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= OUTLINE

* Introduction

« Cabibbo-Kobayashi-Maskawa
(CKM) elements and CP
Violation
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« Charm sector (D°)
* Top sector

» Prospects Presenting results from ATLAS, CMS and
LHCDb released in the past ~18 months

« Concluding remarks
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Introduction

* In the Standard Model (SM) CP violation (CPV) occurs thanks to the
Imaginary phases in quark and neutrino flavor mixing matrices of the
weak interaction.

« The magnitude associated to these SM sources Is insufficient to account
for the baryon asymmetry observed in the universe.

« Studying CPV provides a unique opportunity to uncover interactions
beyond the SM.

« CPV can happen in the decay, in the mixing and in the interference
between mixing and decay.

 The LHC experiments continue a vigorous multiprong study in the
Beauty, Charm and Top sectors searching for CPV and defining better the
CKM matrix.

« Some of the latest results and prospects will be presented here.
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2% LHC and HL-LHC (past, present, future) ==t-8as==:

HL-LHC

[ — il
T i

137y 13.6 Tev L3 13.6 - 14 TeV

spll solidalion .
8 TeV ce con it LIU Instaliation R HL-LHC
ZToV_ oS bution coimaors Eﬁ"" Civil Eng. P1-P5 - Fackaion ama installation
2022 2023 2024 2025 2026 2028 2030 ﬂ
ATLAS - CMS /ﬂ?‘
ATLAS, CMS beam pipes e e % nomial i
' 2 x nominal Lumi ALICE - LHCb 2 ¥ nominal Lumi

5% nominal Lumi

30" |

integrated JEENEY L
urninosily QIR

Run 4-6
~5-7.5x 10** cm%s?
25 ns bunch
pileup ~140 - 200

Run 1 Run 3
0.75 x 103" em2s1
50 ns bunch

pileup ~40

Run 2
1.5 x 103 em2s?
25 ns bunch
pileup ~40
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1.7-2.2 x 10°* em2s1
25 ns bunch
pileup ~60

LHCDb Run 1 Run 2 Run 3 Run 4 Run 5
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

Upgrade Upgrade
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Measurement of the time-dependent CP violation In
B®mesons

B - y K — prp(ete)ntn

PRL 132(2024) 021801
Vs =13 TeV, 6 bl
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.021801

£& Determining angle B

« Measurement of CP violation in the interference of B° decays with and
without mixing implies the measurement of the periodic change of decay
rate differences of initial B and B® mesons to a common, CP-invariant
final state, f, with time: Mixing frequency
_ ~
C(B(t) = f) —T(B°(t) = f) Ssin(Am,t) — C cos(Amyt)

ACP(;) — F(Bo(f) - f) + F(BO(I‘) N f) - cosh (%A]‘df) + AM‘ sinh (% érdf)

E
=
<
o
O
m
<
=i
o
E_)
<
o
W
-
T}
O
Q
<
—
<
Z
O
<
=
=
o
w
T

* S=5sin (2B + Ady + AdSNF)

« Contributions from penguin diagrams to the decay amplitude that cause a
phase shift Ap, are CKM suppressed, so deviations of S from sin(2p3) are
expected to be small in the SM.

* Interesting to check
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3= | atest measurement of S

105-'"'I""I""I""I""I""I"":

by LHCh s fesess

L

T

; : N’ { Data
E LHCb L ganti‘fﬁ,bl:—ip*'ﬂ‘)ﬂ'g E 10 i BE%JW{—>M+H?{(E 0 . .
L 6fb! === BY¢(28) (= putu ) K] __“- guﬁﬁﬂ(;;f;;fg)xs * Slgnal yleld: - 37Ok events

R 0 +5— 0
BY - Jap(—efe ) K —— Total fit

10* | . BY (- £ KD -
Combinatorial bkg. : Channel €tag (%) D* (%)
B = J/w(— uu)KY 85.34 +0.05 4.661 +0.013
BY = J/y(— ete K 92.20 +0.08 6.462 £ 0.032

10° B - w(2S)(— u u K 84.81 +0.15 459+0.04

10!

Candidates / (2.5 MeV/c?)
Candidates / (0.1 ps)

SRun1&2 — (724 + 0.014(stat + syst)

2 Y./ R I IS PP | wk'g

5150 5200 5250 5300 5350 5400 5450 5500 2.5 5.0 7.5 10.0 12.5 15.0

CRu1&2 — 0.004 £ 0.012(stat + syst)
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m(pKg) [MeV/c?] t [ps] vKs
1.0}
I + B°-BY yield asymmetry ]
Total fit
0.5}
Eéq " * Most precise single measurement of the CKM angle 3.
—0-5Eg‘flggb » Consistent with the Belle || measurement (PRD 111(2024) 012001)
I SRR I S = 0.724 + 0.035 + 0.009
0.0 2.5 5.0 7.5 10.0 12.5 15.0 C = —0.035 &+ 0.026 = 0.029
t [ps] ' i )



https://arxiv.org/pdf/2402.17260
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a¢ World Average of S for b—-ccs :
o
(@)
in(2B) = sin(2 :
Slll( B) - Sln( (I) ) PDG 2025 =127 AN =
1 | 0 S &
) PRELIMINARY o :,:‘\y\g,:,:,oo,on lC_)
‘BaBar Jiy K ' ' 0.657 +0.036 + 0.012 U7 NN
PRD 79 (2009) 072009 " * : ] KEEELL ‘:’\\:;3\\ E
BaBar Jiy K A 0.694 + 0.061 + 0.031 0.8 B\ =
PRD 79 {20{1950?20{19 ; ] 3
BaBar y(2S) K 0.897 + 0.100 + 0.036 ) (¥)
PRD 79 (2009) 072009 * 0.6 j
Belle Jiy K 0.670 +0.029 + 0.013 ] <
PRL 108 {20?2] 171802 f 0.4 %
Belle Jhy K 0.642 +0.047 + 0.021 1 =
PRL 108 {20%21 171802 : 0.2 I<ZT:
Belle w(2S) Kg 0.718 +0.090 + 0.081 ] -
PRD 77 (2008) 091103(R) : 0.0 E
Belle Il JAy K , 0.724 +0.035 + 0.009 o w
PRD 110 (2024} 012001 ' : L.
LHCb Jiy K 0.724 + 0.014
PRL 132 (2024) 021801 a i
LHCb Run 1 y(2S) K . 0.840 +0.100 + 0.010 . .
JHEP 11 (2017) 170 * 7 1 e Investigate further the closeness of S to sin(2p3)
LHCb Run 2 y(2S) K 0.649 +0.053 + 0.048 o ]
PRL 132 (2024) 021801 " |\ .|+ Within SM, use flavor-SU(3) relations and
World Average 5 0.710 + 0.041 .
HFLAV , [f] , , ; measurements of B, 4, .—J/yn(K) CP asymmetries
0.4 0.5 0.6 0.7 0.8 0.9 1

to make predictions for yet unmeasured

S for B®— Jiy KCis equal to 0.712 £ 0.011  observables (see e.g. arxiv: 2506.21675)
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https://arxiv.org/pdf/2506.21675

L. 3 '

First Evidence for Direct CP violation in Beauty to
Charmonium Decays

CKM suppressed — penguin enhanced B* — Jhpr*
(Relative to favored B* — JhyK™")
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PRL 134 (2025) 101801
\s =13 TeV, 5.4 fbl
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.134.101801
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— 1 1.82+0.86+0.14

Runl +——i—t 3.830 + 0.030 + 0.030 Run 1

Rk = (3.852£0.022 £ 0.018) X 10_2r 2016 n—-—| 3.900 + 0.040 + 0.025 2016
A = (1.29 £0.49 £ 0.08) X 1072, 2017 e 3.858£0.039£0.022 2017 &

' 1.43 £0.87 £0.09

i 0.81+0.87 £0.11

2018 ———i 3.805 £ 0.037 £ 0.023 2018 — 1.58 £0.80 £ 0.11
Run 2 avg ;
Average I—f—l 3.846 £ 0.018 £ 0.018 Average: —t— 1.42 £0.43 + 0.08
1 1 1 1 I L IE 1 1 I 1 1 L L I 1 1 1 1 I L L L i 1 1 :I I 1 1 1 I L 1
3.7 3.8 39 4 4.1 0 2 4
Branching fraction ratio [1072] AAT [1072]
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& Analysis results

e Combining the Run 1 and Run 2 LHCD results yields:

Rk = (3.846 £ 0.018 £+ 0.018) X 102,
AAY = (1.42 £0.43 £0.08) X 1072.
« AgfCP deviates from zero by 3.2 standard deviations

 First evidence for direct CP violation in Beauty decays to charmonium
APB - J/Ppat) = (1.51 £ 0.50 £+ 0.08) X 1072

0.8

0.6F

 Follow-up constraints on the
relative size and strong phase diff

between the penguin contribution
and the tree contribution

Timfac'
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AACE Strong constraint on imaginary part
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https://journals.aps.org/prl/supplemental/10.1103/PhysRevLett.134.101801/supplementary.pdf
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Measurement of the time-dependent CP violation In
B."mesons

B.0— Jhy ¢(1020) — p KK

(final state is a mixture of CP-even and CP-odd components)
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arXiv: 2412.19952 CMS~
Vs =13 TeV, 96.5 fb!
PRL 132(2024) 051802

Vs =13 TeV, 6 bl
EPJ C81(2021) 342
Vs =13 TeV, 80.5 fb1
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https://arxiv.org/abs/2412.19952
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802
https://arxiv.org/abs/2001.07115

2= Motivation and SM expectation

 Decays of the B,° meson allow for the study of time-dependent
CP violation generated by the interference between direct decays

and flavor mixing. b = bo—2bdecay B? bioea
* This requires a measurement that depends on time, flavor and | \
angular distributions Pmix JIWKTK~

 The Standard Model (SM) prediction for the weak phase ¢, Is: 0
Ps ~ —2[35 = —2 arg(—L{st{fﬂ{}/VCSV:b) ~ —37 4+ 1mrad s~ —ddecay

&
2
<
04
o
@
<
=i
o
o
s
w
]
]
O
O
<
—
<
=
o
<
=
=
0 4
w
T

* New Physics (NP) can change ¢, significantly (up to O(100%))

ace(t) x Ig, ()~ (0
x —Tjfs SIN(¢s) SiN(Amst)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.63.114015
https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.88.045002
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1 ®)

01 02 0s 04 Tos % o5 o 0.5 1 <

« Signal yield: ~ 491k events ct (cm) cos 6 2

. 10° 59.8 fo'' (13 TeV) «10° 59.8 fb' (13 TeV) @

« Tagging power: ~5.6% i R e B o i
. . - & Data ] — ¢ Dat —
gg g p © 18 — Full fit CMS{ ‘S 16i—F:||afit CMS -
e 10~ Signal 7 &8 14 Signal -
= - ---- Comb. bkg 1 = 12:----Comb. bkg ]
2 - —-B’ bk - - —-B"bk p
Parameter Fit value Stat. unc. Syst. unc. S 142 g 1 % 1of ¥ .
& o -
— ¢, [mrad] -73 +23 +7 oo 12 F z
AT, [ps~1] 0.0761 =+ 0.0043 =+ 0.0019 - - % 1
T, [ps'] 0.6613 +0.0015 -+ 0.0028 - E O ~
Amg [lips'] 17.757 +0.035  +0.017 b E 4- .
|A| 1.011 +0.014 + 0.012 e E 20 LT e -
7—‘——‘_.,. S P — ,_r-—; :——ﬂ'—f—'—_\_'—r—h-\-—--r-'_\—_"ﬁ"—\—:

% T08 0 05 1 0 -2 0 2

cos y_ ¢_(rad)
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£& ¢. in CMS - Combining with 8 TeV results==-====81=
* These 13 TeV results are combined with the similar CMS results at 8 TeV
(PLB8TeV) yielding:

s = —74 1+ 23 [mrad]
Al =0.0780 + 0.0045 [ps ']

» Both values above are compatible with SM predictions

* The ¢, value is consistent with zero (no CPV) at 3.2 standard deviations
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* First evidence for mixing induced CPV in B.° — Jhy ¢(1020) decays
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https://arxiv.org/abs/1507.07527

3% ¢, in LHCDb sl adecos( i
S . ; - '<_(
10° T 3 T T i T r 0z
. . ., LHCh Run 2, 6 fb' E 1unm- i?ﬂ; @ LHCb Run 2, 6 fb ] 8
 Signal yield: ~ 349k events 7 10 Aom 10000 2
— s S — CP-odd
I ; 10° ;_ l MH‘“‘ e : E:ﬂzﬂ % oo Bowave g
* Tagging power: ~4.3% Ll N I D A1 B
= WE 3 '%
= : 5 — - . ] o
 See also talk by Jonah E. S o} co e =
Blank at the Computing AlI/ML 1 L N O §
parallel session Decay time [ps| costl »
0 o 10000p — . . : %
Asymmetry between By and B_ decays as a i LHCb Run 2, 6 b 2000 LHCb Run 2,6 fb" ] =
function of the decay time -, Booor- 1 PPrtiy e ATy <
2 [ = 6000 ] =
> I B 7 6000 T s S [ ] E
17! B =5 . ata . = L
E | LHCbRun2,6fb’ 2 sook — Toual fit R R R P w
E, 0.05 E [ -~ CP-even ] = o -- CP-gven .
k4 - © - — CPodd _‘,L'J g 2000 :_“-..\ AT~ —gP—.Ddd ~
‘-‘EC; § — L | L1 ] L |1-.- ] _ ]
- — | 0 05 0 0.5 0 i) 0 2
% Of= | costl,, ¢, [rad]
= 0 B :
- . Parameter Values
~0.05- —
I ] — ¢p, [rad] -.039 +(0.022 +0.006
0 P S —— A 1.001 +0.011 +0.005
(¢ ps) modulo (27/Am,) [, = Cylps™'] ~0.0056 St +0.0014
AT, [ps~'] 0.0845 +0.0044 +0.0024
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3 O in ATLAS e e
c% 107?4TL‘AS‘1‘ HI‘,IE)E;t;HI‘HE <« AR e A UMEAR AR s n =
S g 10° e :;i";:;::" - o 100~ %T;Lﬂzsrev, 80.5 fo" ’ 'I?ottm Fit - é
'% 55 --- Background € é i o g;cnkjround | @)
a 10 ? -- Prompt Jiy E 5 - . 2
10°s E —
S : x
 Signal yield: ~ 450k events <
0o 5 - 4
. 10 P B i —d
* Tagging power: ~1.8% s e B
= 3E 5
g i E R an el T
a8 1E- = = 2= =
§ s el £ EN
[ O SRR | -
B R R S S R RV . Ey ©
Proper Decay Time [ps] 308060402 0 02 04 06 08 1 [
cos(8;) =
3 x'“')w"'w"\'"|H'\"‘D|t"'|”"H'H - XJQS\.\‘..H|.H.‘\..\‘..H _ E
2 moilu%t"fasTev, 80.5 b Total Fit s ~ ATLAS ; + Dala 7
8 LT T Background ] & 4ol Vs=13TeV, 805 Total Fit _ E
—— ¢, = —0.087 +0.036 (stat.)=+0.021 (syst.)rad £ [ T o e T — Backgroune |
0 = 4 ~ ©  ama== ignal
-1 8
AT, = 0.0657 £ 0.0043 (stat. ) 4= 0.0037 (syst. ) ps £
-1
', = 0.6703 £ 0.0014 (stat. ) & 0.0018 (syst. ) ps
RN 4z 2 =
£ 1 S = 3
T o I-..I.f_.1AL..I-—| g :
- 94 = E 3
-2 E 3 3
e 3 =
3708060402 0 02 04 06 08 1 R 5 ] 5 3
cos(y,) ¢ [rad]
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DO 8 fb~1 ‘ 2024 \

68% CL contours ‘ﬁs = arg(—(VfS Vrb*)”r(VcS Vﬂg,*))

(Alog £ = 1.15)
CDF 9.6 fb™!

LHCb 9 fb~?
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Combined®

0.07 *AT; errors scaled by 1.51
ATLAS 99.7 fb~1 /
0%.3 0.1 0.1

¢£/l,UKK[rad]
b (B — Jhy ¢(1020)) = -2, (B — Jhy ¢(1020)) = - 0.060 + 0.014 rad

%ccs —0.052 £ 0.013 rad

8/28/2025 Vaia Papadimitriou | CKM and CPV at the LHC




g
L

Updated Measurement of CP violation and
polarization in B? — JapK*(892)%decays
\ Kt*
ArXiv:2506.22090
Vs =13 TeV, 6.0 fb'l

Time integrated angular analysis performed

Measurement can be used to control the penguin pollution in the ¢,

e

measurement with B, — J/yé
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https://arxiv.org/abs/2506.22090

Candidates / (0.13 rad)

JE
M

10°
107
10°
10°
10*
10°

Candidates / (10 MeV/c?)

10
1

102 E

Analysis Results

LHCb 6 fb™!

—f— Data

— Total fit

BO yield: ~ 727k events
B. yield: ~ 6.1k events

helicity angles performed

Un-binned maximume-likelihood fit to the three

Projections of the angular fit result onto the helicity
angles for the background subtracted data sample

10—1 1 1 I 1 1 1 1 J 1 L 1 L { L L L L r-h"lﬁ-d. 1 1 I 1 1
5200 5300 5400 5500 5600
m(J/wK r+) [MeV/c?]

T T | 23300_""|-"-\' — T T T T
%8 ; LHCD 6 fb™! +Data  —Total fit :f e - ; LHCDb 6 fb"! +Data — Total fit 7
180 = - P-wave " S-wave 3 % - - P-wave - S-wave
160 5 2008
140 -g
120 {7 " 8 150
100 E C

80F 100 [
60 | B
40F S0F
0 :n 1 | | 1 | | | 1 | | 0 B
-2 -1
q)h [rad]
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& Analysis Results

* P-wave polarization fractions:

fo = 0.534 £+ 0.012 (stat) + 0.009 (syst) Longitudinal

fi = 0.211 £ 0.014 (stat) = 0.005 (syst) Paralle Phases

 P-wave direct CP asymmetries, consistent with zero 0|| =2.879+0.087

_~ Partial decay rates
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ASP = 0.014 + 0.029 (stat) + 0.007 (syst) . Ti—TD% , 01 =0.057 £0.068
cr , Ak = (k—[},H,J_,S)
AP = —0.055 & 0.065 (stat) & 0.007 (syst) Ty + Iy
AT = 0.060 + 0.057 (stat) + 0.016 (syst)
. . : A fo = 0528 + 0.011 (stat) + 0.009 (syst
Combining with Run 13} %5 — 505 & 0.012 stat) + 0.005 (syst)|  MOSt accurate to date
AP =

coming with larger datasets

AP = —0.073 £ 0.060 (stat) + 0.007 (syst
and better precision

0.057 + 0.049 (stat) + 0.014 (syst
B(B) = JJWK™)
B(B° — JWK*0)
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) (syst)
) (syst)
0.021 + 0.026 (stat) £ 0.007 (syst) Additional improvements
) (syst)
) (syst)

o
3
I

= (3.12 4 0.09 (stat) + 0.06 (syst) + 0.10 (%))%
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Measurement of time-dependent CP asymmetry in
B.°— DK decays
Determine angle y

JHEP 2503 (2025) 139
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Vs =13 TeV, 6.0 bl

CEES
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https://link.springer.com/article/10.1007/JHEP03(2025)139

& Analysis Results

With B%-BY mixing
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~21k B> D *K*

b AT T T T W T R+

300 5400 5500 5600 5700 5800
m(DFK+) [MeV/c?

]

ALt

w = %|Af|2(1 + [Ag[?)e T [cosh (Agst) + A" sinh (
Parameter Value

Cy 0.791 £+ 0.061 £ 0.022

AT —0.051 4 0.134 +0.058

A?P —0.303 £ 0.125 = 0.055

S —0.571 = 0.084 = 0.023

Sf- —0.503 = 0.084 = 0.025

= Combinatorial 1 BE - Ds_p+ | BE —}Ds_?r"' 1 B° —>D“{K+,ﬂ'+}
¢—DIK* BE B’ DKt [COB!—D:«" m@A DY p HRL) N {K' nt}

& 2000 T T T T T T
= i LHCb 1
= i 61 ]
= 1500 ]
< 1000 . .
— ) :
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g 500:' b
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o 1940 1960 1980 2000
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5 ) + C'ycos (Amgt) — Sysin (Amgt)

CPV in the Interference
between B!-B? mixing
and B! - DfK*decays is
observed with

significance of 8.6c
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& Analysis Results .

* The results are used to determine the CKM angle vy, the strong-phase difference 6 and the
magnitude of the ratio rp between the B> —»D /K- and the B, —-D K* decay amplitudes
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om
<
|
o
! =
INE T T T T T =R N o
S LHCb 1 _ ! v = (127F18)° - E
. _ E —'0-8__ +14yo -l
i ] - 0 = (35871:)°, =
1 06r rp.r = 0.36470.09° <
L : ; : 1
0.4+ i P <
N :_.._ — (74 + 12}0 1 %
- r Run 2 e
R o 10 5= (346.915%)°, =
0.1% 30 * HI)D . 150 . = 5'0 - HI)D - 15'0 ‘ - ...;_ < E S 0.327_'_0_039 . E
y [O] ¥ [Q] 0 . [o] 'D.K —0.037 » E
L
 Combining Run 1 (JHEP 03 (2018) 059) with Run 2: i
0577 —— d = T T A R A R rJl-"' (s}
5}‘45'- LHCb_ = 370 LHCb _ C = (Sltiil}) .
0‘4__ 9 fiy __ ol 9 {b __ 0.8: 5 _ (347 6 :|: 6-3)0
0351 1 sof 1 : rp,k = 0.31813:934
03r ] 3401~ 1 o04fF
ol i 3301 1 o The mo_st precise
ol ] e ] [95A% 1 |determination of angle
40 60 80 100 120 140 40 60 80 100 120 140 1] .
7] 7] 000 s e e e 1y in B2 meson decays
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https://link.springer.com/article/10.1007/JHEP03(2018)059
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Measurement of D% — D° mixing and search for CP
violation with D°— K*r- decays
PRD 111 012001 (2025)
Vs =13 TeV, 6 fbl
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Search for CP violation in semileptonically tagged
D%— K*r decays
ArXiv:2501.11635 , JHEP(2025)149
Vs =13 TeV, 5.4 fb'l

CEES
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012001
https://arxiv.org/abs/2501.11635
https://cds.cern.ch/record/2922154/files/document.pdf

3¢ DO —DPmixing and decay rates = =
o
tag . S0 x10° Q
-------- _ 10 B e s B e B
D*+ = DO+ " mijx D % wrong-sign decays EILHCb | _|_'Dm 2
\\ 5 DO 1K+l'[‘ 25F6 b DSignal |c_>
+ P DCS e — :Dﬂ_)K + ] LS
K'rtm e . RO 4 Comb.bkg. { [
CF: Cabibbo Favored > 20F =
2 N " Ghost bkg. W
DCS: Doubly Cabibbo Suppressed =S Q
tag .. e [_)0 _________ ": 15:— 3
D*+ - DO 'r[+ ',o" ml'X DCS “\N r|ght-3|gn decayS g 10:_ RS'412M 5
N R AR s :
= B
\C)_/:_/ S 5k =
Kt j k E
T(D(t K*tm . . - s
R ()= ( ﬂ( ) > ) 0503 2010 2015
I'(D(t) » K+m) m(D"7¥) [MeV/c?]

Measuring as a function of time: (%) - K1)

T(D%(t) > K—7+)

Ry, (1) =

RE () ~ Rir(1 £ Agr) + VRir(L £ Agr)(crr £ Ackr)t + (Ckr T Ak L
No CPV implies: Agz = 0, Ack, = 0 and Ack, =0
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Analysis results

~ Prompt
— “single-tagged”

2 g
g Z

(r*+r)/2 [107]

4o iy

8 Ln

=)
[TTTT[TT T T [TTTT[TTTT]

350

LHCb ““““ =
6 fb™ g
L
-h'_!_: - _I_ Data
47 —— Baseline

1 1

No CP violation

_'i Rkr (343.14+£2.0)x 107
1 ckx  (51.4%£35)x10™
1 Ckr  (13.1£3.7)x107°
=4 Ag,  (-7.1+£6.0)x1073

Acg, (3.0+3.6)x 107
Ack, (-1.9+3.8)x10°°

|'ITIT|I['I[|TITI

(r-r)/2 [107]

Es
s |
Hj(k |

1

x10°

- - 6 tb”
200

150F

(=T

Half sum and half difference of measured
WS to RS yields ratio vs decay time
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D decay time / T 0
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Candidates / (50 keV/c?)

50F

250:—'LH(3b""”' —

T I S R SR R I S
2010 2015
m(D'7) [MeV/c2]

Consistent with no CPV

Non-zero t2 term: 3.4 stand. dev.
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{& Analysis results — “double-tagged” — ==-fete=sLic

Smaller samplle but E N D*(2010)+ﬂ_X
larger purity \ DD .
T
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& ] | | T T 3
= oF ] -
o | z ] Rp (347.2 £ 5.8) x 107
li s N LHCb 5.4 ! _ CRoar (5.8 £ 1.6) x 1{)_‘:F
3 1 NoCPV - e (0.9 +2.6) x 107
2L .'____! No direct CPV | 1
i £ AILCPV allowed | ] Ap (2.3 +1.7) x 1072
=— 1.0 p—t—+— 1 . .
L E ] Acy, (—2.3 + 1.6) x 102 Consistent with no CPV
- ME ; Ay, (2.14+2.6) x 107°
" oof Wh_ -
S S T N \ & T
—osE + 1 _ Direct CP asymmetry AM = 06 | LHCb -
L | ! | ! | == I | | _
—Lott . L . L m r 0.55F -
{t) [rpl AT
. = — 0.5 =
Half sum and half difference of measured Y= oT R
WS tO RS y|e|dS ratlo VS decay tlme 0.45 —‘Z‘ LHCD average + this measurement —
y’: (58 +1.6 :|:02) X 10'3 _0911r|011fshlol(‘166|%9'b|.93:%JC]T o
N2 — . -0.2 0 0.2 0.4 0.6
(X )2 = (OO + 12 + Ol) X 10 4 (xr)Z [10—4]

8/28/2025 Vaia Papadimitriou | CKM and CPV at the LHC



1
’L

Search for CP violation in events with top quarks
and Z bosons

(in the BSM context)
ArXiv:2505.21206

Vs=13TeV & 13.6 TeV; 173 fb!
Run 3

ATLAS and CMS have published information on constraints and
measurements of the |V|, |Vl and |V, elements both within SM and BSM
context that I will not cover here
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https://arxiv.org/abs/2505.21206

= Motivation

» Inclusive & differential production xsec measuredby. _

________________

— o -
_—_—————————————— -

ATLAS and CMS to be consistent with SM In
observables that are invariant under CP.

« Search for CPV via Effective Field Theory (EFT)
CP-odd operators.

« The highlighted (red/blue) couplings could be
modified by ¢! and !, dim-6 operators.

* For first time introducing CP-odd observables that
enable direct access to the linear (interference)
contribution from the operator.

 Sensitive to NP effects that do not modify the

total xsec
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Interference (linear)

G
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i.j

Quadratic (pure EFT)
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CMS 138" (13 TeV) + 34.7 fb"' (13.6 TeV) e RPN &y iy

7o A I . R I _Oum Linear fit ZO_C' ;"." -_ " ‘s ‘ T e
3 Analysis Results ~oecs A1 < =
8 % SM 4 =16 é
o
- 14 i i m
- Events with at least 3 charged leptons .’ Likelihood scans as <
and additional jets are selected i - - functions of Wilson S
_ 1at) _ 10 coefficients with linear E
. Usmg.PhyS|cs-|nformed Machine 4 8 contributions (top) and &
Learning (ML) techniques ) ® linear + quadratic (bottom) [
4 ’ o
" i 1|38ﬂ|:)’1 (1|3 T?V)T34;7 fb|’1 (1‘?'6 'Il'eV)_ 600 1|38ny1 (1‘3 T(IaV)JIr34;7fbl‘1 (11?.6 'Il'eV) 0 2 ,’ j
£ 300-cMs # Data 4 € Ffcms § Data ] ’ <
& F 4 =t 1 & soof = - 6 4 2 0 o/ %
250 - B Rares B - W Rares 1 - - o ] , / . . ':
200k mtooomet 1 400 B Nonprompt. w " Results consistent with §
150;_ zgﬁgﬁ:ﬁt’;s_ 200 ,//Szngt;ﬁl:t?_ "3 CMS 138" (13 TeV) + 347 b (13.6 TeV) 40 the SM prediction within E
b I ek EIEDPY v ;s< 2standard deviations =
3 E _ : 2 gsrvl ] o
50F - 100
0' ] 0: 15 30 At 95% CL
= F T 1 T ] = [ T T T ] 1E 25
e "SE 1 e '5F | &Y 05 0 27 <. <25
% 1 B SRR + L ‘g 1 77 M%w-r dnoipst> ;’%Liﬁ% . : - ] tw ]
X G o T A ST AT, /f/ s g § S S A /»: 0 15
05 :_q. E‘)ataglfsPr?fitﬁylPostlfit (Iin‘.)—FI’ostﬁlt (qu«"sld.)_: 0_5:_;. Iﬁ)ata;&Prerfit%@PostTit (Iinl.)—FI’ostﬁ‘t (qu?d.)_: -05 _ I
-5 4 3 -2 1.0 1 2 3 4 5 -5 4 3 2 1 0 1 2 3 4 5 0'2 { CtZ { 21‘0
Discretized c},, score Discretized ¢}, score —1
Distributions of discretized scores of Wilson -1.5
coefficients compared with predictions 2= 0

I
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& CKM Triangle — present and future

« Update from the European Strategy for Particle Physics, June 2025, Venice meeting

« Measured uncertainties on selected key observables (arXiv:2503.24346v2) Talk by M-H Schune

Experiment ATLAS 1 CMS 1 LHCl; Belle 11 ) 0.7 STATUS IN oW
Assumed data sample 20.3-99.7fb™" | 116-140fb™ 2-9fth™ 364-1075 fh™ 0.6 ESPPU PRELIMINARY
CKM angles E i
B — — 0.57° [15] 1.2° [16] 0.5 (25)
a — — — 6.6° [17] -
v — — 2.8° [18] 13° [17] e
¢ [mrad] 42 [19] 23 [20] 20 [21] — 0.3

KENZIE, HUMAIR, JUTTNER, PISCOPO

2025 |

Parameters: (p,7]) apex of Unitarity Triangle
p=0.13940.014 HiE
n = 0.360 = 0.008 0.0

Y02 : : 04 ; 7 1.0

WA: HFLAV, August 2025

» Sensitivity to selected key observables (arXiv:2503.24346v2)

Experiment ATLAS CMS LHCb Belle 1T
Assumed data sample 3000 fb ! 3000~ | 300! 50ab !
CKM angles
3 — — 0.08° 0.3°
o — — — 0.6°
v — — 0.3° 1.0°
¢s [mrad] (4-9) 3 3 —

» Alot of additional work in the experiments beyond the ESPPU

document
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https://arxiv.org/abs/2503.24346
https://arxiv.org/abs/2503.24346

Search for CP violation in D%— K_°K_°
decays

W boson exchange

S WS e ArXiv:2405.11606 , EPJC 84 (2024) 1264 o’
Vs =13 TeV, 41.6 tb1
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Signal channel Fully hadronic final state Penguin annihilation
CMS,
% D
+ T L . \I‘
ﬂ:tag \tcb . T u
D’ “,“ «’4 : : : :
More information to be presented in this

session on similar results from LHCb and Belle
at the talk by Alex Gilman

Reference channel
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https://arxiv.org/abs/2405.11606
https://epjc.epj.org/articles/epjc/abs/2024/12/10052_2024_Article_13244/10052_2024_Article_13244.html

$& Motivation and theory expectation

« CPV in charm mesons is severely suppressed by the GIM mechanism and the
magnitude of the CKM elements

» Observation of significant CPV in D decays may indicate contributions from NP which can
be different from those related to d-quark systems

* Theoretical expectation (PRD92 054036) points to:
adh| <1.1% (95% C.L.)

« We are measuring direct CPV in D°—K_K_ decays and the CP asymmetry
difference, AA-p, between the signal channel and reference channels
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I'(DY — K2K2) — r@] — K2K2)
(D% — KZ2K2) 4+ I'(D? — KIK2)

Acp (KEKE) —

 Reference channel A has been measured to be consistent with zero as expected
(decay not CKM-suppressed)

* Any significant deviation of AA-p from zero would indicate CPV in the D°—KLK.° decay
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.92.054036
https://arxiv.org/abs/1207.0825

Candidates / 0.1 MeV

Decay N

a¢ Analysis results N L ——— 2=
— D%
D*— Db 951 + 44
CMs 416" (13 TeV) - CMS 4167 (13 TeV) .
200F + Data . > 250 CMS 416" (13 TeV) % 200l ¢ Data > 250 CMS 416 o' (13 TeV)
| —n D™ |2 = —n - : LR
) 200} f i SX " D 200 —— D'xD"
8 i @ I < — — D’ x bkg
o [ -+ = Y N T e—— bkg x bk
i 2130 S 2 oy, Py D;gx bkgg
S g o
100? 83 100 E
50 50 |
i 0 L ; L o) S AR X
- < L 1.80 1.85 190 1.95 b . 1.80 185 190 1.95
2006 2.008 2010 2.012 g.o+14 2.01 m(KS K9) [GeV] 2005 2008 2010 2012 2014 2016 m(KI K2) [GeV]
m(D") [GeV] m(® r-) [GeV]

AAcp = Acp(KIKY) — Acp(K2rt7r™) = (6.3 3.0 (stat) £ 0.2 (syst)) %

Using the world-average value of Acp(KL ) = (-0.1 + 0.8)%, Acp(KLKYL) results to:
Acp(DP—KLKLO) = (6.2 £ 3.0 (stat) + 0.2 (syst) £ 0.8 (Acp(KL ™))%
Consistent with no CP violation within 2.0 standard deviations

Consistent with recent LHCb and Belle/Belle Il measurements (see next talk)

This paves the way for future CPV searches in the charm sector using more data,
new techniques and different channels
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https://indico.cern.ch/event/1569705/attachments/3108083/5508999/Seminar_Tuci_final.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012015
https://arxiv.org/abs/2504.15881
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Concluding Remarks

« Many achievements by the LHC experiments in setting CKM constraints
and CP violation measurements in the past few years

« Extensive work in the Beauty, Charm and Top sectors within both SM and
BSM scenarios

« Several highlights reported today (e.g. CPV observed in the interference
between B-B? and BY — DfK* decays and measurement of angle vy)

« Upgrades in the detectors, trigger, DAQ systems and algorithm
Improvements will enhance the capabilities of ATLAS, CMS and LHCD in
the years ahead.

* No stone should be left unturned!
 Very interesting prospects ahead!
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3F THANKS Lt Py

 ATLAS: Nedaa Alexandra Asbah, Josh McFayden, Radek Novotny,
Semen Turchikhin

 CMS: Alexander Grohsjean, Georgios Karathanasis, Dmytro Kovalsky;,
Valentina Mariani, Sergio Sanchez Kruz, Robert Schoefbeck

* LHCb: Chen Chen, Alex Gilman, Daniele Manuzzi, Abhijit Mathad, Biljana
Mitreska, Ozlem Ozcelik, Tommaso Pajero, G. Punzi

« HFLAV: Tim Gershon, Matt W. Kenzie
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$& CKM matrix elements — 3@ generation — =&-f8ae==aL}

* Direct, model independent measurement of the modulus of the CKM matrix QM\S\\
element |V |, [Vl and [V, in final states enriched in single quark t-channel | /—~
events (Phys. Lett. B 808 (2020) 135609) |

Vi,| > 0.970 I -
2 2 At 95% CL [
Via|® + |Vis|® < 0.057 CKM unitarity
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« Two BSM models:

V| = 0.988 + 0.024,

[Vip|=0.988 £0.051 Veal” +|Vs|> =0.06£0.06,  Related work by

, , Ry
Vv v — 0.06=+0.06 obs ATLAS described in
Vel + Vs L _0.99+042. [1] and [2]

L
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http://dx.doi.org/10.1016/j.physletb.2020.135609
https://link.springer.com/article/10.1007/JHEP06(2025)024
https://link.springer.com/article/10.1007/JHEP05(2024)305
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