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Physics laws are the same everywhere and always
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*This is not a product placement
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Sakharov conditions for baryogenesis

@ 1. Baryon number violation

€22. Interactions out of thermal equilibrium

®:3. C- and CP—viola\tif)n

in SM

But only 1072 from SM quark sector CPV
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Weak interactions and CP-violation

 Weak Iinteractions govern quark transitions
e Quarks transitions enable the neutral meson oscillations!

e |n Standard Model CP-violation appears in weak interactions

CMS




Neutral meson oscillations
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http://dx.doi.org/10.1038/s41567-021-01394-x

Why do we have CP-violation in Standard Model?

WI#Wm

3 generations of matter

CKM matrix
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Why do we have CP-violation in Standard Model?

WI#Wm

e 3 generations of matter
| Vud‘ ‘ Vus‘ | Vub}e_iy

_|Vcd| |Vcs‘ ‘Vcb‘
‘thle_iﬂ _‘Vtsle—ing/Z ‘th‘

CKM matrix

Real Complex




The Unitarity triangle

= 1.2 IUTﬁtI

1 S“""“erai - K A The Unitarity triangle:
- Am. ViaVe + VoV + V,,Vi =0
"o where
IR 99 %)
P = VeV
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How to observe CP-violation?

1. Two paths to the same final state

2. Amplitudes have a weak CP-violating and a strong
phase CP-conserving phase

3. Weak phases are different and strong phases are
different

TN

Today: CPV in interference between
direct decay and decay with mixing

[Ap|? = |A1]? 4 | A2]? + 2| A1 ]| A2 ( cos(p1 — p2) cos(d1 — da)
— sin(¢1 — ¢2) sin(d; — d2)).




Golden channel for sin 23: BY — J/yK?

Direct decay

CMS,




Golden channel for sin 23: BY — J/yK?

Direct decay Decay with mixing




Golden channel for sin 23: BY — J/yK?

Direct decay Decay with mixing




Golden channel for sin 23: BY — J/yK?

i CP operation
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Golden channel for sin 23: B — J/ wKS

* [Ime-dependent asymmetry:

Direct CPV

FEo_)f(t) — FBO—>f(t) Sf Sin(Amdt) — Cf COS(Amdt)

BO—f BY—f cosh ( - ) — Dy smh( : )
cos 2f

CMS




CMS

Effective phase

o Effectively measure:

NP
sin 2% = sin(2B + A¢,, + Agbflvp )

Generic Flavor Structure NMEV
Re(Ck) Re(Cp) s, [UTe: 10%,
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Space for New Physics

53° 500 —— SM tree and penguin

o1° — Experimental world-average
50°

New phenomena

New Physics waking up




[Robert Fleischer, Krystof de Bruyn '15]

- [Marten Barel, Robert Fleischer,
enguin contro
Malami'21]
[Robert Fleischer, Krystof de
Bruyn, Eleftheria Malami'26]

0 0
A%/(Bd = J/ Wfﬁ)\%

Bl = JJYK{ By — J/yr’| By — J/ip’

SN s 77 <

. BY — J/yK? is the same final state! So if | reconstruct the BY — J/wK?, penguins control
mode comes for freel!



https://arxiv.org/pdf/1412.6834
https://arxiv.org/abs/2505.06102
https://arxiv.org/abs/2505.06102
https://arxiv.org/abs/2010.14423
https://arxiv.org/abs/2010.14423
https://arxiv.org/abs/2010.14423

Reconstruction with CMS



CMS detector

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym?) ~1 m* ~66M channels
Overall length :28.7 m Microstrips (80-180 um) ~200 m? ~9.6M channels

Magnetic field :3.8T

 (General purpose detector

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

» Excellent muon reconstruction and
momentum resolution due to t //
strong magnetic field

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

 Excellent performance of the
compact silicon tracker
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FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

 But no PID or track trigger!

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCZ

Brass + Plastic scintillator ~7,000 channels

)




Differences with LHCDb

Difference in S/B Decay time efficiency
% CMS
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Higher pile-up Dilutliotr) due to decay time
resolution
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Phys. Rept. 1115 (2025) 678

Double Muon B-parking

e (Collect b hadron decays triggered by low-pT dimuon pairs

. Collected in 2022-2026, 299 fb~!
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Parked B mesons

i Rate before deadtime — = Prescale change Fl" 71 08 L1 trl er rate Rate before deadtime — ~ Prescale change C M S Run 398396 2025 1 3 . 6 TeV
259 L1 trigger rate gg
. Rate after deadtime ~—— = Run change r— T T T T T T 1 T T ™ T ™ P T o T T
%1 03 Rate after deadtime — = Run change _ x1 03 ' 9 N i 1 Total Parking daltaset o | o w'l o] | o | o] |
N 'I I i I i I l l ] I 1 0 0 OO | —— Standard dataset %" g’: §’ll g g’: g |
H E‘ 1 20 j_ ................ |, .............. I .............. ~ ..... |,| ........................ \ ....... I ....... ] ......................................... [ — Smgle Muon B-Parking datasetgl gi gi gi gi E
g 4 I 1 1 n o i3
1 OO _I_ ................ | ..................... | .................... I ........................... | ....... | ....... i ......................................... m - '5] a]l 5!
c - — 8000 -
L

6000}

4000

F /
L " . 2
e T T "'. eeveesl PR coveee

| 2000 |- I

I
; | | | [ I
S R R | TR T BT B — |1 i [ L1

; | .
: H I | | | | | 1| | | | | | I | | | | T]

ot el 1 ] L TR T B - l
9500 00:00 02:00 04:00 06:00 08:00 10:00 12:00 03:25 05:34 07:44 09:53 12:03 14112 16:21 0 200 400 600 800 1000 1200
2017-09-30 21:40:44 to 2017-10-01 13:12:44 Time 2018-08-31 03:25:32 10 2018-08-31 16:21:53 UTC Time L umisection

iiil

HLT rate


https://arxiv.org/abs/2403.16134

Phys. Rept. 1115 (2025) 678

Double Muon B-parking

e (Collect b hadron decays triggered by low-pT dimuon pairs

. Collected in 2022-2026, 299 fb~!
3.2 o' (13.6 TeV)
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https://arxiv.org/abs/2403.16134

Reconstruction

Search for the two trigger opposite charged muons close to J/ys; constrain
to the J/y mass

JIy

CMS




Reconstruction

Search for the two trigger opposite charged muons close to J/ys; constrain
to the J/y mass

Search for the two track close to the J/y; assign pion mass; constrain to
the K mass

CMS




Reconstruction

Search for the two trigger opposite charged muons close to J/ys; constrain
to the J/y mass

Search for the two track close to the J/y; assign pion mass; constrain to
the K mass

Fit the BY vertex with two muons and K

CMS




Reconstruction

Search for the two trigger opposite charged muons close to J/ys; constrain
to the J/y mass

Search for the two track close to the J/y; assign pion mass; constrain to
the K mass T

Fit the BY vertex with two muons and K

Find the primary vertex closest to B" in 3D ;

Chosen primary vertex

.P\” ® 1PV =SV x i

Pl




Statistics in 2022-2025

~ 1.4 millions of B — J/yK? decays

~ 16 thousands of B) — J/wK? decays

CMS




Background subtraction

LHCb B - J/yk+k-
B L L
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Background subtraction

0 + K- _
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Background subtraction

Observable <:m:| Discriminating variable

LHCDb B — J/yK*K- 2.1 fb!, 2018 (13 TeV) i | —
pe AL L R e (Q\| 5

S O 10 = -1 =
= ol S E LHCb 2018, 2.1 fb!
— 10° Signal = L _ —s— Data 5
% Combinatorial > 10% E = Total =
& B B0 J/yK*K- C"(Z : — - Signal -
—‘3 103 N - - = = Combinatorial -
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s D R SO/ \N E
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1 5200 5300 5400 5500
S L SR m(J/ wK*K~) [MeV/c?]

Key assumption: discriminating variable and observable are statistically independent!




NIMT A, 1040, 167270.

Background subtraction

* Custom Orthogonal Weights (COW) allow to in crude non-factorizable effects in
the signal efficiency

e (Generalisation of sPlot method
gk(m) 81(m)

Al =W, = |dm
= R N\

n

( ) Akl gl(m) Distribution for component /
i = 3, 20
K I—0 I(m) Variance function

e Difference:
Fit model

I(m) = gim) v I(m) # g(m)

CMS sPlot



https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub

Background subtraction

Pull (A)
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0.25 +

0.20 -

0.15 -

0.10 -

|
Background Choice

®  gr(m) Q
> poll &

pol3
pol5

———————————————————————————————————————— ()-()-————
Q
" W : .
.
. 0 5 .
O O
O
]
O
Slice'd Fits 2D' Fit sWei'ghts CdW CdW CdW CdW CdW
I(m)=1 I{m) =g(m) I{m) = g10(m) I{m) = g2s5(m) I{m) = gso(m)


https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub

COWs and Variance Function
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https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub

NIMT A, 1040, 167270.

Background subtraction

CMS 73.6TeV, 274.0tb™" (2022-2025)
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https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub

Asymmetry fit

* Adoption of COWSs allows to explicitly fit the matter-antimatter asymmetry :

tag decision
1€bin
Zi (_Qtag,i Wi Di)

Z;ebin (WiDiz)

bin __

Asymmetry in data ; ep =

Dl’ — Ditag X Ditlme.res

CMS




Decay time resolution
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CMS

Decay time resolution

* | ook at the candidates with reconstructed decay times close to O.
» Calibrate measured decay time error to the true decay time resolution

Resolution
effects

—— (Calibration

-- Diagonal
N Data

For illustration -
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Effective width of resolution model



Flavour tagging = neutral meson tagging

Tagging algorithms distinguish @ from @

Defines effective size of statistics available for the asymmetry measurement:

1
Ogtqr X — ————
\/ Erae(1 = 20)°N
-
P, = eD?

tag tag

CMS




Flavour tagging = neutral meson tagging

PV

SV

SS

, 0
B & B

same side

opposite side

OS muon
0OS electron

0S jet




Flavour tagging = neutral meson tagging

 New taggers based on Particle lransformer jet tagger developed for Run 3

 Key idea : add variables describing relations between jet-components into the
attention mechanism

Particles
XO

Attention to all particles to classify jets

L blocks Class token (O)

Particle Class Class

) Attention Attention
-------- Attention Block Block
XL -1 Block XL ¢

Particle
Attention
Block

Particle
Attention
Block

Embedding
MLP
SoftMax

ng

Interactions =—>»

Embedd

Attention to inter-particles relations

CMS



https://arxiv.org/abs/2202.03772

Flavour tagging = neutral meson tagging

o Softmax gives a probability score for meson flavour

2000

Events / bin

CMS

CMS Simulation Private Work , 2024 (13.6 TeV)
— | | | I | | | | { ] : | | | | | | | :

stration only

¢ s >054+05:g=4+1,0w=1-5 @

e §<0S5—-0s:g=—1,w=s @

¢ 0.5 —0s5s <5 <0.5+4 0s: g =0 Untagged




Flavour tagging = neutral meson tagging
» Calibration done with B™ — J/wK

* Not ideal for the SS tagger, but okay for OS

CMS Prefiminary ~ 109.8 fb” (136Tev) 1 CMS Preliminary _109.8 fb” (136 Te V)

£ E 0.9¢
1 %08t
0.7F
0.6F
0.5F
0.4F
0.3F
0.2F
0.1E

of

1 CMS Preliminary 109.8 fb ' (13.6 TeV)

Opposite Side

CMS Same side




Flavour tagging = neutral meson tagging

Process Period €, %] D%ag Py,o [%0]
2022 18 011 19
2023 13 014 19
0 0
BY=J/%Ks  hoa 13 013 16
2025 11 013 15
2022 74 011 82
2023 76 010 7.9
0 0
Bs = J/%Ks  soa 73 010 80
2025 77 009 7.1

Combined Performance of Run 3 taggers

CMS

Caveat: SS is not calibrated precisely enough
with Bt — J/wK™ for sin 2/ so removed from B"



Asymmetry fits

S sin(Am ) — C cos(Am, i)

. a~p(t) =A. +A. ..+
Model : cP(!) = Aprog + Aiag cosh(AT#/2) — D sinh(AT #/2)

A,roa = (0.00 £ 0. 54)%  measured on control mode B* — JIwK™

CMS




Systematical uncertainty

Spo0 Cpo SBQ CBQ
Stat. uncertainty 0.013  0.011 0.19 0.23
Fit bias 0.001 <10 <107* 0.01
AT () 0.005 0.002 <107?% <1072
Am g <107 0.002 <107* <1072
Abrod 0.005  0.003 o —
Signal extraction 0.001 0.003 <102 <10°*
Time resolution <107° <10° <107% <1072
Flavour tagging 0.006 0.004 <107?% <102
Kaon regeneration <107 <1077 <107% <102
Tot. syst. uncertainty  0.009  0.006 0.00 0.01

CMS

. with updated measurements

(Thanks, Vukan for helping us)



Asymmetry fits

- ,CMS L — Y e fb (13,6 TeV) . CMS Preliminary 274 b (13.6 TeV)
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C =0.013+£0.011 (stat.) £0.006 (syst.) C=-0.18+0.23 (stat.) £ 0.01 (syst.)
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Results

* First high precision measurement of observable time-dependent CPV from CMS

Historic sin 28 values

109 me .
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Results
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Much more actually collected data

Outlook

Much more data x 6
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Summary

* First high precision CP-violation measurement in CMS

 Update on the penguins contributions to sin 2/
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TCHALLENGE YOU TO A DUEL!

 Much more to come: interpretation of the phase, casting with respect to external
INnputs
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Selection

Object Variable Requirement
PV found
Event Good data-taking conditions
HLT fired
Trigger objects matched
No observable ill-defined (NaN etc.)
m(J /1 KQ) € [5.17, 5.50] GeV
pr(B°) > 8.5 GeV
B’ — J/p K B® vertex prob. > 2%
t(BY) > 0.2 ps
cos (B°),p, > 0.997
min AR (p1, po, K2) > 0.03
Muon reconstruction Global
Muon identification Loose
+4,— pT(ylead) > 4 GeV
[ pr(hsa) >3GeV
7 (1)) <24
2(p1) — z(p2)] <lcm
AR(pq, Uy) > (0.03
im(utu—) — mys < 150 MeV
J /P vertex prob. > 0.1%
Track quality High Purity
pr(77) > 0.35 GeV
0 + 7 (7r)] <25
Ks—mim pr(KQ) > 1.35 GeV
im(tt ) — m‘gga < 25 MeV
cos 6, (K2) > 0.998
K¢ vertex prob. > 0.1%




Tagging variables

OSMuon OSElectron

Variable Type Definition Variable Type Definition
Muon Charee float Muon electric charee Electron Charge float Electron electric charge
& o g. Electron Soft MVAID  float Electron MVA discriminator trained on J /¢ — ee data
Muon ID float SoftMuonRun3 discriminator Electron Iso float PF relative isolation (AR = 0.4)
Muon Iso float PF relative isolation (AR = 0.4) Electron dz float Electron longitudinal IP w.r.t. PV
Muon dz float Muon longitudinal IP w.r.t. PV Electron dx float Electron transverse IP w.r.t. PV
g y
Muon dxy float Muon transverse IP w.r.t. PV Electron dz uncertainty = float Uncertainty on the longitudinal IP w.r.t. PV
M Electron dxy uncertainty float Uncertainty on the transverse IP w.r.t. PV
uon N, float Tracks near muon . :
Track Ch Track ch Electron AR (e, B) float AR distance between electron and the signal B meson
rack Charge array rack charge Electron N, float Tracks near electron
Track dxy array Track transverse IP w.r.t. PV Track Charge array Track charge
Track dz array Track longitudinal IP w.r.t. PV Track dxy array Track transverse IP w.r.t. PV
Track X2 array Normalized track XZ Track dz array Track longitudinal IP w.r.t. PV
2 : 2
Track N ,jiani array Valid track hits Track x array Normalized track x
validhits Track N, . arra Valid track hits
Track Ny iiapixeinits arra Valid pixel hits oatidhits 4 3ol B
validpixelhits y P Track Nygiapixeinits array Valid pixel hits
Variable Type Description
Bpr float B meson pr
B#y float B meson
Jet p¥ 4 xfloat Jet four-momentum
Jet mass float Jet mass
Jet b-tag score float b-tag probability (PNET)
Jet chHEF float Jet charged Hadron Energy Fraction - -
Jet neHEF float Jet neutral Hadron Energy Fraction Varl able Requlrement Variable Requ1remer1t
Jet chEmEF float Jet charged Electromagnetic Energy Fraction <04
Jet neEmEF float Jet neutral Electromagnetic Energy Fraction B deC ay é I 1 | — &
Jet hfHEF float Jet hadronic Energy Fraction in HF R k AR w.r.t. B candidate > 1.0
Jet hfEmEF float Jet electromagnetic Energy Fraction in HF ( ) .
Jet chFPVOEF float Jet charged fromPV==0 Energy Fraction A n 'CP B’ tr < 0 8 chHEF > 0.01
Jet chMultiplicity float ~ Number of charged part%cles' in the jet b.ef(?re selections J et t a e r S | d | w.r.t. PV < 0.3 cm PNetB score > 0.2
Jetqgl float Quark vs Gluon likelihood discriminator Z
Track charge array Track charge
Track p# 4 xarray Track four-momentum
Track mass array Track estimated mass — e — e
Track dxy array Track transverse IP w.r.t. PV
Track dz array Track longitudinal IP w.r.t. PV
Track sxy array Track transverse IP uncertainty
Track sz array Track longitudinal IP uncertainty
Track pterr array Track pr uncertainty
Track nValidPixelHits  array Number of valid pixel hits in track
Track nValidHits array Number of valid hits in track
Track normChi2 array Track fit normalized 2
Track dr2Jet array Track squared AR w.r.t. jet axis
Track detaJet array Track 7 diff w.r.t. jet axis
Track dphiJet array Track ¢ diff. w.r.t. jet axis
Track puppiw array Track PU score (PUPPI)

Track VIX ass array Track-PV association type




Amount of CP-violation in Standard Model quark sector
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There is not enough CP-violation in quark sector alone




Kaon regenerations

 The interaction of the KO with the detector

before decay, introduce mixing between Ks
and KL which modifies the measured CPV

- Estimated an effective CPV shift of O(10-4),
negligible within the precision of the
measurement (oS¢ ~ 10-2)
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Point of Ks decays in the tracker



