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Baryogenesis in the Universe

* “Why 1s there more matter than antimatter?”
* “baryogenesis”
* One of the 125 questions listed by Sciences in
2005
 Sakharov conditions for baryogenesis:
* Baryon number violation
* C and CP violation
* Out of thermal equilibrium

* CP violation
Has been widely studied by flavor factories L WHAT DON'T WE KNOW:?
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CP violation

* The only source of CP violation in the Standard Model 1s through
CKM mechanism
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* Quark mixing matrix
* A single phase parameter gives rise to quark CPV
* Well tested

* But not sufficient to explain matter and
antimatter asymmetry in Universe
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Source of CP violation in SM

= |A1|* + 2| A1 || Az cos (¢2 £ ko) + |4
- - Strong phase difference
P(i — f)— P(i — f) = —4|A;1||Az|sin (@) sin (ko))
Weak phase difference

Requires a strong phase difference does not flip sign under CP operation, a weak phase difference flips sign
under CP operation, and interference between at least two decay amplitudes




CP violation in K mesons: Cronin-Fitch experiment

* Measure CP quantum number by measuring faction of K; — mm decays

Decaying pions
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CP violation in B mesons: B-factories

 Using B - charmonium + K° channels
* B® > J/YKS, B® > w(2S)KS, B® > x1Kg, etc.
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Candidates / ( 0.1 MeV/c?)
=

* Measure Ad.p = Arp(D° - KK) — Ap(D° - nmr)
» where Acp(KK) = Apay (KK) — Apyoa(D) — Ager ()
Acp(nm) = Ayqy (imr) — Aprod(D) — Adet(ﬂ;)

CP violation in D mesons: LHCDb experiment

* Aproa(D) , Ager (1) cancelsin Adcp
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CP violation study milstones

* Experimentally found m Strange, Bottom, and Charm sectors

1956 1964 2001
Parity violation Strange mesons: Beauty mesons:
T.D. Lee, CP violation in K° CP violation in B®
C. N. Yang, decays decays
C.S.Wuetal J. W. Cronin, BaBar and Belle

V. L. Fitch et al. collaborations

1963 1973 pAVNE]
Cabibbo Mixing The CKM matrix Charm mesons:
N. Cabibbo M. Kobayashi, CP violation in D°
T. Maskawa decays
LHCb collaboration




Strange sector



Hyperon studies @ BESIII

entangled hyperon pairs can be produced which enables precise

studies of the hyperons

More Y (3686) data will be
taken after the upgrade of
BEPCII and BESIII inner

tracker

BESII

 With 10 billion J /1 and 3 billion 1(3686) collected at BESIII, ~107

Table 2 Hyperon production from the J /1 or ¥(2S5) two-
body decays with 10'° events on the J/v peak and 3 x 10°
events on the ¢¥(2S) peak. Np is the number of the expected

hyperon events.

(PDG2016) [3].

Data are from the Particle Data Group

[Eront. Phys. 12(5), 121301 (2017)]

Decay mode B(x1073) Np (x109)
J /¢y — AA 1.614+0.15 16.1+1.5
J /¢ — X050 1.294+0.09 12.94+0.9
J/p — XTI~ 1.50+0.24 15.0+2.4
J /¥ — X2(1385)~ X+ (or c.c.) 0.31+0.05 3.140.5
J/¢¥ — ¥(1385)~X(1385)F (orc.c.) 1.10£0.12 11.0£1.2
J /¢y — 5050 1.204+0.24 12.0+2.4
J/p—E-E5t 0.86 £0.11 8.641.0
J /vy — =(1530)°0=0 0.324+0.14 3.2+1.4
J/y — 2(1530)~ =+ 0.59+0.15 59+1.5
$(28) — - N+ 0.05+£0.01 0.1540.03
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Baryon decay parameters

* Proposed by Lee & Yang to study parity (P) violation in hyperon decay
A > pm™ [Phys. Rev. 108, 1645 (1957)]

‘aq 6’5 [’é; 3 ‘-:‘ ',x;v
Ll @+ Pacoso *
T E00 e )
oot e SP+ 1P|
P . T _ 2Im(5*P)
= A(1 + aP, cos 6) B SP2+ Pl
cp P 4 nt dcos 6 5 9
i _Isp-|P
Va ,: “ .:@./ ( +P 9) I_I_ P i_l_ P ! T= S|2+|P|2’
i p = et Pacosb)z + Phax +yPny with o + 5% + 7% = 1,
R p 1+ aPy cosB

Parity Vioﬁlating observables: a(A/A)), B(A/A)), y(A/A))

a _ aW)+a®)
CP ™ a)—a@)

Complementary to decay
rate asymmetry

CP violating observables:
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.108.1645

Decay parameters and CPV in hyperons BESTH

[Nat. Phys. 15 (2019) 631]

* Ploneering work to probe CPV in ] / 1/’ - AA [PRL129(2022) 131801]
Entangled A and A o

LI L TTT T T T T
BES3 1.3 billion J/y(Z/ZE

BES3 10 billion JAy(A/R) @ CNTR85

DMm2

\
\
CLASlY  —@— CNTR96 1

BES

\
BES3 1.3 billion JAy(A/R) |
BESIII 1.3 billion J/y —

P BESIII 10 billion J/Ay

ol b i b gl h ' '
..H"'?‘Iz."'.smm....‘HIP"”..”?..‘J.. 025 0.2 0.15 -0.1 -0.05 0 005 01 015

0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76 Ace
(A — pr)

* Many other Y to hyperon channels explored, no sign of CP violation

Decay J/ — AA Y- I Jfh =20 | =B B | sy > 88 | i =B
—0.0025 —0.004 —0.080 —0.006 —0.015 —0.0054
Acp +0.0046 +0.037 +0.052 + 0.013 +0.051 +0.0065
+0.0012 +0.010 +0.028 + 0.006 +0.010 + 0.0031
PRL129 (2022) PRL125 (2020) PRL131(2023) Nature 606 (2022)  PRD106(2022) PRD108 (2023)

131801 052004 191802 64 L091101 LO031106

12


https://www.nature.com/articles/s41567-019-0494-8
https://www.nature.com/articles/s41567-019-0494-8
https://www.nature.com/articles/s41567-019-0494-8
https://www.nature.com/articles/s41567-019-0494-8
https://www.nature.com/articles/s41567-019-0494-8
https://www.nature.com/articles/s41567-019-0494-8
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.131801

Charm sector
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Asymmetries & techniques

global CPV Localised in
phase space
Dalitz plot,
Decay-time |Acp, AAcp, |binned x?,
integrated  |...... energy test,
Decay-time |ycp, Ar, DO->Kshh

dependent
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ACP

« Take D° - K~K™* Ap analysis as example
e Full decay chain D** - D°(-» K~ K*)n}
N(i=f)=N(-=f)
Araw(t = f) = N(i-f)+N(-f)
* ACP (D - K_K+) — Araw(D - K_K+) o Aprod(D) o Adet(n;)

* Use control modes to cancel production and detection asymmetries

* - DO(_) K_K+) LNuisance asymmetriesj
» D - DO (= K=m ]
. 08 Ko’ (D0 > KK

— = Apay(D? > K°KY) —A,,,(D° > K~ t™)
0 raw raw v
- K @ + A, gy (DY » K wtn) — Ay, (DY —» Koit)

K0 detection asymmetry known + Ader (K°)




Summary of LHCDb results

Table 1: Summary of LHCb direct CP violation searches in two-body charm decays.

Decay channel

Data sample

Acp

DY = ¢rt 1] 1fb~! (—0.04 £0.14 + 0.14)%
D} — K™ [1 1fb" (0.61 £+ 0.83 £ 0.14)%
D’ - K-K* [2] 3fb™! (—0.06 £0.15 4 0.10)%
D* — KJK* [3| 3fb! (0.03 £0.17 £ 0.14)%
D* - Kn* (3 3fb~! (0.38 4+ 0.46 + 0.17)%
D° = K2K? [i 3fb~! (—0.029 £ 0.052 £ 0.022)%
D“ — K K* 2] 3fb! (0.14 £ 0.15 £ 0.10)%

£ 5 n'n* [5) 3fb! (—0.61 £ 0.72 + 0.53 £ 0.12)%
Di — n'r* [5] 3fb! (—0.82 £+ 0.36 £ 0.22 £ 0.27)%
D° - K2K? [6] 2fbh! (4.34+34+1.0%
D" — KIKQ [7] 6fb " (-3.1+£1.24+04+0.2)%
Dt -5 gt [8] 6fb (0.34 4+ 0.66 £ 0.16 4 0.05)%
Df - n'm* [§] 6fb " (0.32 £ 0.51 £0.12)%
Dt = gt [8] 6fb~" (0.49 + 0.18 + 0.06 & 0.05)%
Df - n'm* [8] 6fh " (0.01 £0.12 £ 0.08)%
Dt = wta® [9] 9fb~! (-1.3+£0.9+0.6)%
D+ — K*n° [9] 9fb~! (-32+4.7+21)%
Dt = 7t [9] 6fb~! (—0.2+ 0.8+ 0.4)%
DY - K*n 9] 6 b (-6 +10+4)%
Df - K*n° [9| 9fb~" (—0.8+3.9+1.2)%
D -7t [9] 6fb~" (0.8 + 0.7+ 0.5)%
Df - K*n 9 6fbh~" (09+3.7+1.1)%
D° - K-K*[10] 5.7fb™" (0.068 + 0.054 + 0.016)%

[1] JHEP 06 (2013) 112
[2] Phys. Lett. B767 (2017) 177
[3] JHEP 10 (2014) 025
[4] JHEP 10 (2015) 055
[5] Phys. Lett. B771 (2017) 21
[6] JHEP 11 (2018) 048
[7] Phys. Rev. D104 (2021) L031102
[8] JHEP 04 (2023) 081
[9] JHEP 06 (2021) 019
[10] Phys. Rev. Lett. 131 (2023) 091802
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AAcp

* Acp(KK) = Asqu(KK) — Aprod(D) — Adet(n;)
* Acp () = Apqy () — Aprod(D) — Adet(n;)
* AAp 1s the difference between these two A p

* Advantage 1:

* Cancel production and detection asymmetries
* Acp(KK) — App(mm) = Apqu (KK) — Ay gy, (T77)

* Advantage 2:
* Acp(KK) and A, p(mm) has similar amplitude but opposite sign
* Acp(KK) — Acp(mm) = 2|Acp(KK)| = 2|Acp(nim) |

* The discovery of CP violation in charm sector in 2019 uses AAp

17



Summary of LHCDb results

Table 2: Summary of the AAcp results from the LHCb two-body D° decay measurements in
the charm sector.

Data sa.mple AAcp (x107°)
0.62fb~", D* tag [lll —82+41+06
1.0fb, B tag [12] 49+30+14
3.0fb™, B tag [13] 1.4+ 1.6+0.8
30fb~", D* tag [14]  —1.0£0.8%0.3

5.9fb~", B or D* tag [15] (=1.54+0.29
— —

CP viﬁion found!

[11] Phys. Rev. Lett. 108 (2012) 111602
[12] Phys. Lett. B723 (2013) 33

[13] JHEP 07 (2014) 041

[14] Phys. Rev. Lett. 116 (2016) 191601
[15] Phys. Rev, Lett, 122 (2019) 211803
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Asymmetries & techniques

global CPV Localised in
phase space
Dalitz plot,
Decay-time |Acp, AAcp, binned x?,
integrated  |...... energy test,
Decay-time |ycp, Ar, DO->Kshh

dependent
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Binned y* method

* Simplest and most used method in CPV searches in multi-body decays

» Divide phase space (usually Dalitz plot) into bins, calculate St in each bin
NY{(X)—aNi(X)

\/Ni(X)—aZNi(Y)

i
* Scp =

. Neot(X : .
* a 1s global asymmetry a = Neor(X) compare S¢p and normal distribution
Ntot(X)’ P
V': gFrTr T T 3 % [ |_'o[')1;(;0'9 --------- 09:)
S 4 E 8 oaaos || wotomaru
8 [ LHCb - : LHCb
; ar e 15
< | : -
s I 1 4o [ l ]
L i 101

0.5 1 15 2 -4 -2 0 2 4
M?(K 7*) [GeV?/c*]




Energy test method

* Compare two distributions statistically
* Idea comes from the calculation of

electric potential energy
* +q and —q equally distributed, -
clectric potential energy = 0

* +q and —q distributions different,
electric potential

energy > ()

» System — phase space
+q /—q — opposite flavoured decays

e Form test statistics T

1
* T = n(n-1) l]>l¢(dl]) + =

lp(dl]) _ _Znnlp(du)

(Tl 1) l]>l



Three-body decays and Four-body decays

* Multibody pseudo-scalar decays, Independent Variables: 3n-7
* Three-body decays — 2 independent variables — Dalitz plot analysis

* Four-body decays — 5 independent variables — No preferred choice
(unlike 3-body Dalitz plot): mass combinations, helicity angles, triple
product

 Binned method: limited statistics in each bin

* Four-body decays: Can test P-even and P-odd contributions to CP
Vlolatlon separately using sign of Triple p product

+ Cr=ps- (X p2), Where cP(Cr) = —C(C) = =G c
I IV
) P_even: I—|—II VS. III—|—IV Particle, C, >0 Anti-particle, -C, <0
. P
* P-odd: I+1V vs. IT+III 8 11
Particle, C, <0 Anti-particle, -C, >0




Summary of LHCDb results

Table 3: Summary of LHCb direct CP violation searches in phase space of charm decays.

Decay channel Data sample Method

DY > K K*n+ [16 35pb binned x2 |

D’ K-K*tn—nt 8171 1.0fb~!, D* tag binned y?

Do r-wtn—nt [17] 1.0fb~!, D* tag binned y?

D* —» n~ntnt (18] 1L.0fb! binned x?

D°—» K-K*n—n* [19] 3.0fb™", B tag binned x?

D° - m-mta® [20]) 2.0fb™', D* tag energy test

D° o r-wtr-nt [21]  3.0fb7!, D* tag energy test

A} — ph=h* [22) 3.0fb! Adcp

D° — K-K+mn+ 23] 3.0fb”', Btag amplitude analysis

= — pK-nt [24) 3.0fb~! binned x?

D° - KOK*W* [25 5.4fb~!, D* tag energy test

D5 r 71'+ [26| 7.7fb~!, D* tag energy test , _

D}, = K-K*K* [21] 5607, D* tag binned 2 No CP violation

DY K-K+m+ 28]  54fb7", D tag binned y? found in the phase

AF = putp [29) 5.4fb~! Acp space yet
[16] Phys. Rev. D84 (2011) 112008 [21] Phys. Lett. B769 (2017) 345 [26] Phys. Rev. Lett. 133 (2024) 101803
[17] Phys. Lett. B726 (2013) 623 [22] JHEP 03 (2018) 182 [27] JHEP 07 (2023) 067
[18] Phys. Lett. B728 (2014) 585 [23] JHEP 02 (2019) 126 [28] Phys. Rev. Lett. 133 (2024) 251801
[19] JHEP 10 (2014) 005 [24] Eur. Phys. J. C80 (2020) 986 [29] Phys. Rev. D111 (2025) L091102

[20] Phys. Lett. B740 (2015) 158 [25] JHEP 03 (2024) 107
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Asymmetries & techniques

global CPV Localised in
phase space
Dalitz plot,
Decay-time |Acp, AAcp, binned x?,
integrated  |...... energy test,
Decay-time |ycp, Ar, DO->Kshh

dependent
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Ycp

* Due to the existence of mixing, the decay widths of D° decays to CP

eigenstates (KK or i) I'cp, and to other final states (1.e. CF decay
Km) I' can be different

e Detine Yep = FCP+/F —1
— p)xsinqb

1q+p 1
er 2\ ] T y cos ¢ 2\ [ T g

* 1s related to x, y, |g/p|, ¢, and 1f no CP violation, y-p = y
21(D°>f cF) _1

(D> fcp)+T(DP>fcp)

* fcr = K final states, f-p = KK or nrr final states

q

_|_

* Experimental measures: y.p =
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Ap

e The lifetime asymmetry of DY and D° decays to CP eigenstates (KK or
TCTT)

» Ap = —ATrect and satisty
sl )= =35+ 7))
Ar ==l =] —|=| Jycos¢d —=||=| + |=| | xsin ¢
' 2(19 q 2\|p| " [q

no_, — 0,
* Experimental measures: Ap = 28;0 ;CP3+IE§° ]{CP;
—fcp —Jcp

* So far no experimental evidence of CP violation in mixing found in
ycp and Ar measurements
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Summary of LHCDb results

Table 4: Summary of LHCb ycp and Ar measurements.

Data amnp]u
20pb™", D" tag lﬁ
1.0fb~", D* tag [31
1.0fb~", D* tag [31
3.0fb7", B tag [32
30", B tag [32
3.0 fb", B tag [32
3.0fb7', B tag [33
3.0fb"", D* tag [.34
3. Hfh" D* tag (34
3.0fb7', D* tag [34.
54fb', B tag [35
5.4 ﬂ) , B tag [35
6" D' tag [‘iﬁ

6fb~", D* tag Iib
Edfb' D* or B tag [36]
8.4fh~', D* or B tag |36
Edfh , D* or B tag |36
6fb~" D' tag [37

6fb~", D* tag [37

6fb~", D* tag |37

_l_

Final state(s)

K"K
i o
K K~
tn-
K*K

' & KK~
& KTK™

ta~
Kt K-

atn- & KYK-

L
K*K~-

tm”
K'K~

v

K"K~

& KYK-

ntn~

KTK~

& KYK-

1. yZp — yb7 is measured in this analysis.

K=

2. y&% - pp is measured in this analysis,

3. wep — yB% is measured in this analysis.

yer (%)
0.55 £ 0.63 £ 0.41

0.57 £ 0.13 £ 0.09

0.657 + 0.053 + 0.016 *
0.708 + 0.030 + 0.014 2
0.696 + 0.026 + 0.013 ¢

Arp ()( 10_3}
-5.9+59%21
0.33 & 1.06 + 0.14
~0.35 + 0.62 +0.12
~0.92 £ 26104
~1.34 £ 0.77152
-1.25+0.73

0.46 £ 0,58 £+ 0.12
=0.30 £ 0.32 £ 0.10
=013 +20x0.7
0.22 +0.70 £+ 0.08
=0.43 + 0.36 £ 0.05
0.4+£0.28 £0.04
0.23 +0.15 £ 0.03
0.36 +0.24 = 0.04
0.03 £+ 0.13 + 0.03
0.10 £ 0.11 £ 0.03

[30] JHEP 04 (2012) 129

[31] Phys. Rev. Lett. 112 (2014) 041801

[32] JHEP 04 (2015) 043

[33] Phys. Rev. Lett. 122 (2019) 011802

[34] Phys. Rev. Lett. 118 (2017) 261803

[35] Phys. Rev. D101 (2020) 012005

[36] Phys. Rev. D104 (2021) 072010

[37] Phys. Rev. D105 (2022) 092013
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Asymmetries & techniques

global CPV Localised in
phase space
Dalitz plot,
Decay-time |Acp, AAcp, binned x?,
integrated  |...... energy test,
Decay-time |ycp, Ar, DO->Kshh

dependent
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Mixing parameters measurements using D° - K¢nm

* ‘Golden channel’ for mixing parameter measurements
* Many interfering amplitudes in the phase space
* CF and DCS decays to same phase space

* ‘bin-flip’ method

. . . R {!

* Oscillation mainly contribute to the upper £
S

NE|

7 " U LR IR
DCS +
mixing

region in the Dalitz plot

 Ratio between upper and bottom parts
as function of time sensitive to mixing

Signal per (4.5 MeV?*/c*y

/rf DCS *\
& 3

DO° >F Kontm—
DO

10

m2 [GeV?/c4]
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Mixing parameters measurements using D° - K¢nm

* Bins: Strong phase measured by CLEO or BESIII

* Reduce cancellation of different
strong phase to the result

* Fit to the time dependent ratios,
extract x and y from the fit
function

* y > 0: lifetime of CP-even
eigenstate 1s shorter lived than

CP-odd
* X > 0: mass splitting

m2 [GeV?/c4]

W

N
n

[\

[
n
T T

[
LI L

N +b—:

05F

05 1 15 2 25 3
m2 [GeV?* c4]

—_ N W R~ U N N oo

Absolute bin index b
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Mixing parameters measurements using D° - K¢nmw

¢ Data Fit
. e Fit (x_,=0)
* Fit results: > LHCb |
0.0962 | -140.22
_ +0.56 -3 R S %54% o
*X = (3'98—0.54) X 10 %0.0933: ¢ 3 -0215
«y =(4.6713) x 1073 oo
* First observation of non-zero o o o195 o2
x with significance > 70 oo
» non-zero difference between o3k T | §
two D® mass eigenstates g : bi_ 0
Q? 0.29F §+ """"""""""" W—OM %‘r
f % —o0.62
0.28— , , , . . . . ]
0.465F ' ' ' ' ' ' ' 40.265
* No CP violation found < 0-46% _ + + joas o
0455} Y W :
: ¢ e Jo.255
0.45E . . . . . . . ]
2 4 6 8 2 4 6 8
t/T
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Summary of LHCDb results

Table 5: Summary of the charm mixing parameters measured by LHCb using D’ — Kdn*n~

decays.
CP-averaged parameters
Data sample z (x107%) y (x107?)
1.0fb™", D* tag [38] —86 15317 03+46+1.3

3.0fb~, B tag [39] 04  74+36+1.1
5.4fb~", D* tag [40] m 4.59 +1.20 + 0.85
- parameters
Data sample :ZSE’?N Ay (x1079)

3.0fb™", B tag [39] —0.5340.70 +0.22 1.6 +0.3
5.4fb~!, D* tag [40] —0.274+0.18£0.01 0.20 £ 0.13

NN

[38] JHEP 04 (2016) 033

[39] Phys. Rev. Lett. 122 (2019) 231802 First non-zero x!

[40] Phys. Rev. Lett. 127 (2021) 111801
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Bottom sector
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CP violation via CKM unitarity triangle

* Amount of CP violation proportional to area of CKM unitarity

triangles
* Measurements of parameters of CKM unitarity triangle are studies of

CP violation

* “db” triangle: well established

~ d s b T\

A <% 2 <

. . U npne—=3! |[K=<Y |Be=3"

* “sb” triangle: challenging small ¢, ;i Z_ -

e ———— Vexm = | pel7 | p =7 | 5T

.= e e 'D

_ W

¢ BB | BB
L /

e See talks 1n the afternoon
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Decay Channel

Measured Aqp

=
o

BY = p(T70)°K*(892)*

0.507 £ 0.062 & 0.0248

BY > J/yrt

(1.29 + 0.49 £ 0.08) x 1072

B~ —= DD

—0.5% ~ 3.3%, no evidence

B - K*ntn~
B* - K*KtK~
BT 5 gtata—

B* 5 r*KtK~

+0.011 £ 0.002 £ 0.003 £ 0.003
0.037 £ 0.002 £ 0.002 £ 0.003
+0.080 =+ 0.004 = 0.003 == 0.003
0.114 £ 0.007 £ 0.003 £ 0.003

BE = p(T70)°K=

+0.150 £ 0.019 £ 0.011

Bt — Ktg0

0.025 £ 0.015 £ 0.006 £ 0.003

BT > atanta™

Local Acp > 50

== === =
w"w"w"w B S OIS N o o e s s e o b —

BY & Ktn— 0.084 + 0.004 + 0.003

B ntK- 0.213 = 0.015 & 0.007

B~ = D-D° (23£27£040)%

B~ — D;D° (—0.4£0.5+0.5)%

B’ — K*(892)" 0.308 + 0.062

B — J/yK* (0.09 +0.27 £ 0.07) x 102

B 5 K*ntn +0.025 =+ 0.004 & 0.004 & 0.007

B* - K*K+K~ —0.036 + 0.004 + 0.002 = 0.007

B* — nEaty- 40.058 = 0.008 = 0.009 = 0.007

B* 5 nfKtK~ 0.123 £ 0.017 & 0.012 £ 0.007

B S nfKTK~ 0.141 £0.040 £ 0.018 £0.007  [13
B* —» ntnta 0.117 & 0.021 £ 0.009 £ 0.0077  [13
Bt 5 Ktpty~ 0.000 £ 0.033 £ 0.005 £ 0.007  [14
BY 5 Kfntn 0.032 £ 0.008 + 0.004 £0.007  [15
B* » K*KVK~ 0.043 + 0.009 + 0.003 + 0.007  [15]
B S Kt 0.27 £ 0.04 £ 0.01 16
BE & J/yr* 0.005 £ 0.027 = 0.011 17
B* — (287t 0.048 4 0.090 £ 0.011 17,

Direct CP violation: b-meson studies
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* CP violation found in multiple channels
... but only 1n meson channels before 2025
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Aj - pKdn~
A9 —> AhR'

A - prmt

Ay = pK~ptu~
A} - pK~/pn”
A9 - ph~h*th~
AY — ph~h*h~
Ep, 2 pK K™
A9 - pD°K~
A9 > Ay
A) > ATh™
AY - ph~
A9 > AhK
/10 > pKmtn™
29,50 - pKOh~
Ap > ] [ph™

ACP

TPA, energy test

Amplitude
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photon polarization
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CP violation in A} — ph™ decays

* Large yield and high purity ;/<
* CP violation predicted: ~5% O . 45
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ad T ad

* Crucial to control systematics
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CP violation in A} — ph™ decays

 Data driven corrections and use control mode (A% - AL (pK ‘n+)n‘)
to cancel nuisance asymmetries
APE™ = Adry — AA? — AAK™ — Adpip — AAL — AAy — AT — AT 4 A%
Afg; = AAnw — AAY — AAY, — AApp — AA;1g — AA — A — Ag* + Aé}iﬁ_

APK_ — (_1.1 i 0.7 i 0_4)% Azgz_ = (+0.2 i 0.8 i 04)%

3 3
g1 s> ~25 _"IQ — ~25 _"IQ — ;
L LHCb 9 fb-! L LHCb9 fb-! § . LHCb 9 fb~! § . LHCb 9 fb!
L > i O I [*] [
30 17 =230r ] =50k 1 =50l ]
r { Daa  Pm—m— == ]= .E - - - =20 ! l[;)»?ta 1 =207 { l??ta ]
. —— Fit 1 =L Fit ] =  — H { = t —H 1
2.5 : AD > pk- :2.5 : R K > 0 A((é—>p7f —_ = — - - = = = [ R A P = e — 1
_ B0 > K-+ . 3 _ BY— K+ ] % 15 - BO—)K:JT: N f]_ac; 15 k- Y B> K- N
op g ok ORI DIy e el EV[ s S0 S e -
A pr p - Ay D KT =R Aj—pK- _ =R A) - pK* _
15 = Comb.bke. 1 8i1s5F --- Comb.bke. ] S | "7 Comb.bkg. pn- S | ---- Comb.bkg. ~ __+ ]
P [ —— Part reco. bkg ] 2T —— Part. reco. bke. 1.0} —'— Part reco. bkg. - 1.0  —'— Part. reco. bkg. pn ]
10} I - ]
: 0.5
0.5
L S 00 I SRR O'O ) N ] X <
52 54 5.6 8 5.2 54 6. S8 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(pr) [GeV/c?]

 CP violation not found N
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- P~ J)

* One diagram dominates? small strong phase difference?

—4| A1 || Az sin (¢

Why so small?

* Dynamics more complex than mesons

L5 [565

» Tree amplitudes may dominate

C

EpEp e

PEY

PC,

;
|

2

PE{

PE;

Ay, = pK~

T 853.60 —52.08 1190.21 —340.84
E, —66.28 -59.48 -50.31 79.56
Tree 7 787.31 —111.55 1139.90 —261.28
PC, 75.64 —0.82 —4.35 —13.81
PE} 0.10 —11.80 —4.76 9.93
PE¢ —1.50 —7.38 1.66 2.09
Penguin P 74.23 —20.00 —7.45 -1.79

(7

&

s

Tree
JZZé
b

&1

Penguin ™
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\ From CKM matrix,
Sln

same for B® and A9

» Possible cancellation of S and P amplitudes

A%} ~ lisAS wave . /'i',pAP wave

B® — mta~ (PDC
B — K*7=(PDG
B — K= (

B® - K-K+*(PDG) |
Ay = pr (LH( b)F
(LHCD) F

A, = pK

PDG) F

e
]

I
I
I
I
I
L
ol

&’ > pm

Ay — pr= (S wave) |

Ay, — prm (P wave) |

=l

Ay, — pK

Ay, — pK~ (P wave

direct) |

Ay = pK (S wave) |

|
I
| e e ]
—0— |
o+ |

Ay — pay (1260)(UD) f
Ay — pK (1270)(30°)(UD)
Ay — pK7 (1270)(60°)(UD) }
—50%

7)
5)
)
)
)
)
(direct)
)
)
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)
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|
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|
I
I
0
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50%

Favoring multi-body decays
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CP asymmetry in A}, > Ahih; decays

e Three A decays Ar*n~. AK*m~. AKTK~;one Ej decay

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

AAY (A — Arta™) = —0.013 £ 0.053 £ 0.018,

AAY (A) = AK ™) = —0.118 £ 0.045 & 0.021, 3 1o first evidence for
LAAT (4) » AKTK ) = 0.083+0.023+0016. | | ¢py in baryon

AA (Z) - AK 7t) = 027 £0.12 +0.05,

o — — T T T T T T ] 0 e A B
L 160 ) LHCb 9 fb" S 160F (b) LHCb 9 fb! E
> 140 F m(AK*)< 2.9 GeV >44L-_ MAKI< 2.9 GeV E
<] - LB NN P B B e L N N B O O N 55> 2.2 GeV 3
E 120F — Total fit - E 120F — Total fit -
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Local CP asymmetry for A) > AKTK ™

* Two resonance-dominated regions

My+p- < 1.1 GeV
A) - A¢p(— KTK™) or non-resonant:

AAcp(Ag) = 0.150 + 0.055 + 0.021

Mygt+ < 2.9 GeV
A) > N** (> AK*)K™: possibly via b - uiis
AA-p(N*TK™) = 0.165 + 0.048 + 0.017 (local 3.20)
« Many N** may contribute to A), > N*TK~
Several related N** channels to cross-check

N*t> AKt = A) > N**'(AKT)K~

N*t s pntn~™ = A) > Nt (pntn)K~

N*t > pr! = A) > Nt (- pr®)K~
J.P. Wang, F.S. Yu, CPC 48 (2024) 101002

m(K"K') [GeV/c?]

m(AK™") [GeV/c?]
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[Nature 643 (2025) 1223]

CP asymmetryin A) > p K ntm™

* Ap arises from interference between the tree- and loop-level
amplitudes

S b W- g

) b > > Y A t u/d
Apiu > U i . i
d > d d > d

* Rich resonance structures
* A} > N (prntn )K", pK* (K ntn™), A(p K )f(ntn™),
N*@r )K (K n")
e Control channel A}, - Af(p K~nt)m™ to subtract nuisance
asymmetries
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CP asymmetryin A) > p K ntm™

Acp = (2.45 + 0.46 + 0.10)%
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Local CP violation in selected regions of the phase space
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Parity violation
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C. N. Yang,
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CP violation in K°
decays

J. W. Cronin,
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Beauty mesons:
CP violation in B®
decays

BaBar and Belle
collaborations

2025

Beauty baryons:
CPviolation in A
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LHCb collaboration

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
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Conclusions and prospects

* CP violation is a rich field of study

* Essential to precisely test the SM and constraint/guide New
Physics models

* Direct CP violation in baryon decays observed

* BEPCII and BESIII inner tracker upgraded

- —2025(13.6 TeV): 6.
—  —2024 (13.6 TeV): 9.
T —2023(13.6 TeV): 0.37 fo’
2022 (13.6 TeV): 0.82 iy
3TeV): 219 fb™
3TeV): 171"
3 TeV): 1.67 fb'
3TeV): 0.33 fb"
TeV): 2.08 fb™!
TeV): 1.11 b
TeV): 0.04 tb™

6 fb'
61b

N
a
|

* Belle-1I expect to increase luminosity

* In LHCb Run 3, int. luminosity in 1 year
comparable to the sum of Run 1&2
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* More results are expected!

2020 2022 2024 2026
Year
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Back up
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Energy test method

* Compare T-value from tested sample (T,) with T-values from no-CPV
samples

* No-CPV sample from permutation of data: randomly assign flavour
tags
* p-value: fraction of permutation T-values above T,

e O LA e B S S B B S B B B

— LHCb preliminary —f

Entries
(=)
o

s0F E

30F ]
20F rl -
U Y
o d L ]

0 > 4"'6'% >0 2 4 6
Tvalue [10 ] Tvalue [10 ]

=pE——Xcpv N E——FCPV



Energy test — Visualization

* Contribution of each event to total T -value: T,

» Use T, and T;™" distributions from permutations to set significance
levels

* Plot T, values 1n terms of these significance levels — Show regions in
Dalitz plot which contribute the most

12

— T T T T 1
LHCDb simulation

(b)

w
1
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Local CP asymmetry for A), > AKTn~ /A) - An*m™

Myg+ < 2.3 GeV M+~ < 1.7 GeV
A) > N*t (> AKD)m~ A) - Af(ntm)
AAcp(N**1™) = —0.078 + 0.051 + 0.027 AAcp(Af) = 0.088 4+ 0.069 + 0.021
: . T T 14
4.5F LHCb 9 fb™' 3 4.5 LHCb 9 fb™
— 4E Ay—> AK+7T__E —30 — A~ Artr- 3 dip
\; 3,52 — —25 § 3.5 10
~ 2.5 ~ 2
. R
T R
T 15 g L
1E

2345
m(AK™) [GeV/c?] m(Az™) [GeV/c?]
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