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Outline

® y angle measurement [LHCb-CONF-2022-003]

® CPV measurements 1n beauty sector

* BY - ¢p¢p [arXiv:2304.06198]
* BY - wK? LHCB-PAPER-2023-013 (in preparation)
* ¢ in BY — J/w¢p LHCB-PAPER-2023-016 (in preparation)

° ¢, measurement in CMS [phys. Lett. B 816 2021) 136188) and ATLAS [Eur. phys. 1. ¢ 81 2021) 342 ]

® CPV measurements 1in charm sector
* Time-integrated Ap in D — K*K~ [arXiv:2209.03179]
« Local CPV search in D(J;) — K~KTK™ [arXiv:2303.04062]
* Local CPV in D' — z=z*z" [LHCB-PAPER-2023-005] (in preparation)
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https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf?version=1
https://arxiv.org/abs/2304.06198
https://arxiv.org/abs/2007.02434
https://arxiv.org/abs/2001.07115
https://arxiv.org/abs/2209.03179
https://arxiv.org/abs/2303.04062

CP Violation

* CP violation (CPV) might occur 1n various ways:

() fl# |@ F
1. Direct CPV \ g /

[Af® # | A

* time-1ntegrated charm analysis will be shown.
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CP Violation

* CP violation (CPV) might occur 1n various ways:

2. CPV 1n mixing
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CP Violation

* CP violation (CPV) might occur in various ways:

3. CPV 1n interterence :

0 - po0
B B,

* time-dependent beauty analyses will be shown.
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(Updated) ¥ angle combination  LHcb-CONF-2022-003

lllllllllll

* Five new analyses added to the previous ox = (0. 389418-(5)29) % o
LHCb combination | /)
e B* = D[K*rFrtn¥] arXiv:2209.03692 oy = (0.6367 5/5) % 0N
e B* — D[h*th™h"] arxiv:2112.10617 e |g/p| = 0.995+0015 T
e D0 — hth~ arXiv:2202.09106 —0.016
e D" > KTK~ arXiv:2209.03179 oh = arg(glp) = 2.5+ 1.2)

e D' - K7t~ arXiv:2208.06512
Previous combination (2021)
y = (65.410) D

new result
y = (63833

(0,0) (1,0)
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https://arxiv.org/abs/2209.03692
https://arxiv.org/abs/2112.10617
https://arxiv.org/abs/2202.09106
https://arxiv.org/abs/2209.03179
https://arxiv.org/abs/2208.06512
https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf?version=1

CP Asymmetry in D’ — K~ K* Decays with 5.7 fb-1

e Time-integrated CP asymmetry 1s measured

using prompt D't — DY — K*K™)z* decays.

* The combination of previous LHCb
measurements of Aep (K~K™) and A -p to

derive direct asymmetries

e Experimental asymmetries are canceled using
prompt D™ and D;" decays.

> g tdg
P P

<t>
A ep(f) ® Cl - . AY;

TD
Direct asym mixing asym

arXiv:2209.03179
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https://arxiv.org/abs/2209.03179

CP Asymmetry in D’ - K K

™ Decays with 5.7 fb-1

A p(K~KT) =16.8 5.4 (stat) = 1.6 (syst)] X 10~4

[S
s R
S

at_..=(77 £ 57)x10™*
.=(232 £+ 6.1 )x10™

e Evidence of CP asymmetry in D° — 77z ™
at the level of 3.80

arXiv:2209.03179

AAp=Ap(DY - K"KT) — Ap(DY — 7tn7)
=(—=154+29)x 10~

- A A B — — T T T ]
0006 = LHCb combination, 8. 7 fb! LHCh _

- iz LHCb combination, 3.0 fb™! -

O 004 - + No direct CPV LT sf ]
0.002 |- =
-0.002| Lo =
—0.004 _contours hold 68% 95% CL -
| .

M N | l | N A |
—0 004 —O 002 0 0.002 0.004
Ay
* with correlation coefficient of 0.88

** assuming mixing asymmetry 1s final-state independent.
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https://arxiv.org/abs/2209.03179

CPV in D' — 777" 7z" Decays with 6 fb-1

|[LHCB-PAPER-2023-005] (in preparation)

 Dominated by the D — p*z¥ amplitudes, similar
to the “CP-violating” D' — 7z~ 2+ decays.
* A model independent method of energy test 1s used

o Test statistics (T) to quantify local ditferences of DY
and DV candidates

e provide p-value by comparing the consistency
with CP symmetry.

Events / ( 0.0775 MeV/c? )

20 LHCb -

N 6 fb! ]

* Data ’

80 | — Model -
we Signal

Background -+

0 » R Ll | 2 R " " n n
140 145 150 155
Am [MeV/e?)

0.0 .
0.0 05 10 15 20 25 30 3.5
s13 [GeV?/c']

103

10°

10

07/08/23 OZLEM OZCELIK



CPV in D' — 777" 7z" Decays with 6 fb-1

[LHCB-PAPER-2023-005] (in preparation)

x 10°
—~06.0 T I L B B
. . s LHCh i Permuted T-values -
* Method applied to the 2.7M signal S sob 6fb | -~ Data T-value
. o | ;
candidates S | : ;
— 4.0 ~ i -
e ~4 times of the previous analysis Z 5
= 3.0 | -
* Measured p-value : 62 % g ; :
&= I | i
. = i . -
-> no local evidence of CPV 220t i :
1.0 |- 2
Y T S U B 1 3107

—0.50 —0.25 ()()() 0.25 0.50 0.75 1.00
T-value

*CP symmetry hypothesis from flavour-randomised permutations
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CPV in D(Jg) — K~ K"K~ Decays with 5.6 fb-1

e (Double) Cabibbo-suppressed (D )D™ — K~KTK™ decays.
O (CPV i1s forbidden in SM -> observation indicates New Physics!) or O(10-3)

* A novel approach is signal candidates are extracted to search for local CP asymmetries
in squared mass bins.

Local CP observable & p 1s extracted from signal candidates and their statistical

uncertainties.

-
=

Candidates / (0.5 MeV)
-
-

0

xl103l 1

- — Total fit
L D, signal

-

10.97 M

ol A | l ’

L l 1 L

- — Background |

+—

]
"-1 | L 1 1

1950

2000
m(K K*K") [MeV]

Candidates / (0.5 MeV)

e ——

- — Total fit ﬁ LHCb

[ - D" signal A 5.6 fb"
o0 — —— Background ]
“r127M |1 p+

A A l"-- l s '

1900
m(K K*K") [MeV]

arX1v:2303.04062
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https://arxiv.org/abs/2303.04062

CPV in D(J;) — K~ K"K~ Decays with 5.6 fb-1

* No local CPV observed
o p-values are found to be (13.3%) 31.6% for D(J;) — K~KTK™ decays.

& 2 o 2'2. I I I I - 5 =
g “ g , LHCh {47
> = T 5.6fb !
S = 2+ N 3
>3 = ]
2
15 1
-0
~1 1 -1
) D+ -2
-3 -3
—4 —4
5 SR -5
1.6 1.§
Siow [GEV] arX1v:2303.04062
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https://arxiv.org/abs/2303.04062

1 * from B SO — @@ Decays with 6 fb-!

 FCNC decay 1s produced 1n three linear

polarization states.

— sensitive to NP effects

* P—VV: Flavour-tagged time-dependent

angular analysis

e )5~ 0, inSM

arXiv:2304.06198
”;m R — .(;),L.H.C;) glmz_ ......... (b,) Lﬁéb :
103?:?’} - 69 6 ﬂ)-l 8 " 6 fb-l -

- Ay = 9Kp

L -+== Combinatorial

Candidates / 11.25 (MeV/c?)

.
PR T T

.
.
-
- |

| P b = s : b o
5200 5300 5400 5500 5600
m(K 'K K'K) [MeV/c?]
~1200F . T
< LHCb :
C .
& 1000} © 5
< . + -4+ i
= 800 <+ —+ -+ -+
z + ]
7 — —
g 600} .
2 ook "
el 400 -
= ;
O 200 -
O :l | | |
-2 0 2
X [rad]

Candidates / (0.07 ps)

107!

1072

cos @,

L] l Ll

(d) LHCp
6 fb

.......

8 10
Decay time [ps]
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https://arxiv.org/abs/2304.06198

1 * from B SO — @@ Decays with 6 fb-!

arXiv:2304.06198

I L 1 ' 1 I 1 | L} 1 [ 1 ] L |

* No polarization dependence observed.
Run 1+ Run2, 9 fb" LHCb

m—=_ SM prediction

$555 =—0.042 £ 0075 = 0.009 rad  Runz68"
4] = 1.004 + 0.030 + 0.009

Run 1+ 2015 + 2016, 5 fb™

* The most precise measurement of CPV 1n o3
any penguin dominated B decays. 2011, 1 fb”
| 3 2 -1 0 1
* In agreement with the SM. 6 [rad]
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https://arxiv.org/abs/2304.06198

sin(2f)

from B — y( — [)K, with 6 fb-1

LHCB-PAPER-2023-013
(1n preparation)

o CP violation is an interference of B” decays with and without mixing.

(1) =

CBYr) —» f)—TBY1) »f) S sin(Amyt) — Ccos(Amy)

['(BO(¢) = f) + T(BY%¢) = f)  cosh(1/2AT ) + Arrsinh(1/2A1° ;1)
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sin(2B) from B — w( — I)K_ with 6 fb-1 |[HCD-PAPER2023-01

(1n preparation)

o CP violation is an interference of B” decays with and without mixing.

CBYr) —» f)—TBY1) »f) S sin(Amyt) — Ccos(Amy)
[(BYf) — f) + [(BO(f) — f)  cosh(1/2AT j£) + Aapsinh(1/2AT )

(1) =

B S sin(Amt) — C cos(Am, i)
 cosh(1/2AT 1) + A, sinh(1/2AT )

~ S sin(Amt) — C cos(Amt) AL, = 0]

AV sin(2/3)

S= CPV 1n mixing
C= CPV 1n direct decays
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sin(2f3) from B - w( — l)K, with 6 fb-1

LHCB-PAPER-2023-013
(1n preparation)

e An extended maximum likelithood
combined fit for 3 modes

e BY - JIy( — uTu K,

BY - w(2S)( - ptu K, K—n'm
B = J/y( — ete K,

*The fit 1s provide weights for the signal
and background candidates.

10*

Candidates / (2 MeV/c?)

—
)
[o5])
TTT

100 £

lllllllllllllllllllllllll

10—

LHCb Prehminary

\ ~
lllllllllllllllllllllllllllllllllll

Full fit

—— B Jp(~> u)KY

----- B" = 9(25)(— pp) Kg

i B" — JhH(— ee)KY

B BY 5 (> U)K
Combinatorial BG

I Partial BG

0k
150

Candidates / 0.0592 ps

5350 5400 5450 5500
m(¢Ks) [MeV/c?]

||||||||||||||||||||||
|||||||

llllllllllllllllllllllllll

LHCb
. Preliminary]

—— B’ = JA(— pp) K
----- B" = 9(25)(— up)K§
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Mt
4

lk:"‘@ ‘

|
||||||
il

8 10 12 14

[ps]

Background subtracted time acceptance.
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sin(2f) from BY — y( — I)K, with 6 fb-1 |;-B-"AvER2023-01

e Titre 0 _ p0.:
e Stmultaneous fit to the three decay modes Time-dependent 57 — B yield asymmetry

results 1n

1.00 T _

x . Fi
El:/ 0.75:- 3 + _%ﬁdﬁ)gj
Syko = 0.7158 £0.0133 (stat) = 0.0078 (syst) 0500 ’
C,xo = 0.0120 + 0.0123(stat) + 0.0029(sys?) iy
0.00
.. Lo : \
* The precision of the measurement is higher than % —
world average by HFLAV* “0%0F T HCb Preliminary
_0'75;_ B —(— U)K(— mrr) ﬁ -
R T B T T e TR T

*with a correlation coefficient of 0.44
* HFLAV 2021, Eur. Phys. J. C81 (2021) 226

18
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https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7

sin(2f) from BY — wK_ with 6 fb-1

sin(2f) = 0.699

C.p=0.005

0.017—— sin(2f) = 0.708
0.015

sin(2B) = sin(20,) HELAY

PRELIMINARY

BaBarJiwK, HI 0.657 = 0.036 = 0.012 |
PRD 79 (2009} 072009
BaBar J'y K 0.694 = 0.061 = ¢.031
PRD 79 (2009) 072009 " :
BaBar y(2S) K, : 0.897 + 0.100 + 0,036
PRD 79 (2009) 072009 ' H
Belle J/y K 0.670 + 0.029 + 0.013
PRL 108 (3012} 171802 = "§ :
Belle J/y K| 0.642 ~ 0.047 + (.021
ot
PRL 108 (2012) 171802 ~
Belle w(2S) K n 0.718 = 0.090 = 6.031
PRD 77 (2008) 091103(R} " "* " |
LHCb Run 1 Jiwy K. 0.750 + 0.040
JHEP 11 (2017) 170 N " — :
LHCb Run 1 y(2S) K, . +0.840 + 0,100 Q.010
JHEP 11 (2017) 170 . ) -
LHCb Run 2 J/y K, 0.720 + 0.014 + 0.007
LHCb PAPER 2023013 i |
LHCb Run 2 y(2S) K , N .‘é 0.647 = 0.053 = d.018
LHCb-PAPER-2023-013 _
World Average L 0.708 + Q.011
HFLAV '
0.4 0.5 0.6 0.7 0.8 0.9 1

— CCP = (0.006 +

0.011

0.010

b—ccs CCP

sz

sin(23)

‘Summer 2023

PRELIMINARY

BaBaerK 77777 ;- — 10.026 = 0.025 * 0.016 |
PRD 79 (2009) 072009 v -
BaBar Jy K N : i | 0.033 = 0.050 + 0.027
PRD 79 (2009) 072409
BaBar y(2S) K ,.0.089 + 0.076 £ 0.020
PRD 79 (2009) 072009 i E
Belle J/y K¢ “55* X 0.015 + 0.021 "5 oes
PRL 108 (2012) 171802 3
Belle Jiy K -0.019 + 0.026 ‘32!

' | 0.017
PRL 108 (2012) 171802 ™ ™ it [
Belle w(2S) K. » 0.104 + 0.055 ‘5 o)
PRL 108 (2012) 171802 )
LHCb Run 1 Jiy Kq ol -0.014 + 0.030
JHEP 11 (2017) 170
LHCb Run 1 w(2S) Ko -0.050 + 0,100 + 0.010
JHEP YT (2017) 170 i
LHCb Run 2 J/yw K¢ : | 0.018 = 0.013 + 0.003
LHCb PAPER 2023 013 e
LHCb Rup 2 w(2S).K. ' 0.083 = 0.048 = 0.005
LI |Cb-PAPQ'H‘-2'LL02_é§3- 3 ‘ '
World Average : i 0.006 = 0.010
HFLAV

-0.1 0 0.1 0.2
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i  from Bf — J/wK™ K~ Decays with 6 fb-1

e Legacy analysis of

 improvements in calibration of the particle

1dentification (PID)

e flavor tagging algorithms

e the decay time resolution model

* P— VYV time-dependent angular analysis

AP
e '
cos 0 | B,
ol b
W \

[W— [
L o

Candidates / (3.5 MeV/c?)
S

5200

LHCB-PAPER-2023-016
(1in preparation)

[W—N
(-
L)
RRALL I

[W—
-
S

LB LL |

LHCb Run 2, 6 fb"! t Data
o — Total fit
Preliminary — - Signal
---- Background
= B> J/y KK
LA\
/ \
/ \
\
\
\
: \ \\
dedia 4 T ORI VT SN NS S T S
5300 5400 5500
m(J/y K*'K™) [MeV/c?]
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i  from BS — J/wK™ K~ Decays with 6 fb-1

* No polarization dependence LHCB-PAPER-2023-016

o $°“=-0.039 +0.022 £ 0.006 [rad] (1n preparation)

—~ 10° e o T
: e ! 4D 1
e Most precise measurement to date = P, LHCb Run2,687 3 S o000 " romig oS00 ]
S W EST™ — Total fi e -~ CP-even
z . N - =~ CP-even )= S ©
g 10 TN — - CP-o0dd k- wave
. - ~ -~ S-wave & 3 )
® ‘/1‘ =1.001 £0.011 = 0.005 § 102 \\<Q~ 5000} -
S ' ‘
10 h h‘ t - e T T T T~
_ — —+U). [ _1] — o e N
° Fs Fd 0.0056_0.0015 0.0014 PS 5 10 0.5 0 0.5
cos@,
~ = ) T = T
e AI'. =0.0845 £ 0.0044 + 0.0024 [ps-!] S = 8000f- LHCD Run2, 6167 -
z T S Rt et
ks < 6000 -
= 2 ! .
* No CPV is observed. S ook ~Toul 1 Z ao0f- R
- -« CP-even . . --C
— CP-odd X 8 . o — _ggﬁ‘é" >
2000'-\\\\ - S-wave Ly - 2000? \\ // \\ S-wave - /—.
i e TR ""“"""—'” | : : \\_’,/ \\___//
O PR S .—(;.S‘ 2 2 2 (l) 23 2 .O.IS. PR S 0; M —12 " M 2 (l) " N M 5
cosf,, ¢h [rad]
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P S from Bf — JIwK TK~ ATLAS and CMS

Pull

Events / 0.02

Pull

« CMS fit projections £

96 {b-!

*SS and OS flavour tagging

cmS

¢ Data
— Fit
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-------- Comb. bkg
— - Peaking bkg

96.4 fb' (13 TeV)
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Phys. Lett. B 816 (2021) 136188

CMS 96.4 fb (13 TeV)
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* ATLAS fit projections & = 80.5 fb-!
* OS flavour tagging
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https://arxiv.org/abs/2001.07115
https://arxiv.org/abs/2007.02434

¢ HFLAV combination (2023)

e $C°=-0.039 + 0.016 [rad]
e AT, = 0.080 + 0.006 [ps-!]

o[, =0.6627 + 0.0036 [ps-!]

DO 8 fb~1 vy
.1 ? un
0.13 68% CL contours B:46 ,
Theory assuming
(Alog £ = 1.15) 0.14" WA =1.519 + 0.004 pp
T 011 @\5{116-1 fo~* =" 0.12 CMS 116.1 fb~!
wn
= S 010
S CDF 9.6 fb~! -
L 0.09 el
< < 0.08
LHCb Run 1+2
0.06-
0.07 sl
-1 0.04- . rs scaleg
ATLAS 99.7 fb CDE 9 6 fb-]
0.05¢ . v v . , . . :
-0.5 -0.3 -0.1 ) 0.1 0.3 0 %2.640 0.650 .0.660 0.670 0.680
¢<[rad] r<[ps~1]
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Run 3 and beyond..

9 fb-! ———>p ————Goal: 50 fb! —————p «—— Goal: 300 fb-! —»

Run 1 LS1 Run 2
2011 2012 2013 2014 2015 2016 2017 2018

Run 3 LS3 Run 4 LS4 Run 5 LS5 Runé6
2023 2024 202512026 2027 202812029 2030 2031 203212033 2034)2035 2036 2037 2039 2040 2041 2042

Upgrade | Consolidation Upgrade 11
LS2
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0.020f |"‘ - 0.03 _ |'. i
i HFLAV 2018 World Average T ' -
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Summary

e Latest time-dependent measurements of CP violation at LHCb provides the most
precise measurements

e sin(28) (B = wK)=0.716 £ 0.013 + 0.08
o ¢ with (BY = J/wK*K™)=-0.039 + 0.022 + 0.006 [rad]
e 555 with (BY — ¢p¢p) =-0.042 = 0.075 £ 0.009 [rad]

e First evidence for direct CP violation in DO—n-nt+ decays

e Upgrade I and II will help to improve (still) statistically limited analyses.
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