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The Mystery of the Matter Asymmetry

* According to the Big Bang theory, equal amounts of matter
and antimatter were initially created in the early Universe.
. However, in the current Universe, almost all things consist
of only matter.

* CP violation is required to explain the matter- antimatter
asymmetry of the Universe.

* The study of CP violation (CPV) is experiment-driven. CP
violation was discovered in 1964 in the decays of neutral
kaons, which was completely unexpected then.

e To date, CPV has been confirmed in K, B and D meson
decays.

* In the Standard Model (SM), CPV is present in the weak
interactions via CKM mechanism, it is insufficient to explain
the observed matter-antimatter asymmetry in the Universe.

* The SM is incomplete and other sources of CPV must exist.



CP violation and the Unitarity Triangle

* In SM, the Kobayashi-Maskawa mechanism provides an elegant and simple explanation of CP

violation.
* Wolfenstein parametrization: CKM matrix described by 4 parameters 4, A4, p, 1.
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» Key test of the SM: determining accurately the Unitarity Triangle
* Magnitudes: branching fractions or mixing frequencies
* Angles (¢1/B, ¢, /a, d3/y): CP violation measurements in B decays.



Recent CPV measurements
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Time-dependent: BELLE Belle II

« BY > J/yYK? arXiv:2302.12898
« B% > ¢K{ Moriond 2023

« B% > KQKJK Moriond 2023
« B% > KQm® arXiv:2305.07555

Time-integrated:

* Recent CPV measurements in the quark sector.
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« B* > n*t7° Moriond 2023

« B% > %% arXiv:2303.08354

Y /®3 measurement :

» B* > D(KJK*m™)K™ arXiv: 2306.02940
* B™ > D:pK* Moriond 2023

Charm .
* T-odd CPV in D5, four-body decays .
PRD 107, 052001 (2023) .
arXiv:2305.12806 arXiv:2305.11405 .

« Af - ARt and A - EOht

B% - K LHCb-Paper-2023-013

Bt > D(K n*n*n™)h*
arXiv:2209.03692

BT > D(h*h n*m~)h*
arXiv:2301.10328

BY - J/WK*K~ LHCb-Paper-2023-016

Bd - ¢¢ arXiv:2304.06198

DY - KtK~ arXiv:2209.03179

D¢y » K"KTK™ arXiv:2303.04062

D® - n~mtm® arXiv:2306.12746

Sci.Bull. 68 (2023) 583

. J/p>ETEY

* Nature 606, 64 (2022)
o J/YDITE™
arXiv:2304.14655

J /b >ECE
arXiv:2305.09218
P(3686)>E EY
arXiv:2302.09767
J/ >AA

PRL 129 (2022) 131801
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Belle & Belle Il Experiments
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Asymmetric ete™ colliders. B factories, also charm
and t factories.

Belle > Bellell: et (3.5GeV) e~ (8 GeV) > e™ (4 GeV)
g‘ (7 GeV) . Improved vertex resolution allows lower
oost.

428 fb! (362 fbt at Y(4S)) collected at Belle Il so far.
Goal: 50 ab™.

Record peak luminosity 4.7x103*cm ™25~ at Belle Il

EM Calorimeter
Csl(Tl), waveform sampling electronics

electrons (7 GeV)

Vertex Detector
2 layers Sj Pixels (DEPFET) +
4 layers Sj double sided strip DSSD

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

——

A

Particle Identification
Time-of-Propagation counter (barrel)
_  Prox. focusing Aerogel RICH (forward)

? !?\'\\;
- f positrons (4 GeV)
Central Drift Chamber B

Smaller cell size, long lever arm

Belle Il TDR, arXiv:1011.0352

Silicon detectors for vertex measurement

Drift chamber for p and dE/dx measurement

TOP and ARICH counters for particle identification
EM Calorimeter (ECL) for e* and y reconstruction
KLM detector for K; and u detection 5



The LHCb Experiment

LHCb @ LHC (CERN): pp collisions o
* Forward detector optimized for b

and ¢ meson studies.
D o o e

TR Height: 560 o . =8 * Huge b cross-section.

Length: 20 m

RICH * Excellent vertex resolution and
particle identification.

* Events with high multiplicity,
reconstruction of neutrals is

challenging.
P : * 9 fb-! accumulated during Run1-2
Tracker ' (2010'2018)
Turicensis
o o EEEERRRR  « Run 3 started in 2022 with an

upgraded LHCb detector, goal 50 fb.

Run 1-2 detector



The BESIII Experiment

e RE.. SR RE __ MDC: Ap/p =0.5% @ 1GeV/c EMC: Csl (T1) 2.5% (5.0%)
o s w  we 3 o -a\
,,f}’ "§.\\ dE/dx: ~ 6% barrel (endcap) @ 1GeV
47 Beamenergy: 10-2.45 GeV N | i
" Luminosity: 1x103%3cm-2s! W\

# Optimum energy: 1.89 GeV A\

.l‘, Energy spread: 5.16 X 10-4 \“‘ Se'e e el e el ."","".' :.
o No. of bunches: 93 . i SRR SRR
" > - 3 '
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3 P
= §§ s ,’-,9/ TOF: 0cT=68 (60) ps MUC: RPC 9 (8) layers
s = Pl e
= P - barrel (endcap) barrel (endcap)

e Symmetric e*e™ collider, low background. Charm and 7 factory.
* Multipurpose detector with good resolution, near 4 angular coverage.

* World’s largest charmonia data sample.



Time Dependent (TD) CPV measurement at Belle(ll)

* The CP asymmetry, A-p(At), of the proper time difference

distribution At of the two B mesons

_ The SM predicts A=0and S = -n sin 2¢1
B(B° = fcp)(At) — B(B° — fcp)(At)

Acp(At) = — = Ssin(AmgAt) + Acos(AmgAt
A= BB for) (80 + BB — for)(Bt) p AR+ L cos(Bmal)
Mixing-induced Direct
CPV CPV
Identify flavour of one B:  ¢.g. Bo—X£+v: “fast leptons” (0+ for BY),
“Flavour tagging” b—c—s: “kaons” (K- for BO), ... 050 .
e — [ Fecures sxcalent J  The BYBY pairs from Y(4S) are produced
Coherent 3)/ particle identification in a coherent, entangled quantum
o8 state @ T mechanical state. Tagging the flavor the
other side B allows to know the flavor of
T2 e signal side B.
@ - | | * The distance between signal and tag-side
Signal side B: Physics  e.g. CP eigenstate B—J/{ K0s . . . .
@ B decay vertices in z direction (Az) allows
Requires excellent @ At tO be measured'
vertex reconstruction / BO fCP

Az = ByAt
. . —! Hll\
Requires asymmetric 8
beam energies




TD CPV in B® - J/YK{

* Tree-dominated b — ccs, golden mode

* small theoretical uncertainty and clean
experimental signature.

» contribution of penguin diagrams with a different
CKM phase is expected to be at less than 1% level.

* Fit AE distribution and subtract background.

* Fit the sWeighted At distribution to extract sin(2f) and

Acp.

1K cos(Am At)

A(At) = S /wk® sin(AmyAt) + A
Scp =0.720+0.062(stat) £0.016(syst).

Acp =0.094£0.044(stat) = )02 (syst)

* Consistent with the world-average. Statistical uncertainty is
twice that of the current most precise determination (from
Belle), consistent with a four-times smaller data set.

Candidates / (0.005 GeV)

Candidates / (0.5 ps)

Asymmetry

arXiv:2302.12898 >

Belle 11 190 fb </
. Belle I
S = sin2
J/WKS ¢1
SM tree
B S
BO w ¢ E
S
d ~ d K¢
X Belle II (Preliminary) { Data
10°F fL dr=190 fb~! Best fit result:
Total fit shape
P A B> J/yK+c.c.
1 L
101 -
10°
—0.10 —0.05 0.00 0.05 0.10 0.15
AE [GeV]

200

Belle II (Preliminary)
fL dr=190 fb~!

150
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TDCPVinb — sqq

D

Belle 11362 fb! | <l ]

387M BB pairs Belle II

Suppressed in SM ACiBeSS:/Itghﬁgtiigtial
. Peonguinbdopirgated modes b — sqq: B° - ¢K and S B P
B” - KJKS K. ug}( a %(
A(A) = Sgq5 sin(AmyAt) + Agqq cos(AmyAt) : Ny j
* Ssqz = —NcpS) k0 in the SM; discrepancy can arise if NP Spengm_nj““jg::;“”> ii(:;?)
particle propagateé in the b — sqq loop. Pl
0 0 BO N KOKOKO
B _)(pKS . @ > S S « Challenge: no prompt tracks

Belle II (preliminary)

Belle Il (Preliminary) ¢ ng q=+1)

0] Skep=+058+0.26500¢ £ 7|

tag

L [cdt =362 ! jm = 36211

Agsp=+0.31+0.207392

Events / 3.0 [ps]

| - Sk ¢ 1S consistent with

~ NcpS) il

~q=eLB from vertex

—e=tB. | e Decay vertex reconstruction
using K¢ trajectory and profile
of the interaction point.

S3k, =—1.371932 £ 0.03

{1 ¢ Belle results:

535M BB pairs
Skep = 0.50 +0.21 + 0.06

Asymmetry

Ak, =+0.071333 £ 0.02

* S3k, Is consistent with

~ NepS) /px

A gp =0.04 + 0.20 + 0.10

657M BB pairs o Atlps]

¢ 5« Belle (772M BB pairs) :
S3kg=—0.711+0.23 + 0.05

Asgg =0.12 £ 0.16+ 0.05



arXiv:2305.07555

CPVin B® - KJm°

B® » K210 proceeds mainly via b — sdd loop amplitude.
Sensitive to effective value of sin2¢4 and providing inputs to isospin sum-rule

T T
Ixn = Br(K*n™)Ag+q- + Agop+ Br(K°n™) B 2A i +0Br(K*m) L 2A0,0Br(K°n®); M =0

TB+ TB+
M. Gronau, Phys. Lett. B 627, 82(2005).

Time dependent B® — Kgno: main challenge is the decay vertex reconstruction.

Validated on B — J /K2 events reconstructed w/o J /1 vertex.

Simultaneous time-integrated (40% events without At) and time-dependent fit to maximize the
sensitivity on Agp.

Competitive with world’s best results with less (60-80%) luminosity.

ool *Blg (g=s1) | BeMeNPrEImnAM| 4 = 0.04£0.15£005 A% =000£0.13

S 5ol j Ldt = 362 b Scp = 0751533+ 0.04 Swe = 0.58 % 0.17

& 4ol

30 combine time-integrated and time-dependent results:
2 20}

< Ko _ _ _

S ok AST =-001£0.12£005 w.a.=-00%0.13
§ 08} e 1 . Combining all B — K final states at Belle II:

£ ] S } g :
%—og g + ¢ ¢

R R ST I, =—003%£0.13+0.05 .q.=0.13%0.11

D

<o

Belle I

11


https://arxiv.org/abs/2305.07555
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CPVinBY -t and BY - %x0

* The CKM angle ¢, measurement is based on b Gronau anc b f??gg(r)l} Phys
b — u processes. Significant contributions '

from penguins (b — d ): ¢, = ¢, + Ag». |

ﬁA(BU - natn) A(B® - n°n)

* Penguin and tree contributions can be 1
disentangled using the isospin relations 2RP7 HAB )

2
/ A(B® - n°%)

A+0 — LA-F— +AOO and A—O — LA_*—_‘I‘AOO A(B*—*n*n”);/i(B'an'n")

V2 V2 |

. + +..0 -1
arXiv:2303.08354 Belle I1 189 fbt B »n'm Belle 11362 fb
40 40 1400
F 250
> 35EF Belle Il «Data . > 35f Belle Il «Data Belle Il (Preliminary) -—= B*on*n®+c.c. Belle Il (Preliminary) - B*osmtn®+c.c.
3 g0k J.L dt=189.9fb" _'_?‘a_')f';o”o S 3ok IL dt=189.9 fb” ‘Isg‘a' it > 200 JLdt=3621071 mm Bt oK +c.c. 1200 F 1/ gt =362 fb? . Bt oK +c.c.
a o5 F Continuum 5 B o ] Bl BB background <t 1000 B BB background
S 3 — o 25 +~Continuum = B Continuum background et B Continuum background
S 3 S 5 o 150 © goo
3 - 3 - =
Q El Q =~ 5
@ ; o 15 5 100 2 600
c 40ttt Tt d | | B 4pEebede
g § 8 LT S S S 5 8 400
it} T N B O 50
.................. 200
0 ---------- 4 | LT A
-0.3 -0.2 -0.1 0 0.1 0.2 0 0
AE[GeV] = 2'5___-L Bl - - — B e = 2.5¢ - p— — p—
- E _ 4 S R & -25f =~ == - =
= F = E L. . : . \ . . . . . .
E 0 o> e e ™ *-e-e [SRRhtt Sk Satiitt Shthie bty DAl At M i 0 :"‘.‘".‘"‘ """" Fiiiatd LA o ".""'""""“""“."'""' -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.0 0.2 0.4 0.6 0.8 1.0
-4t -4t AE [GeV] c’

Acp(B? — 7°7°) = 0.14 £ 0.46 + 0.07. Acp(BY > ¥m%) = —0.08 + 0.05 + 0.01
Belle (772M BB ): Acp = +0.14 + 0.36 (stat.) £ 0.10 (syst.) Belle (772M BB ): Agp = +0.025 + 0.043 % 0.007


https://arxiv.org/abs/2303.08354

CPVin BT - DK™ (towards ¢ /v )

Interference between two decays to
same final state gives access to phase:

* ¢p5/y is the phase between b > uand b 2c¢
transitions.

* The absence of the loop contribution allows
extremely clean theoretical prediction of ¢4

* Various approaches with different D final states:
e Self-conjugate final states D° - Kch*h~
* singly Cabibbo-suppressed D° —» KsK*m ™.
* CP eigenstates: D° » K*K~, Kom®

« CFand DCS decays: DY - K*rr™
Current WA dominated

by LHCb:
°] — 3.3
y[1 =659 *+33

| ==

Events / (5 MeV)

Pull

DK~
)[;C”’i/r*’/’:' \

[f1pK™

N

of Suppr. (B— - EOK_)

of favor. (B‘ N DOK‘)

— rBet(()B+7)

40
35 F
30 F
25 F
20 F

15

-5

Belle Il

B* > D(Kgnw)K*
J.L dt=128 o'

JHEP 02

(2022) 063

-0.1 -0.05 0 0.05 0.1 0.15
AE [GeV]

b3 = (78.4+11.4+ 0.5 £1.0)°


https://link.springer.com/content/pdf/10.1007/JHEP02(2022)063.pdf

Bt > D(K{K*m Kt /™

Bt - D(KQK*nT)KE/nt. SS: same sign, OS: opposite sign.

2D fit (AE, CS’) of 8 categories: (+, -) x (SS, OS) x (DK, Dm) in
full D phase space and in interference-enhanced D - K*K
region.

Model-independent information on the ¢5.

Results consistent with LHCb, but not competitive. Contribute
to constrain Y /g3 in combination with other measurements.

ABE = —0.089 + 0.091 + 0.011,
ABE =0.109 + 0.133 £ 0.013,
ABT = 0.018 + 0.026 + 0.009,
ABT = —0.028 + 0.031 + 0.009,

REK/PT — 0,122 +0.012 £ 0.004,
REE/P™ — 0.093 £ 0.013 + 0.003,

RET g = 1.428 £ 0.057 £ 0.002,

Events / 10 MeV

Events / 10 MeV

10}

- JLdt = 362 fb '

;

i bidldiies leﬁl—\ Rl e 2 Wi,
—8.15 -0.1 -0.05

2

8|
6

4r

arXiv:2306.02940 Z <O

BELLE

Belle Il 362 fb!
+Belle 711 fb!

D

Belle I

Belle II

@

SS B — DK

0 0.05 0.1

AE (GeV)

0.15

7
6
5
4
3
2
1
3

Belle II

1obcigh

saralas

0S B'— DK’

"HRRNIIRAN
15 -0.1 -0.05

X X

0 0.05 0.1

A E (GeV)


https://arxiv.org/abs/2306.02940

D D

+ + Belle IT
BELLE elle
Bt - D.pK
Belle Il 189 fb!
+Belle 711 fb?
+ + + o — 0.0 s 7l imi L DKKOK
* B" > DepK™,D - K"K~ (CPeven), D = Kgm™ (CPodd). 2 | JLgf'z"’ﬂ"fft}%mmary B* > DK "K K
) i _ 0 [ i B> K*KK*
2D fit (AE, CS’) of 6 categories: (DK, D) x (KtK ™, KSQnO , £ 2
K*tm™). @ 15
10f
_ Br(B™ > DcpyK™) + Br(B* > DcprK™) 5|
- TCPET Byr(B~ - DayK™) + Br(BY - D K ) oL
. . A 15
=1+ 12 + 2rg cos 8z COS ¢ AE = Ej, —+/s/2 [GeV]
] _T'(B” = DcptK™) =T(B" - Dcp:K™) 14 - Bolle I pretiminary 5" DX K-
CPE T T(B~ - Dcpy K™) +T(B* = DcprK+) " JLdt=189fb“ ’
- ier sin 63 sin ¢3/RCPi 10 —— """""" B> K'K'K”
8 =
Repy, =1.164+0.081+0.036 Rp_ =1.151+ 0.074 + 0.019 °l
4
clqcp+ - (+12 5 i 5 8 i 14)% "ACP— - (—16 7 i 5 7 i 0 6)% 2 \ ||
... best A p_ measurement 0 LT

=005 X "5

4.7° < ¢p3 < 175.8°, 0.069 < rp < 0.560 ... @ 95.4% CL - AE = Ej —/5/2 [GeV]



TD CPV in B® - YK,

e Three modes with full Run 2 data

o BY— Jhp(— u,u)KOg(—> TtwT) (82%)
o BY— Jp(— ee)KS(— mhm™) (12%)
o B (2S)(— uu)K3(— 7 m) (6%

* From mass fit, sWeights are obtained for effective
background subtraction in CP fit. )
Peo.g0)(t) o (1 F @)(1 F Ac)(1F Ssin(Amgt) + C cos(Amgt))

* The most precise single measurement of sin(2¢4) to
date.

‘E‘”O-QO""I""I """" T
S @ b
Combined fit result 0.15F @ Btz .
[ @ LHCbRun2 ]
51';;"&2 =0.716 £ 0.013 (stat) £ 0.008 (syst) 0.10F .
Cob? =0.012£0.012 (stat) £ 0.003 (syst) 00s b E
New total LHCb combination 000k ;
SRun 12 — 0,723 4 0.014 (stat-+syst) ~005 :
@Ing Lo F contours hold 39%, 87% CL 1
Cw;‘(r(‘) 2 =0.007 £0.012 (stat+syst) 05T 0e 065 om0 075 080 085
S WK

N
+

LHCb-Paper-2023-013 %

1.00

0.50
0.25F
0.00
—0.25F

=050

LHCb preliminary

B sy (— U)KY(— )

Fit
3 ¥, wid;D;
Ty wD?

0 2 4 6

sin(2p)

t [ps]
sin(20,) D

PRELIMINARY

BaBar JAy K., 0.657 + 0.036 + 0.012
PRD 79 (2009‘?072009 Y :
BaBar J/y K| 0.694 +0.061 + 4.031
PRD 79 (2009) 072009 ;
BaBar y(25) K¢ 0.897 +0.100 + §,036
PRD 79 (2009) 072009 - :
Belle JAy K 0.670 +0.029 + 0.013
PRL 108 (2012) 171802 —r— :
Belle JAy K 0.642 +0.047 + 4.021
PRL 108 (20%2) 171802 ' " y :
Belle w(2S) Kg 0.718 +0.090 + 0.031
PRD 77 (2008) 091103(R) !
LHCb Run 1 Jiy Kq N 0.750 + 0.040
JHEP 11 (2017) 170 " ;
LHCb Run 1 y(2S) K . 0.840+0,100 + 4.010
JHEP 11 (2017) 170 i ) '
LHCb Run 2 J/y Kg . 0.720 +0.014 + 0.007
LHCb-PAPER-2023-013 1 :
LHCb Run 2 y(2S) K 0.647 +0.053 + 4.018
LHCb-PAPER-2023-013° " * :
World Average H 0.708 + 0.011
HFLAV ;
0.4 0.5 0.6 0.7 0.8 0.9 1



+ _ + 1 _ + arXiv:2209.03692 H
B > D(K m"m"m™)h %

* Improved sensitivity can be achieved with .
binned measurement.

* 4 bins chosen according to LHCb y = (638:’%3)
amplitude analysis epuc 78 2018) 6, 443 |

New LHCb combination:

 using external inputs for %gg.m_l S LHCH-
* Hadronic decay pa rameters from model- ~o 14k D Prelminary -
independent determinations by CLEO-c and [ | OB Al B0 modes i
BESI|| JHEP 05 (2021) 164 012L B Beauty and Charm N
__ PRL 116 (2016) 241801~ “[ s i
« D% — DO mixing parameters by LHCb i ]
0.1 -
» 2"d most precise determination of y from ; ]
single D-decay mode 0.08- g
— +6.040.64+6.7\° (),()6:|- | | | | | L -
Y = (54-8_5.8_0,6_4,3) 30 40 50 60 70 80 90 o

Y



https://inspirehep.net/literature/2148941
https://link.springer.com/article/10.1140/epjc/s10052-018-5758-4
https://link.springer.com/article/10.1007/JHEP05(2021)164
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.241801

. O + _ LHCb-Paper-2023-016
TDCPVinBy =» J/YK™K v o %

* Mixing-induced CPV phase ¢ in B decays et
through b — ccs transitions.
) SM
$M ~ - 2p
. RO + 1y — : :
* Golden mode : BS — ]/l/)gb(K K ) * Combination with all measurements:
* Flavor-tagged time-dependent angular o ¢2/Y" = _0.050 +0.017 rad — improved by 23%
analysis. e ¢ = —0.039 % 0.016 rad — improved by 15%

Aen(t) F(Eg s JJKK) — F(Bg s J/KK) N ¢obs (At ® (Consistent with the prediction otf Global fits assizw;gci SM:3
= >, — - Sl - Si s ree ~ (_ .
PN T T(BY = JJKK) + T(BY — JjukK) 9o 2= (~0.0368"33582) rad

® CP eigenvalue of the final state 1 = (—1)t DO 8 fb-1
® A mixture of CP-even & CP-odd components — angular analysis o1 G(T?OZL,:C:“?;;
= 0.11- CMS 116.1 fb~1
b [rad] —0.039 4 0.022 + 0.006 o
. 0.09
By 1.001 + 0.011 = 0.005 <
LHCb 9 fb=2

0.07

* The most precise measurement of ¢, to date.

0035 -0.3 -0.1 0.1 0.3
CS
S[rad]



arXiv:2304.06198 7 HHC
. O LHCb Run2 data sample 3
TD CPV in B = ¢¢ (S%

e polarization independent result:

* Penguin-dominated decay b — ssSs. %% = —0.042 + 0.075 £ 0.009 rad ,

* NP could contribute to mixing and penguin Al = 1.004 4 0.030 £ 0.009 ,
processes.

* Three linear polarization states for ¢¢. Combinstion with Run 1 gives:

P = (—=0.074 = 0.069) rad

* Flavor-tagged time-dependent angular 2] = 1,009 0,030
analysis. o T
« The most precise measurement of 555 in e LHED )
. . Run 2. 6 fb! = SM prediction o
penguin dominated decays.
. Run 1 +2015 +2016,5 fb" -r
* Agreement with the SM.
Run 1,3 fb” ]
* Polarization-dependent CP-violation parameters ...
are measured for the first time. e
-3 -2 -1 0 1


https://arxiv.org/abs/2304.06198

CP violation in charm sector

e Charm provides unique gate for study of CP violation in up-type quark decays.

* Due to smallness of involved CKM elements and GIM mechanism, CP violation
in charm is predicted to be small: 10-4- 10-3.

* SM calculation dominated by long distance contributions.

* LHCb reported direct CP violation in D® = h*h~ in March 2019, using the

difference between two time-integrated CP-violating asymmetries of Cabibbo-
suppressed DO decays Phys. Rev. Lett. 122 (2019) 211803

* The result challenges predictions based on first- principle QCD dynamics

 Further measurements are needed in charm sector.



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

DV 5 KTK~ arXiv:2209.03179

* Time-integrated CPV measurement in the Cabibbo-suppressed T

decay D - K*K~. EPI

—‘— FOCUS

« DY mesons originate from promptly produced D** — DO ™. 4 . |cueo
~i —! Belle

-- —*— BaBar
AKTKT) = Acp (K~ KT) +HAp (D) |+|Ap(7e,) . CDF

Physical CPasymmetry  production asy. Detection asy. of tagging pions T | |LHC 3
y ' e LHCb 5.7 fb!

Ap(KKY [1074

( )
Acp(D® - K"K*)=+A(D " - (D° > K KHn' )—AD - (D’ - yz; )|  Original - N

+A(D* - o 7) - [ADT > K 7t) - AKKO)] ) g;:;hi?wdR(ﬁr?i? s Aci(K-K+)”[)10_z]
(Acp(D° = KK*) =+AD " - (D° - K KY ') —AD " - (D° - )zt | New <& o006k o LHCbeombinaton 871 [ HCH ]
& A ~ ¢ )~ [AD > K° 1)~ AKO) Jmethod b T e e :
« A combination with the previous LHCb measurements shows o002} -
the first evidence for direct CP violation in D® - ™ decay.  of o7 T :
Acp(K~K™) = [6.8 £ 5.4 (stat) 4 1.6 (syst)] x 1074, ~0.002|- E
e = (17457 x 10 S
a® . =(23.2+6.1) x 1074, 0 e


https://arxiv.org/abs/2209.03179

DY 5> rmntn

+..0;

O arXiv:2306.12746

DY - =V is similar with D® - m~m™. CS decay. Sensitive to interference

between tree and penguin diagrams.

Three-body phase space can enrich local CPV effects.
The energy test compuies the T-value over all D°- D? pairs (n) and DO - DO pairs

(1) and between D°- DO . physkevp.84.054015

= m—n Z% o7 — 1) Z%

zg#z z]z

—d2. /262
1%‘ — € i/ '
di; = [(As12)f; + (As13); + (Aszs))]

The function v;; gives a welghted dlstance between pairs in phase space.
The tunable parameter ¢ is optimized to maximize sensitivity to CP violation.

><1()
6.0 T C
! r 1 — Permuted T—\'nlu(‘s 1
o r ! ]
— - (I;EIC:ll) ---- Data T-value
x 5.0 ) =
i) [
-t
<
=40 -
e
2 [ ]
2 L ]
£30F ]
20 .
al) ]
10F :
pobt il L qx10®
T 050 —0.25 0.00 0.25 0.50 0.75 1.00
T-value

The results are consistent with CP symmetry .

593 [GeV?2/c

> .°°

o 05 10 15 20 25 B0 s 00, . :
s13 [GeV?/cl] s13 [GeV?2/¢l
* Background-subtracted signal samples for the

resolved (left) and merged (right) °.
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https://arxiv.org/abs/2306.12746
https://inspirehep.net/literature/901365

H
D(-I_) —> K_K+K+ arXiv:2303.04062 %
S L T T T
SCS decay D - K"K*K*; DCSdecay D™ - K"K*K™, |
no CPV in SM.

Model-independent binned Dalitz-plot analysis.

Sgn [GEV?]

Dalitz plot divided in 21 bins that reproduce the pattern
of the main resonances (=~ constant strong phase).

Fit-per-bin method. Variation of the original Miranda
technique: test_)(2 to compare Dalitz distributions of
N'(Dg) and N*(Dy) (signal yields obtained by mass fitin ¢
each bin) =
a takes into account global &
nuisance asymmetries

N'(D}) — aN'(Dj;)) I > NY(D()

Sep = » A 1= Z (Ser)

N ) Z,‘ N[(D(_\)) ’ i
o <(>Nf(l)(+”) + ()X/f(l)m> )
D* = K K*K*

. e . . s
No evidence for CP violation is observed in these decays. L2 e e 18
Slow €

)



https://arxiv.org/abs/2303.04062

-
o

T-odd CPV in D5, four-body decays

e T-odd correlations provides a powerful tool to indirectly search
for CP violation under CPT symmetry conservation.

¢ All results consistent
with zero CP Violation.

. C observable defined by a triple mixed product C; = (pyXp-,) -
p3, satisfying CP(Cy)=-C(Cr)=- Cy

A I, (Cr>0)—-T,.(Cr<0) v [ (-C+>0)-T_(-C+<0) D{y = K*h* m*m® arXiv:2305.12806
T = T = Val ral P VLA B B S R LI WA
1"+(CT > O) + r+ ( Cr < O) I_ (— Cr> 0) +TI_ (— Cr< O) D' K 70 (CF) “ (-0.28+1.38%02)x10°
! [Belle]
D’SK*K ' (SCS) o (3.5:2.1)x10°
. . . . -_— ' [FOCuUs/ BaBarl LHCb/ Belle]
* T-odd CP-violating asymmetry is defined as aZIde — %(AT — AT) DK Se o A
D' KK'Kn* (CF) ; (334:2.68%
D° - KQK2m*m™ PRD 107, 052001 (2023) oK (e e
o T - . D*—>KgK'n'n (SCS) : (-2.747.1)x10°°
— _ aCP 1S proportlonal tO " ‘: : [FOCUS/ BaBar/ Belle]
N 2 . D'>K'K'n*n® (SCS) — (2.6:6.6:1.3):10°
3 2 SlDQbCOS(S, ¢ and 5 are DK (DCS) :1&::]42 +0.1)%
& g [ [Belle]
8 g the weak and strong DiK K 7' (CF) — (SHERA v
3 H phase differences. ZHEKM((:; e fgfg 33:2.4031));0
L%) 0 L L L L . :>)J 0 1 ) ; . . T . .. IS_) T”tnl I I I[jBe.llea.i; o |
182 184 1,'\2?(56\,/;2';38 19 182 184 1§?GeV/c1:é)E;8 o Tezl ° ACP (aCP) IS sensitive to 006 004 002 0 002 004 006
3 . 5=m(0). a9
’ D5y » KTKsh™h™ arXiv:2305.11405
- T-odd ( 1)+ +7e0 oy
Acp (DO N KOKgJZ+7I ) aEP(DO . KOK%”JF”_) agp dd(D+ — K+K§7T+7T )= (0.34 +0.87+0.32)%
_ 0.11 P (DY - KTKgnn™ ) = (—0.46 £ 0.63 £ 0.38)%
= [-2.51 £ 144 (stat) L5 o (syst)|%.  — [—1.95 & 1.42(stat) {5 (syst)]%. o °

aL (Dt - K+ K~ K%)= (—3.34 £ 2.66 £ 0.35)%,



https://arxiv.org/abs/2305.12806
https://arxiv.org/abs/2305.11405
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052001

CPVin A7 —» Ah™ and AL

* Baryogenesis, the process by which the
baryon-antibaryon asymmetry of the universe
developed, is directly related to baryon CPV.

* To date, CPV has been confirmed in the open-
flavored meson sector (K, D and B mesons),
but not in the baryon sector.

Sci.Bull. 68 (2023) 583

YOht (h = K, )

s C'
- other backgrounds

Events / (3.5 MeV/c?)

No - N w IS 3
TTTT[TTTT[TTTT[TTITT Illllll)(

Events / (3.5 MeV/c?)

22 225 23 285 24 245 25
M(A}) (GeV/c?)

5
4
3
2
1
2O

M(A,) (GeV/c2)

y Pt S ' o L
.15 2.2 2. 25 23 2. 35 2 4 245 25

Pull

Araw (AT — AKH) o AD KT

A + At
+ AP 4+ AN+ AKT 4+ AR

raw raw

AT (AT = AKT) — AT (AT — Ant)

=AY (A 5 AKT) — ASS (AT 5 An ).

@ Simultaneous fit on the A?+-weighted AT samples gives
AML(AT — AKT) = (+2.1£2.6+£0.1)%

Ad” T(AT — X°KY) = (+2.5+5.440.4)%,
flrst CPV result of charmed baryon SCS two-body decays.

N W W
a o O

Events / (3 MeV/c?)
o S

-
o
TH

M(A?) (GeV/c?)

245 2.15 2.2 525 23 2.35
M(@A,) (GeV/c2)
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https://inspirehep.net/literature/2138841

A%, in At - ARt 2Rt

* The decay asymmetry parameter a was introduced
by Lee and Yang to study the parity-violating and

parity-conserving amplitudes in weak hyperon
decays.

dN(AE —AR)

dcosd, & 14,0 cos Oz
dN(AE—XZ0ht)
dcos@czodcosé)A x1-— &t &— COS 650 cos O

* The a-induced CP asymmetry:

>
Lo

BELLE

Sci.Bull. 68 (2023) 583

» cos 6, distributions of AT — AhT after efficiency
correction, fitted with 1 + (X p+ X COS OA
x10°

x10°
1

AF = AK* AF = ATt

/10.2]

corr
sig

NC

» (cosfy,cosbyo) 2D distributions of AT — X0hT after
efficiency correction, fitted with 1 — (X )+ & COS 050 cos

AF — X0+ g fit result

2

q

N
o

N

o

3 2
) 05 )
T 3B L P KIS
. LY CP(XA?CP _“Ai—*_“AE ©S 8 0 0 S
CP — — — + — _ . ‘5\9 05 ‘5\9
&4+ CPa,  CP %At T A =Y 2L
AL AL
cosezo
Channel k=ayra_ k= Xy &5+ v Abp W.A. A%p our Atp(A — prt™)
A‘C" — AKT —0.4184+0.053 —0.44240.053 —0.566 +0.071 +0.028 0.592 4+ 0.070 4+0.079 —0.023 +0.086 + 0.071 - -
AF — At —0.58240.006 —0.565+0.006 —0.784 4 0.008 4-0.006 0.754 4 0.008 4-0.018

Aj’—)ZJOK"' —0.43 +£0.18 —-037 021 —-0.58 +0.24 +0.09 049 +0.28 +0.14
A'C"—)ZOT("' —0.340£0.016 —0.358+0.017 —0.45240.022+0.023 0.473 +£0.023 £0.035

+0.020 +0.007 £ 0.013 —0.07 £0.22

+0.08 £0.35 +0.14
—0.023 £0.034 £ 0.030

+0.017 +0.007 £ 0.012

- —0.026 £+ 0.034 4+ 0.030

 No evidence of CPV in baryon (A} and A) decays is found.

combined: +0.013 +£0.007 +0.011
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CP symmetry test with entangled baryons IBG.'SE!

Nature 606, 64 (2022)
« J/WDETEY > Am"An”

» Self analyzing hyperons: daughter particles are emitted according to polarization of mother hyperon.
* From decay amplitudes one can construct CP-odd decay parameters a=, f=, =

B. = \/1—a§-sin¢5; Yz = /1—a§cos¢5
A i

! 2 : 4 CPp— ., = (I)CP -~
< LN R Oy — Oy 2
», bt
Par o e @ _
- o Acp ~ — tan|(Op — &s)|tan(Ep — Cs)
. . A strong phase diff. weak phase diff.

Tl.'/

[1]

Longitudinal polarization of A governed by axz; ¢= gives rotation of P, with respect to Pz

¢= allows for new CP test: A¢== (¢= + P=)/2 27


https://doi.org/10.1038/s41586-022-04624-1

YA
—— - — T
J/W>= =T o5 AT ATT [.A_Sl]:!
* Nine-dimensional phase space given by nine helicity angles
& = (6,04, 04,0%,95,6,,0p, 05, ¢p).

* Eight free global parameters determined by maximum log likelihood
methOd: O = (a’\llaAq)aa37¢Eaaia6EvaAaaA)
* The formalism exploits polarization, entanglement and sequential

decays . . _
wEo) = YC)Y Coae (65 0ty AD)
u,v=0 0

V=

Parameter This work Previous result
Agp (6.04+13.4+5.6) x 1072 -
ADEp (—4.8413.7+£2.9)x 1073 rad -

Alp (=3.7+11.7+9.0) x 103 (—6+12+7)x 1073 [14]
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1BESII

Other CP symmetry test in hyperon decays

« J /Y>> AN Phys.Rev.Lett. 129 (2022) 131801
e 1x101% /3 events

Acp = (a_+ay)/(a_—ay) = —0.0025+0.0046+0.0012

] /¢92+§— arXiv:2304.14655
e 1x10%° J /4y events

* First study to test CP symmetry in the hyperon to neutron decay, and result is
consistent with CP-conservation.

* J/Y ((3686)) >E° E°
« 1x10%° J /1 events; 4x108 1 (3686) events
* Results are consistent with CP-conservation.

_arXiv:2305.09218 , arXiv:2302.09767

= —3 =

Agr (=54 £6.5£3.1) x 107 AZ . —0.007 + 0.082 £ 0.025
Agcp(rad)  (—0.14+6.940.9) x 10 A¢Zp —0.079 + 0.082 + 0.010
AL L (6.9+58+1.8) x 107°
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https://arxiv.org/abs/2304.14655
https://arxiv.org/abs/2305.09218
https://arxiv.org/abs/2302.09767
https://inspirehep.net/literature/2071715

summary

e CP violation is being tested in broad physics programs at different
experiments.

 We are in the era of seeking for new physics corrections to SM CPV.
* No evidence for new CPV physics so far.

* More results from Belle II/LHCb/BESIII (etc.) are anticipated.
* Belle Il: 428 fb! recorded. Goal: 50 ab™.
e LHCb: 9 fb! in Run1-2. More than 5 times luminosity during Runs 3—4.
 BESIII: collected 1.0 X109 J /1 events, rich program using entangled hyperon pairs.

* Large datasets will allow for unprecedented reach on precise CPV

measurements. 10 x 60
wuei] - Belle | %0

40
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b—s>s (B — ¢KO, 'KO)

TD CPV in BY - ¢K¢ PP g

B 24 %8 e
d _\ 3 KS/KL

* Penguin-dominated modes b — qgs. )

* Clean experimental signature with similar At
resolution as B® - J /YKG. [ ey =

BO9-K*K~K!
[cdt=362 b1 -5
o

---- (q background

* Main challenge: dilution from non-resonant decays
with opposite CP

Candidates / (3 MeV/c?)
Candidates / 0.07
—_ - n n w

* Non-resonant B® - K*K~K¢ component

disentangled in cosé. | e
* Simultaneous At fit to extract the CP asymmetries. N
« B~ » K*K K fixed from HFLAV. :;’ :
 Validated on the B~ control sample (null SOA
asymmetry). e YT
* 162 + 17 signal yields. >\/ \lt\
” At?ps] 5

Acp=031£0201005  A¥e =—001%0.14

Sep=0.54 20267006 SE=0.59+0.14



O O O O Belle IT
B® —» KIKOKS

Penguin process suppressed in the SM, sensitive to new physics. - KKy A
! SM in i j NP

Same underlyin quarkécransition as B? - qbKSO, no contribution from i M Apen?u;: I S ¥ _K0§
opposite-CP backgrounds. b WG a%s 1B b s a's |

°P i - i =
Challenge: no prompt tracks to from a vertex. Kg flies 10 cm on average. | < i

: SKoii d R S KO
Reconstruct B* — KOKOK* as control mode, remove vertex information T T oo
fromK™.
Simultaneous fit on control sample to constrain background shapes and At
resolution function.
3D fit (invariant mass, CS output and Mbc) to extract signal yields. i
Dataset divided into events with (TD) and without (Tl) information from the > °°
vertex detector. g
— £
éz?i?stig (TD) and 62 + 9 (Tl) B® - KJKJ K signal evens with 387M BB Z | setenmeimnan
. -0.5 -
Ldt=3621b"
Tl events used only to constrain the time-integrated asymmetry Acp. Lp Bk
+ ‘—8‘H—GHI—4Hl—2HIO‘H2H‘4 ‘6H‘8‘
B~0.1Tmm /7r Atles]
Ks ~ 10 cm
/\’Ks “\Q\” sin(283)%" =1.3619-32 (stat.) + 0.03 (syst.)
7 \W—  Decay lengths Acp = 0,07fg:12% (stat.) = 0.02 (syst.)

(not to scale)
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Test iso-spin symmetry in B = Km Moriond 2023

* From the iso-spin symmetry in the SM:

Phys.Lett.B 627 (2005) 82

Isospin sum-rule: relation among the products of Br and A¢p for B— Ko

T T
Ixn = Br(K*m)Ay+ - + ﬂKon+Br(K0n+)TL°— 2A+0Br(K*m®) —TB° — 2Ax0,0Br(K°n®); i =0
+ +

& # M. Gronau, Phys. Lett. B 627, 82(2005).

* Belle |l can measure all the observables.

0 +or— 0 + +..0
B° - K*m™ results B* — Kgm* results B* —» K'm" results
1750 F
Belle Il (Preliminary) weee B0aK*nm+CoC Belle Il (Preliminary) --= Bt KNt 400 | Belle 1l (Preliminary) -—- Btaknl+cc
S 1500 | 1 gt =362 fo! el N I S00F [ gt=362 - T S Jrat=362m" . Bt-rtrl4cc
) W Background v = 0] W 5B background
= 1230 z 400 W BB background = 300 m Continuum background
o o = Continuum background | © 9
S 1000 = 300l et
- -~ ~ 200}
. 750F . N
i 50 B 200 2
@ 500} @ m
o - 100} O 10
250 - m
_____________________ o - J _ LA L)
0 -005 000 005 010 015 020 0 -02 =01 0.0 0.1 02 0.3 -02 -0l 0.0 0.1 02 0.3
AE = Ej —\/s/2[GeV] AE = Ej —\/s/2 [GeV] AE = Ej —+\[s/2 [GeV]

Br=(20.7+0.4+0.6)x106 | | Br=(24.4+0.74+0.9)x10°¢ | | Br = (14.2 + 0.4 + 0.9)x10~¢
Acp =—0.07 +0.02 + 0.01 Acp =—0.05+ 0.03 + 0.01 Acp =+0.01+0.03 +0.01 34




CPVinBT > D(h"h ™t m~)h™

Asymmetry

First study of CP violationin BY » D(K*K~n*tn~)h*

and updated for BY » D(n*n ntn™)h™.

Global phase-space integrated measurement for
Bt s[K*K~n*n~]|ph* and BY »[nTn~ntn~], h*.

Binned measurement for [K*K~n*m™], . Sensitive to
the local CP asymmetries.

External information on charm-decay parameters,
taken from LHCb amplitude analysis. JHEP 02 (2019) 126

Precision will improve after charm model-independent

measurements.

0.2

arXiv:2301.10328
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Other topics

* CP violation in the lepton sector
* neutrino mass eigenstates mismatch weak eigenstates
* analogue to CKM matrix: PMNS matrix

In the 3-Flavor PMNS model:

C13 5136’_i6cp €1z S12 0][V1

Vﬂ = Cp3 0 —S12 C12 Of |V2

) . . —S —S12€ ‘5CP C 0 0O 11LVvVs

e CP violation in QCD 23 13 13 -

* QCD Lagrangian can contain CP violating relative phase 0
* measurement of neutron electric dipole moment
e Axion ALPs search



