pz*) [MeV/c?]
2000 A K 2000 ~ n 3 . . 3
ST = et S L 300 F 4 L %00 3
r E—pKmn N E K*(892)° E
2 C ---- A2—> pn:ﬂ*ﬂ’ 2 > + LHCb > 800 ;_ LHCb _;
Z 1500F o A kK Z Y 250F E : E
> F CETKmK 1% = A(1520) = 700 E
r --B'—> T Q = E 3
% 1000 N e - — 200F @ 600¢ E
= r s B Kra K] g - 150 + < S00E =
& coof e g g F 4 44 44t E 400 - + 3
< ) <= A= 5-body < = + 14 47404 E + E
S 500F - ebee O 3 100F ++ RasAARA ++%n++; 300 L. s 3
h‘_‘“_L LA N—— Cumbmjdlum.a g “ E_ 4 + *+ +_: S 200 ;_ L. *_’_4.‘ B S T - _;
5400 5800 6000 6200 o TF O 100F .+ ot
m(pK - m*n~) [MeV/c?] m(pK*n-m) [MeV/c?] ot I . 0E= I L L I 1 3
1400 1600 1800 2000 600 800 1000 1200 1400 1600

m(K " m*) [MeV/c?]

O Global CPV measurement:
Acp(A} - prn n-) = (114254 0.6)%
Acp(AY > pK ntn™) = (321114 0.6)%
AAcp(A} - pK~K*n™) = (6.9 £ 4.9+ 0.8)%
AAcp(A} - pK™KTK™) = (02 + 1.8+ 0.6)%
AMep(Ef o pK ntn™) =17+ 11+ 1)%
> Acp(E) > pK ntK™) = (—6.8+ 8.0+ 0.8)%

O Statistical uncertainty dominated, consistent with CP

conservation at 1% precision

O Local CPV measurement:

AAcp(A) - pa;(1260)) = (—1.5+ 4.2 £ 0.6)%
AAcp(AY = N(1520)p) = (2.0 £ 4.9 + 0.4)%
AAcp(AY - AtTrtn™) = (0.1 +3.24+0.6)%
AAcp (A - pK1(1410)) = (4.7 £ 3.5+ 0.8)%
AAcp(AY = A(1520)p) = (0.6 + 6.0 + 0.5)%
AAcp(AY - N(1520)K*(892)) = (5.5 + 2.5+ 0.5)%
Acp(A) » ATTKY ™) = (44 £ 2.6 £ 0.6)%
AAcp(AY - A(1520)¢) = (4.3 £ 5.6 + 0.4)%
AAcp(A) > pK~¢p) = (=0.7 £3.3 1+ 0.7)% 15

YV V VY

VVYVYVVYVY
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CPVinA) » pn rntn™
Nature Physics 13, 391-396 (2017)

Measurement of matter-antimatter
differences in beauty baryon decays

Run I 3/fb

Phys. Rev. D 102 (2020) 051101

Search for CP violation and
observation of P violation in
Ag—> pr—wTn~ decays

Run I+11 (2011-2017) 6.6/fb

2024/7/28
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CPVinA) » pn rntn™ L

Particle, C>0 Anti-Particle, 'Er<0
. p
O Search for CPV with scalar triple-product asymmetries, T flips the direction of final state
momenta and spin I1 111
= — = ~ = — — Particle, C;<0 Anti-Particle, -C.>0
Ct =Pp (B, X Pro)r Cr =P (P, X i) -
O Data divided into 4 subsamples: C+ > 0,C4+ < 0,—C7 > 0,—Cs < 0
A-(C) N(Cs > 0) — N(Cs < 0) A(Co) N(—Cz > 0) — N(—C5 < 0)
T\~T) — ™\“T) — G/_ 7~ N(_C
T N(CT>0)—|—N(CT<O) N(—CT>O)+N(—CT<O)

O Az and A4 are not clean CPV observables, FSI effects can introduce fake asymmetries.

O Define the clean CP-violating observable:

rona 1, cogg 1 _ ¢ _T(H, ) ~T(H, )
T-odd T-odd = -
ag " = 5 (Az — 4z) ap ¢ =>(Ap+ A7) A0 =TE, S T - f)
q»&l & Sy
% s,
COJ’d\ g

Both strong phase and weak

Does not require a non-zero _
phase differences are needed

strong phase difference!

2024/7/28 17



CPVinA) » pn rntn™

O PV and CPV integrated over the whole O Asymmetries for different binning scheme:
phase space: O A: 16 bins of polar and azimuthal angle of proton and A**
e al;%% = (—0.74 0.7+ 0.2)% O B: asymmetries as a function of |®| angle

O 1: m(pr~nt) > 2.8GeV, dominated by a,(1260)

CT3500'—LHCb T T O 2: m(pr~nt) < 2.8GeV, dominated by N**
§ N —_ Ag — prIrTT ]
o 3000 - ~o= A = pK ] X 30 LHCb " scheme AI ‘aT odd E ® 20E LHCb " scheme B S - eqglodd 5
&) - 1 % 20F x/ndof=23.6/16 = % 15E xindot=185/10 & =
v I B e B’ = K*mmm- FH £ ¥*/ndof=50.6/16 aT -odd 3 B 10[ . x¥/ndof=543/10 A a;-odd =
S 2500 F 4 g 10F 2 5 5 —4
() . * R - Comb. bkg ] Q 0; = Q Oz__ﬁ_’#_*_% ————
8 2000 :— Part. reco —: é _10;_ ”A“ % ; E —I(S) §: i —é;%
— X 1 & -20F = % -15F =
n - { — Full Fit 1 < _30E = < _20E 3
= C 3 ——t . ‘ E et —
5 1500 . 305_ x/ndof 13 5/16 Scheme A2 E 20F  5/ndof=263/10 scheme B, E
= h ] 20F  x¥/ndof=253/16 15  x¥ndof=27.9/10 3
= 1000 = 10} 'SE AS E
] o ——%%ﬁaiﬁqﬁf%%ﬁﬁ e = ewus st
y § -10¢ —JE H{r¢7§ﬁ :+:
500 - - -20F ’4_1 _{(5)5 _4—
----------------------- . —30— 200
— ettt 8 10 12 14 16 0.5 1 15 2 2.5

(%.4 55 56 5.7 5.8 59 Bin DI [rad]

mpraata) [GeV/c?]

O x? taking into account statistical and systematic effects
O In B, region, deviation from CP conservation 2.90. CPV not established

2024/7/28 18



CPVInAy »pn n'n
O Energy test is a model-independent unbinned test sensitive to local differences between two samples

O provide superior discriminating power between different samples than traditional y? test

O y;; = e_dizf/ 267, d;; 1s their Euclidean distance in phase space,
n(n— 1) Z Yij + Z Yig = Z Z i 6 the distance scale probed using the energy test

)% = O The p-value is calculated using a permutation method
Distance scale & 1.6 GeV?/c* 2.7 GeV?/c! ¢! 13 GeV?/c? Iﬁargi;auy consistent with
p-value (CP conservation, P even) | 3.1 x 1072 :2.7.x 10735 1.3 x 102 the LE-conserving
p-value (CP conservation, P odd) | 1.5x 107" 6.9x107% 6.5 x 1072
p-value (P conservation) 1.3x107"  40x107" 1.6x 107!

O A new test is statistic is defined as Q = p,p,p5, significance for CPV < 30

2024/7/28 19



CPVinAY - pK u*tu~

JHEP 06 (2017) 108

Observation of the decay
Ag — pK~pTp~ and a search for
CP violation

Run I: 3/tb




CPV in A% N p K —_— M + H —_— JHEP 11 (2011) 122 PTEP 2015 (2015) 033B04

p p
wt ut
s } K- s } K-
: u u
O Search for CPV in FCNC process " "
. . 0Ju > u > U
O Dominated by loop diagrams Ay . -~ i _ 0
O new heavy particles could provide additional weak phases
O sensitive to CPV effects from physics beyond the SM Triple product asymmetry
. g 60F . Ag .—:pK’/;",u’l 'at‘a ' lCT>(') E ;: 60F , 'Ag —>I 'K’y"'y’l data' ICT<O
O direct CP asymmetry: 3 f—R 13 f-rum
- - - © Signal LHCb § % Signal LHCb
AACP — ACP (A% - pK lfl+,Ll ) _ ACP(A(I)) - pK ]/lp) :4 5 Background 3 :40_ Background
é 30 < 30f
AL LA L L P S B B BN 5 5
B100F « A) — pK -y~ data 1 %100} + A, = pK*up* data . 208 2
> [ —Fullfit ] 5> [—Fullfit ] 10 10F
= gof _Sienl LHCb | = gof Siemal LHCb - . A .
% [ Background 1 e Background ] 54 55 56 57 58 54 55 56 57 58
E 60- E 60 h m(pK - pu-) [GeV/c?] m(pK uu-) [GeV/c?]
g : 5 G\ 60 —0 1 1 1 3 &-\6()— —0 1 1 1 E
g 40 2 40 ] A T R T (B R b
20 x 20 h E 2ok Background ] E Wk Background 3
i : § s
[ocnnflonnnlloncolloise AR A LA A A A A AR %30 230
54 55 56 57 58 54 55 56 57 58 S 20 S 2 3
m(pK utu) [GeV/c2] m(PK*u-u*) [GeV/c?] 0 10 ]

AAcp(A) > pK~ptu™) = (-3.5+ 5.0+ 0.2)%

PR PRNTRT R BTSSR . P P SRR BT T L P
54 55 5.6 5.7 5.8 54 55 5.6 5.7 5.8
m(PK* u-u*) [GeV/c?] m(PK*u-u*) [GeV/c?]

al;04% = (124 5.0 + 0.7)%
2024/7/28 21



CPVinZ; » pK K*

Phys. Rev. D 104, 052010
Search for CP violation
in &, — pK~ K™ decays

Run I: 3/tb
Run II: 2/fb (2015-2016)



CPVin =

* Charmless b —» u, b — s transition

b 2D

K K~

* Study CPV over PHSP using model dependent amplitude analysis

o T T | —— T
E 120 LHCb —+— Data -
I Total fit ]
f:': 100 i ------- £, signal -
8 30 E ------- €, signal _:
-~ L -~ E, = pK & cross-feed J
,§ 60 ;—\7 ----=- Part. rec. bkgd. —:
= S P — — Comb. bkgd. ]
e N [ -]
0fF T =
R +
0 | T M L L L L | L " f
5600 5800 6000 6200 6400
m(pK K') [MeV]
(\'._‘ T T T
% - “ . ]
O 25F ;‘ 2. —
— N .;.i: s
X 20 N e -
s TF gt .
= b sk
oF s W AT E
£ Foe N
o A . LHCb |
....:.:...... 3 fb |
5 L 1 . I 1 —
5 10 15
m2 (pK") [GeV?]
2024/7/28

180
160
140
120
100

Entries / (23.125 MeV)

m%,-g,,(P K) [Gevz]

T T T T T T T
—+— Data
Total fit

------- &), signal
Q, signal

== E, = pK 7 cross-feed

o b b b b b e b 1

kY ----- Part. rec. bkgd.
L . — — Comb. bkgd.
! e 4" e L, T :
5600 5800 6000 6200 6400
m(pK K") [MeV]
T T T
5k .
N < ~. .
20 e
i 3.:;._
15" : :: —
N
of LHCb -
Sk | L L L 1 —
5 10 15

m2 (pK") [GeV?]

Approximately 685 candidates with a purity of
67% are retained for amplitude analysis
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=~ > pK K*

o T o 90 F T T
% =+ Data = % 80 E -+ Data 4
] —Fit E ] E LHCb —Fit

- A(1405 B .1 A(1405
= .- A%lszog S 70 5fb 41320)
s - A(610) 4 S 60F A(1670)
= - 3(1385) = F L. 2(1385)
> - 31775 > s0F [ 1775
8 .. 3(1915) 8 E e 3(1915) ]
g Comb bkgd ] E 40F |: + Comb bkgd ]
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C S

my (pK) [GeV]

my, (PK*) [GeV]

T

T T

FETINE
" ’ * mhigh(PK_S) [GeV] N ’ ) mhigh(ﬁK;) [GeV]
Component AP (1072)
X(1385) —27 + 34 (stat) £ 73 (syst)
A(1405) —1+24 (stat) + 32 (syst)
A(1520) —5+ 9 (stat) &= 8 (syst)
A(1670) 3+ 14 (stat) £ 10 (syst)
X(1775) —47+ 26 (stat) &= 14 (syst)
X (1915) 11426 (stat) & 22 (syst)
2024/7/28

m 4 (pK") [GeV?]
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LHCb
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i 8
6
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L | - - 2
s 10 0

m2 ( pK+) [GeV?]

No evidence of CPV, larger samples are needed.

Entries / (0.59 GeV? x 0.88 GeV?)

Entries / (0.59 GeV? x 0.88 GeV?)

M (PK ) [GeV?]

m, 1 (PK*) [GeV’]

30f

10
m2 (pK ) [GeV?]

LHCb
5 b

10 I
mlow(pK*) [GeV?Y

Entries / (0.59 GeV? x 0.88 GeV?)

Entries / (0.59 GeV? x 0.88 GeV?)
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CPVinA? - pK Kt /pn—nt

JHEP 03 (2018) 182
A measurement of the CP

asymmetry difference between
A;" — pK~ KT and pr— 7™ decays
Run I: 3/fb



CPVinAY - pK~K* /pn—n*

1% A AN(p—in)
Vekum = —A - AQ—Z AN? + Ovgkm
AN(1—p—in) —AN? 1
* complementary to measurements in b-hadrons
« CPV only occur in SCS decays at the 0(1073) level —ix 0 0
: Overn = | AN (1 —2(p+1in))  —iX4(1+ 44?) 0 + 0O\
e FSI, NP and SU(3)F breaking could enhance the CPV AR . . .
’ 3) g TAN(p+in) TAM(1 —2(p+1m)) —3A*X
Search for CPV in cabibbo suppress decay A2 —» pK~K* /pr~n™
81 LHCb —— Weighted average
30001 LHCb +  Data 8000 LHCb + Data 61 t Daa
< 25001 —— Total fit < —— Total fit
% ---- Signal % 6000 ---- Signal X 4
=2000{ g e Background = e Background .;1
< S4000 Zt;) 2
£ : | | —]
: 2200 ‘ * |
g 5 , e
/ \ -2
03310 2360 2350 2\3'00 2320 2340 03346 3360 3780 2300 2320 3340 7TeV 7TeV 8TeV 8TeV
m(pK~K*) [MeV/c?] m(pr~rt) [MeV/c?] Up Down Up Down
. . _1 — + . p— + .
Vs  Polarity Int.lumi. [pb™'] pK~ KT yield pr— 7™ yield ALY gt _ 2 (pK“K"') _ A (pn_7-[+)
7TeV  Up 422 47 2880+ 70 18450 =+ 190 CP Cp Cp
7TeV  Down 563 £ 9 3940 £80 25130 + 230 = (0.30+0.91 + 0.61)%
8 TeV Up 1000 £ 11 9040 £120 57730 £ 350
8TeV  Down 992 +£ 11 9330 & 120 60080 % 360
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CPVinZE? - pKn*t

Eur. Phys. J. C 2020, 80, 986

Search for CP violation in
= ;" — pK 7™ decays using

model-independent techniques
Run I: 3/fb



CPVinZE? - pK~nt (Scp

* Search for CPV using model independent binned/unbinned method

f 6_'I""I""I""I""I" U)ES
< 4
[}
S sl LHCb
|5< I 2
3
S 47 0
+ .
I -4
2IIAIIIIIIIIII]IIIIIIIIII
05 1 15 2 25
M?(K n*) [GeVZ/cY]
f 6_'I'"'I""I""I""I" U)ES
S I 4
Q L
O 5L LHCb
C 2
S
S 4r 0
3 EE B -2
.
I -4
2_AllIAIIIlIIIIIllIIllIl‘I
05 1 15 2 25
M?(K n*) [GeV?/c]
2024/7/28

Entries

Entries

20

10

|l u=0.06+0.19 p-value: 0.32 |
' 0=1.03+0.14 N of bins: 29 1
B LHCb -
q 4
‘I‘.}...{I..}l..l.
-4 -2 0 2 4
SCP
L B R | T T
I u=0.01+0.09 p-value: 0.72 1
o=0.95+ 0.06 N of bins: 111
B LHCb
Lo bl
-4 -2 0 2 4
SCP

method)

G _ n' — an’
r va(ni +nb)
n

a= n—+ account for production asymmetry

X2 = E(Sép)z

The p-values using y? test are larger than 32%

consistent with no evidence for CPV
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CPV in E? - pK~m*(kKNN method)
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Arising from production and detection asymmetry
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.
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ROIR1IR2IR3IR4IR5IR6IH7 RBIRQ IFnolFm
Regions
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L I ®,
S
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| I 1 e
| | | |
oF 1 L4 | o
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Regions

no significant deviation from the hypothesis of CP symmetry

T sF T
g I >
8 | . 8 of
C i 1000 O i
g 4 ) s |
B : = 4
3:— Isoo of
2l ‘ o ‘— of G TR
0.5 1.5 2 0 0.5 1 15 2 25
MK =) [GeVA/c] MK =) [GeVA/c]
Region Definition
RO Full Dalitz plot
R1 M?*(K—nt) < 0.7 GeV?/c?
R2 0.7< M*(K~7%) < 0.9 GeV?/c*
R3 0.9 < M*(K-nt) < 1.3 GeV?/c*
R4 M*(K—7%) > 1.3 GeV?/ct, M2(pK~) < 2.4 GeV?/c!
R5 M?*(K—nt) > 1.3 GeV?/c*, 2.4 < M?*(pK~) < 3.2 GeV?/c?
R6 M?*(K—nt) > 1.3 GeV?/c?*, 3.2 < M?(pK~) < 3.8 GeV?/c*
R7 M*(K—7") > 1.3 GeV?/c*, M?(pK~) > 3.8 GeV?/c*
R8 0.7< M?(K—7%) < 0.9 GeV?/c*, M?(pK~) < 4 GeV?/c*
R9 0.7 < M*(K~nt) < 0.9 GeV?/ct, M%(pK~) > 4 GeV?/c*
R10 M?*(K—nt) > 1.3 GeV?/c*, M*(pK~) < 3.2 GeV?%/c!
R11 M?*(K—7%) > 1.3 GeV?/c?
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Conclusion

* Search for CPV 1n b-baryon 1s a frontier of flavor physics
* Still no CPV observed
* More data in LHCb upgrade I 1s coming.

* Many new analyses coming soon
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CPV in A} - Ay

Phys. Rev. D105 (2022) L051104

Measurement of the photon
polarization in Ag—> A~ decays

Run II: 6/1fb



CPV in A} - Ay

* FCNC decay is sensitive to new heavy particles in the loop

* Due to the chirality of the electroweak interaction, the photons produced in b(b) quark are predominantly left(right)

handed polarized
. _ YL™VR
V' yLtvr

e A discrepancy in the absolute value of the photon polarization in b and b decays would be a hint of CP asymmetry

e;mo'-Jr LHCb 3 < 100f LHCb ]

=100 I I 6ot ] @, = 0.82 +0.23 +0.13

£ gof Fhue 4 2 80f e

:-9 N e 0 7 -9 72 i i N .y . 0

g 60:— + égmbi;‘:torial—: F% 60 + égmbi;‘zi/torial—: ay (Ab) = 0'55 i 0'32 i 0'10
S | O +

5
I
s
|

5
I

[

|

a,(AY) = 1.26 + 0.42 + 0.20

e

e : consistent with CP symmetry

.........

N
)
T T

S
S

Distribution of cos8,, for A, - Ay and A}, - Ay decays
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