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Time-dependent CP violation

e (P violation in Standard Model (SM) is

manifested due to a complex phase in the Ve N ./ (e

CKM matrix. B B " -
e Unitarity of the CKM matrix leads to triangles Wil g R 3

in the complex (p, n) plane. Twb s =
e Unitarity Triangles are closed in the SM. Any i W E

deviation would be a hint for New Physics. o BB, ¥ Wl
e Precise measurements by Belle, Belle I, LHCb P

and others lead to improved precision in the ” V*I

measurement of the angles. P = dip (— o C*b) = arg(Viq)

ViaVip

B=0¢1=(222+0.7)° (HFLAV 2021)



Time-dependent CP violation

CP violation in meson oscillation: B0

D(P’op%) — f)(t) # T(P°P0) — f)(t)

T

interkrence

I —I'5
AC’P(t) — PO(t)—f PO(t)— f

Lrowy—s +Tro)-s B
=Scp Sin(Amt) - C, cos(Am t) Time-dependent CPV
Mixing-induced CP Direct CP asymmetry
asymmetry

In Standard Model, C= 0, S = sin2¢,



Belle and Belle |l

e Asymmetric e*-e” colliders- B

Luminosity Frontier experiment

KL and muon detector

factories, also charm and ¢ (E‘dup" was;bm%cill) aysre)
factories . M

EM Calorimeter

. Be"e and Be”e II: e+ (3.5 GeV)CsI(TI), waveform sampling electois
e (8 GeV) ->e" (4 GeV) e (7
GeV) electrons (7 GeV)
e Improved vertex resolution  Yertexpetector 4
4 layers Sj double sided strip DSSD
allows lower boost s
o 428fb" (362 fb" at Y(4S))
Central D_rlft Chamber
CO”eCted at Be"e ” SO far; Smaller cell size, long lever arm
Goal: 50 ab™

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

positrons (4 GeV)

Belle Il TDR, arXiv:1011.0352
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LHCb

e Huge b cross-section

. LHCb Detector .

e Excellent vertex resolution % Electromagneic
and particle identification

e Events with high

Vertex

multiplicity, Locator

reconstruction of neutrals is

challenging
e 9 fb'accumulated during —

Run 1-2 (2010-2018) Staton Dole y fladronic _ Staions
e Run 3 started in 2022 with ——

an upgraded LHCb

-1
deteCtOr, goal 50 fb The LHCb Collaboration et al 2008 JINST 3 S08005 6
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e Random combination of
tracks from qq leads to
high background

e Event-shape MVA used to

suppress this
combinatorial background
e Signalyield =829 +/- 15
events
Background At shape
controlled from sideband

Entries per 0.003 GeV
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0 —_ rl’ K Belle I
S

Belle II Prel|m|nary fﬁdt= 362 fb~!

400

S..and C_, extracted from fit in signal f P R b oy
2 300 + B'tag
region with background parameters fixed 3 |
from first step Ezoo-
Fit validated with B*—n'K* .gm
Cc.p = 0.19 4+ 0.08 + 0.03 - oo
Sep = 0.67 + 0.10 + 0.04 |
2 0‘50

HFLAV: Ccp = —0.05£0.04 ~ = = = = o & « ¢ =
Scp = 0.63 £ 0.06 :




B - KKK
S § S

e Unique at Belle Il

e Major challenge: no prompt

tracks—vertex reconstruction from Ks

trajectories

e No contributions from opposite-CP

backgrounds

Ccp = —0.07 £ 0.20 £+ 0.05
Sep = —1.377 52 £0.03

60 |

50

40

30

20

Events per 3.0 ps
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Belle I
- Belle Il preliminary
B L :
- f Ldt=3621b" X q=+1,B_
- BongKgKg TD ::' ‘ “q=-1, Btag
Y ! O I O T e o
8 6 4 2 0 2 4 6 8

HFLAV: Ccp = —0.15 + 0.12 Scp = —0.83 + 0.17
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BO - ¢KS Belle I

70; [ B?ag (g=+1)| Belle Il (Preliminary)
e Results competitive with best measurements o FY Bog (q=-1)t~'-..

() [ 3
r 3

o

B

Ldt = 362 fb’

e Two prompt tracks from ®—K'K™ : Clean §30
signature S

e Major challenge: non-resonant backgrounds

£ 3
with opposite-CP é_o.g W

Cep = —0.31 4 0.20 + 0.05
Sep = 0.54+0.2643:08 HFLAV: Cop = 0.01 £ 0.14 Scp = 0743315
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First Belle Il measurement of CP
asymmetries in the decay, Results

competitive with previous measurements

Fitting to the proper decay-time distribution of

a sample of 415 signal events

Ccp = —0.04 + 0.15 + 0.05
Sep = 075002 40,04

80— L
| Belle Il (Preliminary) ¢ B2, (q= +1) |
i t=362fb"1 B 1
| [car=36210 ¢ Blyla= -1 ]

60

40 |

Candidates per 2 ps

20 |

I LEN N4

1o

Asymmetry
<|3 o o
(6)] o (&)

At [ps]

11



0 K 0

B - . my
Consider exclusive decay to
K*%(— K ")y and inclusive
decay to K 7’y separately

Polarization of photon strongly
constrains flavor

SM: S, helicity suppressed NP
processes could contribute to a
significant mixing-induced CPV

HFLAV:

K*%: Cep=—0.04+0.14 Scp = —0.16 + 0.22
= —0.07 + 0.12 Scp = —0.15 + 0.20

KsTCO)/: Ccp
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Belle I

Ccp = 0.10 iOZO7-1030w3_L 0.03 ||c.p = —0.06 + 0.25 + 0.07
Scp = 0.001556 004 Scp = 0.04302> +0.10
35
Belle Il (preliminary) o Lo B0i o
30 F 5 o By - Belle Il (preliminary)
w | JLdt=3621fb + w 40 [ JLdt=362fb~?
S5¢) g |
N 20} = 30)
91st o |
> o I
"'" 5E + + it 10 +
ofFft R L opdt L e,
-0-l_'+' 4’_:0 g ++ H4- o g
TS I §
Lz LT S
|||_1< ....1.‘..1.‘..1....-_1<
-10 -5 0 5 10 -10 -5 0 5 10
At [ps] At [ps] 12
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B’ - J/wK .-

arXiv:2302.12898 (190 fb™")

500

Belle Il (Preliminary)

e SM measurement with large BF and
[rdt=362fb!

experimentally clean signature
e \alidate Flavor Tagger (FT) performance

b By (q=+1)
b Bhg (@=—1)

w B
o o
o o
T
=

N
o
o
T
o~
2=

e New flavor tagger (GFlaT) based on graph
neural network (GNN), which uses
inter-relational information between particles,
developed in Belle Il

Candidates / (0.5 ps)

O
T

o
P
- | 27
/

- os

—— [o1
[/
o

——
L ——

e ~8% reduction in statistical uncertainty due to a
GFlaT

Asymmetry

_.1_
-10.0 -7.5 =50 -2.5 0.0 2.5 5.0 7.5 10.0

Ccp = —0.035 4+ 0.026 + 0.012 At Tps]
Sep = 0.724 +0.035+0.014  "AY: Cor = 0.000:£0.020 S¢p = 0.695 £ 0.019
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B - J/p K, QB%

Belle Il simulation

e Conventional FT: 7000
(., =31.68£0.4520.41% oo -
e GFlaT: ¢, =37.40+0.43+0.34% & smal — B
o |
Q 4000 B
e ~18% more effective data due to £ 3000}
increase in tagging efficiency S ouo
C I
compared to conventional flavor R )
tagger! 1000 _ —._______,___-.n_.‘.-n-"""_'
°>70 . —os 0o 05 1o
QrGriat
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2309.09728 [hep-ex]

(Submitted to PRL)

0
B” - J/yK
LHCB-!DAPER-ZOZB-OB

e New LHCb Run 2 (6 fb") results gl

RS
using B, — J/w K (both muons and 2 LHChH o
electrons) and B, - w'K Tagged e - ggjf(/:%j(;)é“m
time dependent analysis to g m—EoYo O
. . = 0 .. . BN Partial BG
determine sin2f3 = |preliminary |
& |

e Using Run 1 (3 fb") + Run 2 data:

103
Syxo = 0.717 £ 0.013 (stat) % 0.008 (syst)
C,ng = 0.008 £ 0.012 (stat) + 0.003 (syst)

PR
A 0w
[ Y
0 4 Al
fi
i}
I
st
i |
£ 4
i
fuf 1)
fot i X
7 A =
i H 3 A\
/i i \ \
/ ! \ A
i H 1 \
/ { {
4 i i i,
i ! \t
4 S T T T TS A ¥

A O ey W O
5250 5300 5350 5400 5450 5500

m(VvKQ) [MeV/c7

et ln
10..9150 5200

(Simultaneous fit of 3 decay modes, B® - J/y (I'l) K and BY - w(2S) (W) K, where l=e or

15
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https://arxiv.org/abs/2309.09728

B’ - J/wK

e Small CP violation asymmetry 48
observed '

e Consistent with SM predictions

e Using Run 1 (3 fb™") + Run 2 data,
using combination of measurements:

+ BY-BO yield asymmetry
Total fit

AP (t)

05F

0.0f

' LHCb

—0.5
SRun 162 _ () 794 4 0,014 (stat+syst) 1o N—— -
".ng - ’ y _1.0-....1....IS....I....l....l....l-
Riia 182 00 25 50 75 100 125 15.0
Cng =0.004 4 0.012 (stat+syst) ¢ (oo
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B’ - J/wK

sin(2B) = sin(2¢,) FE*2

EmO.QO....|....,....,....,....,.... PRELIMINARY
[ ] BaBar J/iy K 0.657 +0.036 + 0.012
D\:» 8 legeailg%}%gz ] PRD 79 (2009) 072009 SEES :
0.15F @ Belle 2012 B BaBar J/y K, 0.694 +0.061 + .031
' @ LHCbRun 1 - PRD 79 (2009) 072009 ;
[ @ LHCb Run2 ] BaBar (2S) Kg 0.897 +0.100 + 0,036
0.10 E 8 PRD 79 (2009) 072009 o 1
i - Belle Jiy K X 0.670 + 0.029 + 0.013
[ i PRL 108 (20?2) 171802 r—%
- E Belle JAy K 0.642 +0.047 + 4.021
0.05 = PRL 108 (2012) 171802 *—* :
[ ] Belle y(2S) Kq 0.718 £ 0.090 + 0.031
[ ] PRD 77 (2008) 091103(R) :
0.00 | 7] LHCb Run 1 J/y Kg N 0.750 + 0.040
[ ] JHEP 11 (2017) 170 2 :
[ ] LHCb Run 1 y(2S) K . 0.840+0,100 + G.010
—0.05F . JHEP 11 (2017) 170 o :
[ ] LHCb Run 2 J/y Kg i 0.720 +0.014 + 0.007
- contours hold 39%, 87% CL g LHCb-PAPER-2023-013
1 IR T S T S S N T S Y T S LHCb Run 2 y(2S) K . N 0.647 +0.053 + 4.018
0.18 s )
.55 0.60 0.65 0.70 0.75 0.80 0.85 LHCb-PAPER-2023-013 ) :
i World Average 0.708 + 0.011
why HFLAV ™ :
0.4 0.5 0.6 0.7 0.8 0.9 1

LHCb Run 2 result most precise to date
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BS

-y

Golden mode used by all LHC
experiments, excluding ALICE

Since B_ — J/w ¢ is not a CP eigenstate
time-dependent angular analysis needed
to determine ¢,

S— 1
<MO|H|MO> = M2 — §F12
70 * 7’ *
<M0|H|MO) — M12_ §F12

H is the 2 x 2 effective Hamiltonian
governing neutral meson mixing.

L
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g

CMS 19.7 + 96.4 fb" (8 + 13 TeV)
" 02 a | 8 + 13 TeV data 68% CL | E
T 8 TeV data 68% CL 7
L [ v 13 TeV data 68% CL ]
<10.16 ¢ Standard Model .
0.14F —
0.12} -
0.1} =
0.08F .
0.06 z
0-04 C 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 i

-400 -200 0 200 400
¢S (mrad)

¢, = —21 44 (stat) == 10 (syst) mrad,

AT, = 0.1032 + 0.0095 (stat) == 0.0048 (syst) ps ™!

= y T ¥ y g T T ; v T ’
3 [ ATLAS ---Run1,7 and 8 TeV, 19.2 o™
(» 012 {s=7,8,13TeV 13 TeV, 80.5 fb” ]
< " 68% CL contours —— Combined 19.2 + 80.5 fb
L s —— SM prediction
0.1 |
0.08} | .
0.06 . |
I | L ! L 1 s L s |
0.2 0 0.2
o [rad]

s = —0.087 =+ 0.036 (stat.) + 0.021 (syst.) rad
AT, = 0.0657 + 0.0043 (stat.) + 0.0037 (syst.) ps~.
T, = 0.6703 - 0.0014 (stat.) & 0.0018 (syst.) ps~"
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2308.01468 [hep-ex]

BS — J/lp ¢) (Submitted to PRL)

Full Run 2 dataset used LHCB-PAPER-2023-016
< 108 ———— = A = s 10°E T — T 3
> FLHCbRum2, 68" ¥ baw : S P LHCb Run 2, 6 b
S — Total fit ] S bl 4 Data N
o, == Signal : e A — Total fit =
"y ---- Background ] g B \ ----- .
3 - B’ J/y K*K 3 s 10°¢ E
£ e 3 g F E
3 10° / \ E 2 10°E =
S / \ ] S E :
2 .'“‘\ / \ 7] : :
10 L . b = |
5 N = 10E
o N . B
ety S DY e DO R e e OO v es] B
5200 5300 5400 5500 = ' —
m(Jhy K*K~) [MeV/c?] 5 10

Decay time [ps]
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https://arxiv.org/abs/2308.01468

Current world average: B. — J/y@ ¢

%» L e
g LHCb Run 2, 6 fb’!
> 0.05—
F i b
% 0 " ———
2 |
—0.05-— ]
0 IO.lI — IO.ZI — '0.3'
(t ps) modulo (27/Amy)
Parameter Values
o5 [rad] —0.039 4 0.022 4 0.006

Preliminary HFLAV 2023

DO g M-t RS
68% CL contours
(Alog € = 1.15)

CMS 116.1 fb~!
SM no penguins

0.5 0.3 0.1 0.1 03
$L¥*[rad)

Consistent with SM predictions
Tensions in experimental data
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PRL 131, 171802 (2023)

B OO
arXiv: 2304.06198

e CP violation in BS mixing in loop )

diagrams

CP violation in SM predicted to be
small, ¢, = —36.96 "} mrad

[Phys. Rev. D, 84 (2011), Article 033005]
Tagged time dependent angular

analysis to determine ¢_

Using Run 1 + 2 data (6 fb"), LHCb

measured:

¢35 = —0.074 £+ 0.069 rad

—
Q
%

Candidates / 1125 (MeV/c?)
S

-

§

Candidates / (0.10 ;wrad)__

(%)
8

(=)

—
=) ™
T T T,

T E|
(2) LHCb ]
6fb! |

1
5200

i
5300

e %
5400 5500 5600
m(K*K'K*K’) [MeV/c?]

(¢) LHCb 1
6fb! o

Most precise measurement of TDCPVinB - ®®

T ]
(b) LHCb ]
6fb7

107

4 6 8 10
Decay time [ps]

22




Summary and Outlook

» CP violation is being tested at several experiments, such as Belle
[I/LHCb/BESIII. Exciting results to follow in future.

 Current focus is search for new physics corrections to SM CP violation.
* No evidence for new CPV physics so far.

 Large datasets will allow precision measurements.
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Time-Dependent CP violation

Identify flavour of one B:  ¢.g. Bo—Xe+v: “fast leptons” (£+ for BY),
“Flavour tagging” b—c—s: “kaons” (K- for BY), ...

BB oscillation Requires excellent
/ particle identiﬁcaﬁon
Coherent

BB state Q .v@ o

\

e.g. CP eigenstate B—J/{ Ko

s a2 /
Requires excellent Q

vertex reconstruction -
\ o ) ' CcP

(- N
Requires asymmetric
beam energies

(1)1111\

25



Unitarity Triangle - Timeline

15

Uy

LI e I
excluded area has CL > 0.95 |

Amy
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Preliminary HLAV 2023 update

Do8 M-}

68% CL contours
(Alog € = 1.15)
CMS 116.1 b~

Lomd

-

1

w
Qo

-t O 4 ——
CDF 9.6 %“
<

03 s
0.16
Theory assuming
0.14 124 w1519 20004
0.12 CMS 116.1 fb 2
Theo
0.10 _
w | ‘_--
0.08 = ‘ .
~ LHCb 9 fb™?
0.06 ( !
o
0.08 S
CDF 9.6 h™" =g
0.%2 .
.640 0.650 0.660 0.670 0.680

r*X[ps=1)

Do 8-}
68% CL contours
(Alog € = 1.15)

CMS 116.1 fb~*

9.6M"!
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