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Sixty years of CP violation

,
P violation

1956, Wu et al.
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CP violation in K° mixing
1964, Cronin, Fitch et al.




Sixty years of CP violation

r
o | Time-dependent CP
P violation violation in B® decays
\1956’ Wu et al. k2001, BaBar & Belle
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Sixty years of CP violation

Time-dependent CP
violation in B? decays

{ )

R Time-dependent CP 2020, LHCb
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CKM mechanism: the current theory

O EWSB & diagonalisation of Yukawa mass matrix = quark mixing matrix
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Test of CKM unitarity

Test the CKM mechanism via over-constraining the four parameters

O Tree quantities U Loop quantities
from B - Dh > B° mixing phase 2/
» V,, fromB - p/nl™v » B mixing frequencies &

> ... » CPV in kaon mixing
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Great successes but ...
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Selected highlights for today

o Significant improvements of g, 8,y by LHCDb
o Belle Il early measurements of 8,7, «
o Intriguing results in direct CP violation (B — 3h,B - Kn, D — hh)

Apologize for the biased selection of topics due to limited time.
For a complete picture, see LHCb and Belle Il talks in parallel sessions
Charmless b-hadron decays at LHCb, Rongrong Song, 07/17
Measurements of the CKM angle gamma at LHCb, Fidan Suljik, 07/18
Mixing and CPV in charm decays at LHCb, Tom Hadavizadeh, 07/18
Recent Belle |l results on time-dependent CP violation and charm physics, Michele Verones, 07/18
Recent Belle Il results on hadronic B decays, Xiaodong Shi, 07/18



https://indico.cern.ch/event/1114856/contributions/5361962/
https://indico.cern.ch/event/1114856/contributions/5419586/
https://indico.cern.ch/event/1114856/contributions/5419579/
https://indico.cern.ch/event/1114856/contributions/5423681/
https://indico.cern.ch/event/1114856/contributions/5423682/

LHCDb experiment

2018 (6.5 TeV): 2.1 /b
. 2017 (6.5+2.51 TeV}: 1.71 /b + 0.10 /b
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.1 /b
2010 (3.5 TeV): 0.04 /b
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Integrated Recorded Luminosity (1/fb)

- Flavour physi xperimen LH
avour physics experiment at LHC 2010 2011 2012 2013 2014 2015 2016 2017 2018

- Unique strength to study all b and ¢
hadron species, particularly BY
. 91 @7, 8, 13 TeV Results shown today based on full Run1
and Run2 data samples

JINST 3 (2008) S08005



i Belle Il experiment

Belle IT

KL and muon detector:
Resistive Plate Counter (barrel)

“Seifitillator + WLSF + MPPC (end-caps) Belle Il Online luminosity Exp: 7-26 - All rui
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Date

SuperB factory at SuperKEKB

Unique strength to study final states with Results shown today mainly based
neutrinos and neutral particles on data taken before 2022

362 fb~! @ Y(4S) for study of B°, B*

arXiv:1011.0352 10



Time-dependent CP violation in beauty
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Neutral B mixing and CPV

Neutral B mesons: B® = (bd) B°=(bd) B?=(bs) B?=(bs)

B) — B) (q = d, s) oscillation
B, = pqu) + CI|§q>

Q[0 @—ir® :
~ o W? EW ~ Bu=plBg) —qlB,)

A

M
Q 4
A
N

4

_)—

o CPV in interference of Bg decay to CP eigenstate with and w/o mixing

I'B'> f,)#IT(B" > f,)

@ Amq=mH—mL,AFq=FL—

Iy
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Measuring time-dependent (TD) CPV

r(BY(t) - fcp) — T(BY(t) = fcp) —Cpcos(Amgt) + Sesin(Am,t)

Acp(t) =
I(Bg (t)—>fcp)+F(Bq(t)—>pr) coshAI; t—DfSlnh%
A Az 1-|2 231 291
=0, 954 ¢ e L S W U1
p Af p As 1+ 1+| 2| 1+2y]
S¢ # 0: mixing induced CPV nr. CP eigen-value, affecting sign of 5;

Cr # 0: direct CPV In decay

Requirements on experiments
> Identify the initial flavour B or B
» Reconstruct the proper decay time t
» Understand experimental dilutions on Sy and C¢

13



Experimental effects

Amg =17.7 ps!

o; = 50fs . .
w=0.2 Q Time resolution o,
€(t) =1/(1 + exp(—2t)) (Amay)?

S 5e 2z S= DimeS

Diime ~0.7 for Amg = 17.7 ps~1 with o, = 50 fs
~0.7 for Amg = 0.5 ps~! with o, = 1.5 ps

0 Wrong tag probability
S - S

O Decay-time dependent efficiency (1)
P(t) - e(t) P(t)

decay lime (ps)

Obtain info on o4, @ and €(t) from data using control channels
14



LHCb method for TD study

t=1L —

§ § p « Flavour tagging: info from other B
! SS Pion 1 - -
/.Eiﬁﬁs,?m | SignalDecay & fragmentation particles
i. ggﬁfgﬁ”é’m i JMZ——)" Etag(l — 2(1))2 ~ 5%
d’,/i”/’ K::: » Large boost from pp collision
'j\J' )
P p]T T i::iij;ge ”””””””””””””” ﬁy ~ 10’ L ~ 1 cm
@ N 0S Kaon e
- PR Ll — O K  Silicon vertex system
b— X1~
" O-t ~ 4‘5 fS
08 gzgf,;“afge\‘. 08 Elacton
Int. J. Mod. Phys. A30 (2015) 1530022
B® - D7m Nature Physi - 0 )=yt
s s ysics 18 (2022) 1-5 B; > DY utv EPJC 76 (2016) 412

LHCb

0.5F (a)

5 10 ¢ [ps]

Amg = 17.7656 + 0.0057 (comb) ps™* Amy = 0.5050 + 0.0021(stat) + 0.0010(syst) ps~?

15



Az = fycAt

—»i

CP eigen state

Belle Il method for TD study

Etag(l - 2(1))2 ~ 30%
Asymmetric e*e~ collision
fy = 0.28, Az ~ 200 um

Silicon vertex detector
o ~ 1.5 ps

arXiv: 1808.10567

Candidates / (0.5 ps)

Asymmetry

BY - DM gt

Belle IT

F [Ldr=190 fb~!

. .
8.0 60 40

4.0 6.0 8.0

PRD 107 (2023) L091102

Amg = 0.516 + 0.008 + 0.005 ps~?

Tgo = 1.499 + 0.013 + 0.005 ps

Belle: Amy = 0.509 + 0.004 + 0.005 ps~1

Flavour tagging: info from other B



B® mixing phase ¢, = 2B¢!!

B

Tree-dominated b — cés processse (e.g. B — J/YKS)

*

Jb/

e Nel

A :
_ _ -2
A=z = e
Sy = —1nssin2p
Cf =0

Acp(t) = —mysin2f sin(Amgyt)

Belle:

PRD 79 (2009) 072009

factory flagship!

LHCDb Run 1: sin2f = 0.760 + 0.034
PRL 115 (2015) 031601, JHEP 11 (2017) 170
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(Different sign convention than LHCDb)

sin2¢; = 0.667 + 0.023 + 0.012
PRL 108 (2012) 171802

BaBar: sin2f = 0.687 + 0.028 + 0.012

- LHCb |
3 LHCh E
5 10 15



PHES 2 LHCb Run2 update of sin2f LHCh-paper-2023-013

in preparation

O Three CP-odd b — ccs modes O New LHCD results
B° - J /(= u)Ks (~306k signals) Run2  sin2B = 0.716 + 0.013 + 0.008
B° = J /(- ee)KS (~24k signals) C = 0.012 + 0.012 + 0.003
B® - y(29)K? (~43k signals) Runl sin2B = 0.760 + 0.034

Runl+2 sin2f = 0.724 + 0.014

g 1.00L T T T T T I T ] :t)én 0_15 -| T T 1 | 1 17T I LI I 1 T I UL | UL l LI B | I_
%q; [ i ] = L @ B = Ji(— pp) KD .
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I _BY vield asvmmetry A0 4 s ]
4+ BB yield asymmetry L ® B o (s o) ]
O.L)UE* 0.05 E
0.25F
[ 0.00 ]
0.00{ ]
: —0.05 F .
—0.25 ]
ook . —0.10 .
"F LHCb preliminary ;
L —0.15F ]
0L By (s 1)K~ 1) 0.15 !
r ] contours o
-1.00 ————"~———— ——t _0_2'....|....|....|....|....|....|....'
’ ’ ! 0 s v 050 055 060 065 070 075 08 08 18
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5 Belle Il results of sin2p

Candidates / (0.5 ps)

Asymmetry

Belle T
B° - J/yK? B - ¢K? B® - K2n® B® - KKK
*% MBelle T (Prelimi 80— F
fz ;f =1(9(1)'e ﬂ;llllmary) boBe, . ?:2:. =||3(;>2ref|;)r?ilnary) : ;gag Ez= + 1; . ;8 o igag (C}'=+1)‘lv Belle Il (Preliminary) :j FBelle II (preliminary) LB
3 70 o 60 [ tag \d= — 1) =3 F _ e, o 4 * Ptag
o 200M BB b Bu 5 g 50F ¥ By (q—‘1):l,-' JLdt =362 ! E ah J-Ldt=189.3fb N e, B
100L E a0 3-40 '._' g 1wk
+ = 30 -
501 P ‘§ 2oF % 20 B 4f
o E © 10§ ) N 2
g‘ 0.5F OI\I TR - 0
§ 0.0 8 0-2 M .
g 0.5 | | | | | %45 E . . : , ) ) E
- -4 -2 0 2 4 6 6 4 2 0 2 4 6 -
At [ps] At [ps]
Type Mode sin2¢ e = 1S =—C Ref.
b - ccs B° —>]/1/)K59 0.720 £ 0.062 + 0.016 0.094 + 0.044 fg:g‘f% arXiv:2302.12898
B s BO - ¢K? 0.54 + 0.25%5:98 0.31 + 0.20 + 0.05 arXiv:2307.02802
b - sdd BY - K2m® 0.743:3% £ 0.04 0.04%313 £ 0.05 arXiv:2305.07555
b — sdd B » KOKIKQ 1.86739% + 0.09 —0.22%839 + 0.04 arxiv:2209.09547

Belle: sin2¢; = 0.667 + 0.023 + 0.012 (772M BB) 19



World average of sin2f
sin(2p) = sin(20,) EZX2

' ‘ PRELIMINARY <.\1:(,)()_2()_...,....I.,..,....,'...,..._
BaBar J/y K 0.657 + 0.036 + 0.012 g B bt ]
PRD 79 (2009?072009 —r— : U‘} - @ EC]:;C “2‘(2)%33 i
BaBar JAy K _ ) 0.694 + 0.061 + 4.031 e L & B}Tll &‘3012 ]
PRD 79 (20095 072009 ' : 0.15 N ® l:l(gb Rand N
BaBar w(2S) Kq . 0.897 +0.100 + 0,036 - @ LHE R““ 5 3
PRD 79 (2009) 072009 " * - HEESE o
Belle JAy K 0.670 £0.029 + 0.013 - —
PRL 108 (20?2) 171802 ——p : 0.10 L 4
Belle JAy K 0.642 +0.047 + 4.021 i i
PRL 108 (2012) 171802 " * " ; B §
Belle y(2S) K , ) 0.718 + 0.090 + 0.031 0.05 =
PRD 77 (2008) 091103(R) ) ! E ]
LHCb Run 1 Jiy Kg N 0.750 + 0.040 - B
JHEP 11 (2017) 170 i : 0.00 - b
LHCb Run 1 w(2S) K, , 0.840 £0,100 £ G.010 % i i
JHEP 11 (2017) 170 - ' ' - -
CHCD Run 2 Jy Kg . 0.720 £ 0.014 * 0.007 N ]
LHCb-PAPER-2023-013 " : —0.05 F =
LHCb Run 2 y(2S) Kg I 0.647 +0.053 + 4.018 [ ]
LHCb-PAPER-2023-013 .

: - contours hold 39%, 87% CL .
World Average 0.708 *+ Q.011 - | | | | | .
HFLAV *l-l R _0-18 Ll 1 1 | A T T ¥ L1 1 1 {ERY Y T | o1 1 1 | TN )

: ‘ : : ‘ : ; DD 0.60 0.65 0.70 0.75 0.80 0.85

0.4 0.5 0.6 0.7 0.8 0.9 1

S-l,ng
e With Run2 data, LHCDb overtakes B factories in the sin28 measurement

e New W.A. improved by 35% in precision: sin2f = 0.708 + 0.011 (W.A.)
e Consistent with SM prediction: sin2f = 0.731%)-072 (CKMFitter)



B? mixing phase ¢, = =28 Lhc flagship

O ¢q: precisely predicted in SM
SM ~ —2B8, = —0.0368%-09 rad (CKMFitter)

o Sensitive to NP in mixing

o Major players: LHCb, ATLAS, CMS

b LHCDb early Run2 —0.042 £+ 0.025
< @ll b - ccs)
LHCb early Run 2 —0.081 + 0.032
(BS = ] /y¢)
” ATLAS (B - J/¥¢) —0.087 £+ 0.041
A
CMS (B? - J/yo) —0.021 + 0.045
o Golden mode: B? - J/y¢
HFLAV —0.049 + 0.019

Acp(t) = —nssing, sin(Am,t)

LHCb, EPJC 79 (2019) 706
Angular analysis to separate CP even ATLAS, EPJC 81 (2021) 342

(nf — 1) and odd (nf — _1) states CMS, PLB 816 (2021) 136188

21



|L'I‘{mcb Update of ¢, with full Run2 LHCb-paper-2023-016

In preparation

No sign of CP violation New LHCb results
§ | icorwmzenr
5 o0 B Parameter Values
T i _
£} i; | 4] ¢, [rad] —0.039 =+ 0.022 + 0.006
2 T ! - | — - T Al 1.001 £ 0.011 4 0.005
a 1 : Iy —Tg[ps™!] —0.0056T 5012 +0.0014
i _' AT, [ps~!] 0.0845 + 0.0044 + 0.0024
] Amy [ps™! 17.743 4 0.033 4= 0.009
o o1 02 03 A2 0.2463 %+ 0.0023 =+ 0.0024
(t-0.3 ps) modulo (2/Am,)
| Ao 0.5179 4 0.0017 & 0.0032
+ 0.075
No sign of polarization dependence 01 — 0o [rad] 2.903 Zgo74 £ 0.048
) — dp [rad] 3.146 4 0.060 £ 0.052
#? [rad] —0.034 £ 0.023
b — @Y [rad] —0.002 £ 0.021
s — 62 [rad] —0.001 % 5'951
0> — o2 [rad] 0.022 1 4 Run2 J%® — _0.039 + 0.022 + 0.006 rad
A7 0.969 ~ 504
T 7A0] 09827000, Runi+2  ¢!/¥? = —0.044 + 0.020 rad
1 0 + 0. _
AU 1.107 = 9 076 Runl+2 ¢S = —0.038+0.018 rad
A /N7 1.121  o'o7g 22




World average of ¢ vs A

DO 8 fb~* ‘ June 3025 \
68% CL contours
(Alog £ =1.15)

0.13

CMS 116.1 fb~!

011
o SM no penguins
g CDF 9.6 fb™?
L 0.09
<]
8 LHCb 9 fb~!
0.07
ATLAS 99.7 fb~1!
00375 0.3 0.1 0.1 0.3
¢<lrad]

Tention in AT, remains

LHCb

ATy = 0.0845 + 0.0044 + 0.0024 ps~?!
ATLAS

ATy = 0.0657 + 0.0043 + 0.0037 ps~?!
CMS

ATy = 0.1032 + 0.0095 + 0.0048 ps~?!

W.A. of ¢, improved by 15%: ¢¢ = —0.039 + 0.016 rad (W.A.)

Consistent with SM:  ¢3M = —0.036819:99 rad (CKMFitter)

23



(8% CPVin penguin-dominated B? - ¢¢

e Tiny CPV expected in SM: ¢$55 = 0.00 + 0.02 rad
e Sensitive to NP in mixing and penguin diagrams
e New LHCDb results

Run2 S8 = —0.042 + 0.075 + 0.009 rad
Runl+2  ¢3% = —0.074 + 0.069 rad arXiv:2304.06198
' g 0.1:
Run1+Run2,9 fb! LHCb - E 0.08:
Run 2, 6 fb! = SM prediction o4 5 0.06 ;
0.04F
Run 1+ 2015 + 2016, 5 fb! —r 0.0k
Run 1,3 fb"! ] O;
-0.02
2011,1 6
-0.04
cooo by o o by oy by T B BT B
-3 -2 -1 0 1 0 0.1 0.2 0.3
@™ [rad] (t-,) modulo (27/ Am.) [ps]

No sign of CP violation & result consistent with SM



Projections for sin2f and ¢,

8sin(2B) [rad]

0.035 B T T T L I| T T T L T 1 T T T T T T L I; % B r T T —T—TT ‘I T T T I[ T T r =TT T r r T ‘_
i ] S i ] |
- BaBar . £ 0.05] LHCbRun 1 CMS 17-18 ]
[ LHCbRun1*® ] < I ‘~ 1
0.030¢ o un UT fitter based on SM ] ide; I \ I
i ] o | ! ATLAS 15-17 ]
| \ Belle | W 0.041 \ hd _|
0.025[ Ve . 1 \ ]
0.020} | . 0.0l "\ _'
i \ HFLAV 2018 World Average | R \ |
0.015| LHCb‘ 15-18 (preliminary) ] - LHCD! JIWKK 15-18 (preliminary) :
i 1 - < HFLAV 2021 World Average
. HFLAV 2023 World Average (preliminary) (35%) 0.02f—==---===--- R N
Ry e - i HFLA\( 2023 World Average (preliminary) (15%)
0.01 O __ \\ X __ ;_ .................................................................. i
i ERCo Run 4 Belle II (50 ab~")] 0.01F ™\ LHCb Run 4 -
0.005f T~ LHCbR * - T ]
: ‘\\\\.Cb un 6 : | LHGb\RUn 6 CMS RUI’] 6 _}
| ] B A4 1
! 1 L CKM fitter based on SM ATLAS Run6 .
0-000 B | | | IR | | | | 1 || 1 1 | [N | | | | [ |T 0-00 [ 1 L L Ll | 1 | | l Il L 1 Ll Ll L L L Ll \
100 10! 102 103 10% 100 10! 102 103 104
LHCb L b~ L fo™

Y M . .
sin2f: 0P already better than o> ds: 0P >> M with large room for improvement
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CKM angles y and «

(1,0)
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CKM angle y

O Access y from interferenceof b -u &b - ¢
transitions in B* - Dh* decays

i(6gt7)|2 \
G | TBel(és v) DO / e % D—K

[(B* — Dh*) |

v, g, g t0o be measured

o Each B factory: g, =

BaBar. y = (70 +18)°
BELLE: y = (73712

o Previous LHCb combination : o

LHCb: y = (65.4735

dp, 1p. external inputs

15°

PRD 87 (2015) 052 015
arXiv: 1301.2033

~ /O
y =4

JHEP 12 (2021) 141

Recent updated to include several new y

measurements

LHCb dominating!

*151)

/Doh \

* B decay modes

> Bt - Dh*, Bt - D*h*,B* - DK** Bt -

Dhtntm™
> B » DK*0 B0 - pTp#
> Bf - DJK*,Bf - DfK*ntn~

= DY decay modes

> 2-body: D° - K*n~, D° > h*h~
> 3-body: D® - K2h*h'~,D% - h*h'~n®
> 4-body: D° - K ntnnt, D? -
K K*n nt, D% > Kdn*n~n® D% -
r ntnrn?t

27



LHCD

New y results with B - Dh decays

o yinB* - D[KtafrtnT|ht  arxiv:2200.03602

« Decay rates measured in bins of K3 phase space
» Per bin strong-phase differences and coherences factor from CLEO and BESIII

(54 8f§ g +8 2:;)3—’ Uncertainty of external inputs dominates!
o yin Bf - D[hEh' T rl|ht JHEP 07 (2022) 099 ] Lic | Lic
} BY o [n K7 pK*
. . T + ate
« Evidence for CPV in B —» [nir}f(”’n(’]DKJ—r _— s

BY — [nTK=a|p K7 (1F)
B — DX low-mass part. reco

- (56'%4)"

o yinB* > DKTK ntn]h*

 Currently using D° amplitude model, expecting
measurement of D parameters from BESIII

— (11633L 0 EPJC 83 (2023) 547
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LHCh

Updated LHCb y combination

LHCb-CONF-2022-002

O New LHCb combination of many B and D decay modes

Bt 5 prg®=
B? — DK*°

B — DF g+

BY — DFK*(mm)
D — Ktn~

D — Ktn~

D — hth n°

D — atn—ntn—
D — Ktn—n°

D = K*nFptn
D — K{K*r*
D — KOK*n¥

1

1-CL

0.8

0.6

0.4

0.2

T
RN
L
- s

=
z
5

O

50

LHCD -

Preliminary -
October 2022 —

90
v [°]

LHCb: y = (63.8%33)°

o 10
= 100F
90
80 F-
70 1

LHCb E

Preliminary

60 -
502—

40t

N
W

> >

S5 L AN DS 9 N N AaN
N N A N A A N A A

10% improvement

Consistent with SM prediction: y = (65. 5+2-1)° (CKMFitter)
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v/¢p3; measurements at Belle |

7> 7>
= 3
BAELLE Belle I

Several efforts to improve y by adding Belle Il early data to Belle data

0.25

a Model-independent binned analysis of B - D|K¢h*h~|h* N [nrteres

Per bin D° strong-phase parameter from CLEO and BESIII using < o8-

¥ = ¢3 = (78.4 + 11.4(stat) + 0.5(syst) + 1.0 (ext))°® o
JHEP 02 (2022) 063 0.0% 50 100 150
¢, [°]

o CPV and BFs in B - DK with D° - K*K~ and D° - K9n° 02| feai—issamm b

« CP-odd accessible only to B-factories Talk by Xiaodong Shi 01 - +

« Evidence of opposite A.p for even and odd states § 00qm e

024 o P~
e # HFLAV 2021

# Belle+Belle Il

a CPVand BFsin B » Dhwith D% > KQKm  axiv:2306.02940 O R




0.1

Future prospect for y

+X

x

LHCb

+

Full combination
WA including Belle I

World Average

23 50

300

Integrated Luminosity [fb™]

Data source

O Status now

> LHCb Run 2: g, ~ 4°

> BESIII 3fb~! DD: error from strong phase ~ 1°

a ~2030

» LHCb upgrade I: ¢, < 1°

> BESIII 20 fb~! DD: error from strong phase < 0.5°

d ~2040

» LHCb upgrade II: o, < 0.4°
» Need future charm factory

Integrated Lumi

Y sensitivity

LHCb Runl (7, 8TeV) |3 fb? 2012 80
LHCb Run2 (13TeV) 6 fb! 2018 40
Belle 11 Run 50 ab! 2025 1-2°
LHCb upgrade I 50 fb! 2030 <l°
LHCb upgrade II 200 b 2040 <0.40°
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B Belle Il potential for a/¢-

Belle I

O Access a from TD-CPV in B? — nrm, pp decays  Tree:

Penguin: / oaef |
)

a = (85.2275)° (HFLAV) ’j ~

Acp(t) = Ccos(Amgyt) — Ssin(Amgyt) ‘ . ‘
S = sin2a + 2 rcos § sin(a + B) cos 2a AB'»x'n)=Te'+Pe", r=|P|/|T|

d Control hadronic parameter r and § using BFs and CPV of all isospin-related
B - it (B = pp) channels, which are all accessible at Belle Il

B(p*p~) = (2.67 + 0.28 + 0.28) X 1075, f, = 0.956 + 0.035 + 0.033 arxiv:2206.12362

B(p*p°) =(2.32+£0.22 £ 0.27) x 1075, f; = 0.943 £ 0.035 + 0.060 arXiv:2208.03554
Acp = —0.069 + 0.068 + 0.060

B(r*n~) = (5.83+0.22+0.17) x 107°, Talk by Xiaodong Shi
B (r*r®) = (5.10 £ 0.29 + 0.32) x 107°, Acp = —0.081 + 0.054 + 0.008

B(r°r®) = (1.38 £ 0.27 £ 0.22) X 107°, Acp = 0.14 + 0.46 + 0.07 PRD 107(2023)112009
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Some results Iin direct CP violation

‘—O(P f‘i ‘—O:F f

:F(P—>f)—F(I_J—>f)
r(P-f)+T(P - f)

cP x sin(8; — 6¢)sin(@; — ¢4)
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% CPV in charmless 3-body B decay

o Large local CPV observed in B* - hth n®
decays using Run 1 data PRD 90 (2014) 112004

o Analysis of Run 2 data reveals new findings

), [GeV/e] mHKK) [GeV?/e?]

e Observation of inclusive A.p in two modes

Acp(K*K*K™) = —0.037 £ 0.002 + 0.002 £ 0.003
Acp(m*n*n™) = +0.080 + 0.004 + 0.003 + 0.003

arXiv:2206.07622 / :
e Significant A-p iIn KK< mmr rescattering region,

. . 0 E
with a sign change across phase space ST e e w2

e Indication of y.,(1P) contribution, with a large A¢p 180f LHCY | B (@)
:Zg P 59 fb! + -B* E

e Observation of A-p iIn B — PV modes through
angular analysis arXiv:2202.02038

Candidates / 0.25 GeV?/c*
¥
S

_
=)
S

R R R RN LR R R R

A

Acp (B = p(770)°K*) = 0.150 + 0.019 0. ]
04"'6"'8‘"10"‘122(‘+'_)'14[G'\'/2/'41]6 34




B Kmisospin sum rule

Belle I

O SM predicts Iy, = 0 with 0(1)% theoretical uncertainty

B(K°n*) 1Ro
B(K+7T_) TB+

B(K+7TO) TRBO
B(K+7T_) TB+

B(K°nY)

~ 2Ak0m g

IK7r p— AK+1r— + -AK01r+ - 2AK+7r°

WA: I, = (=13 + 11)%, precision limited by Kdr°

O Belle Il able to access all final states for testing K isospin sum rule Talk by Xiaodong Shi
~3900 BO—-=K+1T- ~2100 B+—=K+m° ~1500 B+—Ksrtt ~500 BO— Km0
150 e elle 1 (Preliminary) - BOaK*m+c.c. | aoo| Belle Il (Preliminary)  -mm B*oK'mO+coc. 1000 | Belle 1 (Preliminary) —== KIn* signal 120 [ Belle I (Preliminary) ---- Signal
- 1500 | [} dt =360 fo! mm 8% ntn +c.c JLdt=362 fb! mm Bt -ntn®+c.c. [Ldt=362fb-! mmm RK* background 100 [Ldt=360fb~" B BB background
g 1250 WEm Background 300 | B BB background 800 mm BB background %, s Continuum background
S 1000 W Continuum background cool. B Continuum background E
= 750 200} Z
% 500 . aoor e
© 250 oot ROTRTEN ' 200 ©
-— 0 - 0
E F___ _—_‘__—_ ———7-—-—- - | = 5 F_r . i | W .r_' . - _l.—-____- { _;: [:l_ — _r_-_—. .- ...J__._l—_.__ o 4 D==- _: : F_\-__ -y —rg— .Ji'r- —"h-.— — +
T R /R X Ea 01 00 01 02z 03 -03 02 01 00 01 0z 03 oF 2 o7 00 o1 oz s
AE [GeV] AE [GeV] AE [GeV] AE [GeV]

B =(2067+037+0.62)x107° B =(1421+038+085)x107°® % =(24.40%0.71+0.86) x 107° % = (10.50 £ 0.62 = 0.67) x 107°
App=(=72%£19+0.7)% Acp=(13£27£05% Acp=(46+£29+0.7)% Acp=(-1x£12£5)%

Igr = (=3+13+5)% Consistent with SM and competitive with W.A.
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LHCD Direct CPV in charm

Evidence of direct CPV in D® - 7wt ArXiv-2209.03179

- CPV observed in Acp(K"K*) — A(r~m+) ~ PRL122(2019) 211803

« New measurement of A.p(K~K*) using Run2 data

» Subtracting mixing-related CPV: af = A¢p(f) —

D

az—K+ = (7.7 £5.7) x 10™*  1.4¢ from zero

a®. . =(232+61)x10"* 3.8¢ from zero

T 7T

Search for CPV in multi-body decays

<t>f

Y,

« D° > n~ntn®: energy test I

Lot o ! [:‘f)l-:lnlm;::;[;IJ'I"—;}{]nImLI
arXiv:2303.04062 ;""“? o aa e g
. + R i . %“4‘0:— ]
Disy = K~KTK™: per-bin fit | _
arXiv:2306.12746 % 20k ]
« D° = h~htu*u~: angular fit ]
PRL 128 (2022) 221801 0 e s o o 0m ()'ITSTA-}I]{].?- o
* No evidence for CPV D° » n tn®

& N
<k 0 - o= LHCb combination, 8.7 fb™!
S ’ - -::oo LHCb combination, 3.0 fb
0.004 :_ + Nodirect CPV
0.002 |
—0.002[ b
E e
—0.004 :_cont(}um hold 68%, 95% CL

PR T T S I T
-0.004 -0.002

P L M BRI |
12 14 16 18
S, [GEV?]

D} -» K"K*K*

1.8
S [GEV?]

D" - K"K*K*
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Summary

0 The LHCb experiment has achieved the most precise measurements of
the CKM angle g, . and y, which all agree with the SM predictions.

a Belle Il is ramping up and producing interesting results.

0 A deeper understanding of CP violation is a long term goal that requires
synergies of LHCb upgrades, Belle Il and future charm experiments.

i
o

[}

o

C Upgradel Upgrade ll
< > < >

ey
[- -]

T

n T _
_ 350 — =
Q Run5 Run6] > < o~ — | =
= e \ D 2
§'° 300 2 S 8 ———nt. L[ab-1 @ 50 o
_2 - s as =mws = (@] 8
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There will be no place for new physics to hide,

1=

If It has a non-SM flavour structure!

0-7 I I I I I I I

0.6

=3
N
==

0.5

0.4

' excluded area has CL > 0.95

0.3

[TT1 |IIII [TTT]TTTI /V"

0.2

0.1

0_0 1 1 1 I 1 1 1

g & Amg

Vil

| gllter

LHCb 300/fb

-0.4 -0.2

0.0 0.2 0.4 0.6

ol

0.8

= IIII|II II|IIII| IIII|IIII| HENEEEEE
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Spare slides
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Candidates / (3.5 MeV/c¢?)

LHCD

LHCb Run2 B? - J/y @ analysis

LHCDb-paper-2023-016
In preparation

o Maximum-likelihood fit to TD angular distributions of tagged B? and B? decays

’lg-los rr1rrrr1r 17 rr 1T rrrTr 17T T T T T T T T T T T T7 |E

s LHCDb preliminary 3

o 10* =

1065 ‘ T L — E| _*3 3

- LHCb preliminary ¢ Data ; 2 w0 .

10’k Run2, 6’ — Towlfit | & E

- — — Signal 3 10% - E

i - § CP-even 5

- 350K signals ---- Background RN ]
10* £ - wt CP-odd

TTTI

<= B’ J/y K'K3

S-waves

10° = / \ E 10° 2 4 6 8 10 12 14
E / \ ] Decay time [ps]
102:_ '_""\‘ // \\ _: N O T T T T T T T[T T T T[T T T T[T T T T[T T T T T TT T TTT]
i i N E S 0o LHCb preliminary 1
- ____—-"3’ 5 ~ T = C -
e v il P R S S S - | rg’isooj ]
5200 5300 5400 5500 'g N .,
m(J/y K'K™) [MeV/c?] G 001 "
45005 E
3000 -
1500 T o - -
O;V'I'T'-i.{lﬁl--l-r_l [ T A A A | 171_17-1-717_['1"'1-:

—-0.75 -050 -025 0.0 025 050 0.5

cost,

o I I
= 12000 .
~ - LHCD preliminary -
w — -
£ 10000 - =
5"k :
= = -
5 8000 -
@] B -
6000; E
4000; 3
2000 T T e R
0:|’|T|I|||\I||||I||||I||\|I|||\I||||I||\T‘E

-0.75 -0.50 —0.25 0.00 0.25 0.50 0.75
cos Bk
=T T ] LI AN B B L O B L ¥
< L _
- . .

g [ LHCb preliminary
9;7500— —
= WW
w — -
L 6000~ —
=} L |
’.'9 - ]
"g - -
cu4500: 7
Q = |
3000: ]
P N - s e
- \'-\ - \\ - —
ﬂ_ll AN N T T T TN O U T A O O O
=3 =2 -1 0 1 2 3
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|L=1:I“ LHCb ¢, combination LHCb-paper-2023-016

In preparation

[B°—>D+D- 3 fh-1 LHCDb
St 68% CL contours
< 011
8 SM no per
iy
g 0-09 |BO~J/yKK 9 b (»
Combined LHCb
B.a7-
prefiminary
0.05

0.5 0.3 0.1 0.1 0.3
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LHCD

LHCb Run2 B? = J/i¥¢ systematics

LHCDb-paper-2023-016

In preparation

Table 3: Summary of the systematic uncertainties (x0.01) for the main physics parameters.

2 2 qbs (SJ_ — 60 o — 6(} I's — Fd AFS Ams
Source Aol AL [rad] 2 [rad] |Erad] [ps™1] ps™!]  [ps™1]
Mass parametrization 0.04 0.03 0.03 0.02 0.15 0.12 0.02 0.04 0.03
Mass: shape statistical 0.04 0.04 0.05 0.09 0.62 0.33 0.02 0.01 0.11
Mass factorization 0.11 0.10 0.42 0.19 0.54 0.60 0.12 0.16 0.18
B contamination? 0.04 0.05 — 0.02 — 0.17 (0.07) (0.03) —
D-wave component 0.04 0.04 0.02 — 0.07 0.13 0.01 0.03 0.02
Ghost tracks 0.07 0.04 0.02 0.10 0.18 0.18 0.02 — 0.01
Multiple candidates 0.01 — 0.27 0.22 0.90 0.41 0.01 0.01 0.24
Particle identification 0.06 0.09 0.27  0.27 1.31 0.51 0.05 0.15 0.46
Csp factors — 0.01 0.01 0.03 0.73 0.41 — 0.01 0.04
DTR? calibration - — 0.03 0.02  0.11 0.07 — — 0.05
DTR model applicability - — 0.08 0.03 0.26 0.09 — — 0.09
Time bias correction 0.04 0.05 0.06 0.05 0.77 0.11 0.03 0.05 0.44
Angular efficiency 0.05 0.14 0.25 0.32 0.42 0.44 0.01 0.02 0.13
Angular resolution 0.01 0.01 0.02 0.01 0.02 0.08 — 0.01 0.02
Kinematic weighting 0.24 0.09 0.01 0.01 0.98 0.86 0.02 0.03 0.31
Momentum uncertainty 0.08 0.04 0.04 — 0.07 0.11 0.01 — 0.13
Longitudinal scale 0.07 0.04 0.04 — 0.10 0.09 0.02 — 0.31
Neglected correlations — — — — 4.20 4.96 — — —
Total systematic uncertainty 0.32 0.24 0.6 0.5 4.8 5.2 0.14 0.24 0.9
Statistical uncertainty 0.17 0.23 2.2 1.1 7.5 6.0 0.14 0.44 3.3
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LHch L HCb Run?2 B? — J/Y Kg L HCb-paper-2023-016

In preparation

Combinatorial bkg.
Partial bkg.

gl-xl(]'_’ LN L B B B B R B S R L R BN R

S\ — Full fit

3 LHCb 1

= —— B" = Ji(— up) K ]

S A B" — ¢(29)(— u,u.)L’Kg . Source o (S) g (C)
2 | preliminary [} B Jpp(— ce) kY| . : :

£ By (= (OKS Fitter validation 0.0004 0.0006

Decay-time bias model  0.0007 0.0013
FT A€y portability 0.0014 0.0017
F'T calibration portability 0.0053 0.0001
AT, uncertainty 0.0055 0.0017

e NN L
5300 5350 5400 5450 5500
m(yKY) [MeV/c?]

!
|

Ik 1
5250

1, SE——
K150 5200
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BCSII D° parameters from BESIII

Used for D parameters To be used
10
DY > K.S(‘)Lﬂ+77:_ Strong phase PRD 101 (2020) 112002
) 9 P Lum. in each year 8.2
D® - KOKtK~ Strong phase PRD 102 (2020) 052008 &
T 7
D° > Ktm~ Strong phase EPJC 82 (2022) 1009 T s 5.83
£ 5.2
D° - K~ntm*tm~ Strong phase arXiv:2103.05988 =
e 4
D 5 K*K—ntn— CP-even arXiv:2212.06489 g,
fraction =2
DY - Kbﬁ’yﬁn‘no CP-even arXiv:2305.03975 1 I I I
fraction o| I i B
) 2010 201]'2012 2013 2014 2015 2016 2017 2018 2019 2020 2021| 2022 2023
DY > vt~ ntn~ CP-even arXiv:2208.10098 Year
fraction

> Current BESIII measurements of D° strong-phase parameters used 3 fb~! of
Y (3770) - DD data

> BESIII will accumulate 20 fb~* of (3770) —» DD data this year
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LHCb upgrade Il sensitivity

x sin ¢ from multibody decays

(K3m) 4.0 x 107°

(Korm) 1.2 x 1071

(K3m) 8.0 x 107¢

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
Ry (1 < ¢® < 6GeVict) 0.1 [274] 0.025 0.036 0.007 -
R+ (1 < g% < 6GeVict) 0.1 [275] 0.031 0.032 0.008 -
Ry, Rykc, R — 0.08, 0.06, 0.18 ~ 0.02,0.02, 0.05 -
CKM tests
v, with B — Df K~ +10)° [136] 4° - 1° -
7, all modes +20)° [167] 1.5° 1.5° 0.35° -
sin 23, with B — J/¥K? 0.04 [609] 0.011 0.005 0.003 -
b5, with BY — J/1o 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610]
¢s, with BY — DI D 170 mrad [49] 35 mrad — 9 mrad —
535 with BY — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [611]
ad) 33 x 107 [211] 10 x 1074 - 3x 1074 -
Vil /| Vi | 6% [201] 3% 1% 1% -
BY, B®—~putp~
B(BY — ptp=)/B(BY — ptu) 90% [264] 34% - 10% 21% [612]
TBO s+ p— 22% [264] 8% - 2% -
S - - - 0.2 -
b — ¢~y LUV studies
R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J /) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — 7o) 8.5 x 10~ [613] 1.7 x 1074 5.4 x 1074 3.0x107° -
Ar (=~ zsin¢) 2.8 x 1071 [240] 4.3 x 1075 3.5 x 1074 1.0 x 107 -
xsin¢g from DY — K+n~ 13 x 1074 [228] 3.2 x 1074 4.6 x 1074 8.0 x 107° -
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