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CP violation in the SM

e Inthe SM quark transitions are possible through
flavor-changing weak interactions
e Information about the strength of the transition is
contained in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix (7}
o Parameters: 3 angles + 1 complex phase
e The single complex phase allows for CP violation
e In the SM, the CKM matrix is unitary
o  Unitary conditions can be represented by
“unitary triangles”
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Search for CP violation in D° = KK,

CMS: arXiv:2405.11606

Dataset: 2018 B Parking (41 fb™")


https://arxiv.org/abs/2405.11606

Motivations

e CP violation in the up-quark sector is not studied as well as in

the down-quark one

o  Expected to be suppressed by the GIM mechanism and CKM element

size
e Observation of a significant CPV =¥ hints of BSM physics
O  First observation of CPV in D mesons in 2019 by LHCb with

DY = K*K~and D® = t*1t" decay’s [PRL122(2019)211803]
e Presented here: measurement of the direct CPV in
D° < KK, decays
M(D° — K2KQ) — I(D° — KOKY)
M(D° — K3K2) + (D" — K2KQ)

e From theory, CPVin D° = KK could be as large as O(1%)
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https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevD.92.054036

Measurement strategy

e Use D from D** = D°mt* and D* =% D°nt, so that the pion charge tags the D° flavor
e This introduces additional asymmetries due to the D**/D*" differences in the measurement
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Signal channel

e Need areference channel: AA_, = A, (D° = KK - A_(D° = K r*m) kY~

. . . . . . ™ / /<:
o Reference channel is very similar in kinematics and topology = Aprod and A, cancel out : ‘{_,./-Kg
o CPVinD?= K, 'TT" already measured consistent with zero [prossoi21032007] e v
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https://doi.org/10.1103/PhysRevLett.122.211803

ACP extraction

To extract the CP asymmetry a 2D maximum-likelihood fit is
performed on the invariant mass of the D** and D°

e Fit is done simultaneously on the D** and D* samples with
only the yields left to float
e Main fit components (signal channel):
o D®x D*, the signal component
o DOx bkg, real D° but fake D**
o  bkg x bkg, background in both dimensions
e Notable selections: m(t*rt) € PDG + 20 MeV,
mK K¢ € [1.7,2.0] GeV, displaced by >9(2)o in xyz(xy)
e Background suppression: fit alternative topologies, select
based on vertex probabilities

e Yields:
Reference channel Signal channel
Pion charge N Pion charge N
7t 944 800 + 3500 7t 1095 + 46
e 930150 + 3400 T 951 + 44
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Results and outlook

e Putting everything together, AA_; is measured
AAcp = 6.3 = 3.0 (stat) - 0.2 (syst) %

e Using the world-average value of A (K ') = (-0.1 = 0.8)%, A (K K,) is found to be

Acp(D° — K2 K§) = 6.2 + 3.0 (stat) 4+ 0.2 (syst) + 0.8(Acp(Ke 77 7)) %

e Consistent with no CP violation at 20, with LHCb [prp1o4pozniosiioz [(-3.1 £ 1.3)%] at 2.70 and
Belle prL119017)171801] [(0.0 + 1.5)%] at 1.80
e This is the first CMS study of CP violation in the charm sector, paving the way for
future measurements using
o More data
o Refined techniques
o Different channels



https://doi.org/10.1103/PhysRevD.104.L031102
https://doi.org/10.1103/PhysRevLett.119.171801

Measurement of the time-dependent CP
violation in B, mesons

CMS: CMS PAS BPH-23-004

ATLAS: EPJC81(2021)342

Dataset:
CMS: 2017-18 (96 fb™")
ATLAS: 2015-17 (80 fb'™)


https://cds.cern.ch/record/2894821

Motivations

e B_mesons decays allow us to study the time-dependent

CP violation generated by the interference between direct decays
and flavor mixing
The weak phase ¢_ is the main CPV observable
o Predicted by the SM to be ¢_ = -2B_= -37 + 1 mrad (jcxmiter, uTiit)
B, = angle of the B_ unit. triangle
New physics can change the value of ¢_ up to ~100% via new particles
contributing to the flavor oscillations [rvpsg2o16)045002]
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¢, has been first measured by the Tevatron experiments DO and CDF
At LHC ¢, has been measured several times by ATLAS, LHCb, and CMS
This presentation is about the measurements in the golden channel
B, = J/ ¢(1020) = prp KK
o CMS:96.4fb'2017 - 18 + 19.7 fb™' Run1
o ATLAS: 80fb'2015-17 + 19.2 fb™' Run1
m 60 fb"' from 2018 to be added
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
https://arxiv.org/abs/2212.03894
https://doi.org/10.1103/RevModPhys.88.045002
http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html

A time-, flavor- and angular-dependent measurement

Transversity basis

CP violation flavor oscillations | ‘ ~ >
final-state CP [ N ‘ g
eigenvalue \\_>
_nfs Sin(qu) Sin(Amst) Jhy rest frame

acp(t) = —
COSh(%A rs t) - T]fs COS(QDS) S| n h (%A rst) Decay rate for a CP-even final state
|
Core ingredients " — Gt
— dr(By)/dt
08— T F+—F+—— dr/dt (no CP)
e Time-dependent angular analysis to separate the CP 3 | —
eigenstates (“transversity basis” used) goe ?ﬁm assumed
e Time-dependent flavor analysis to resolve the B_ .
mixing oscillations (T ~ 350 fs, CMS/ATLAS o, ~ 65 fs) -
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Flavor tagging overview

Schematic representation of a generic event

PV

e Flavor tagging algorithms can be divided into two sv
main categories - -
o Opposite side (OS): exploits decay products of - 2B .-
the other B hadron in the event ¥y
e OS muon: leverages b =* /X decays e some side.
e OS electron: leverages b = e X decays > o - i
. OSk:'et(:) cé‘agitalizes on charge asymmetries b x e
in the -jet :
o Same side (SS): exploits the B_ fragmentation
e SStagger: leverages charge asymmetries Ysetul definitions
in the B_ fragmentation - {i o
e  Main contributor to the tagging perf. 0 if no tagging decision is made

e Currently not used in ATLAS
e Flavor tagging information is converted to a tag = % Wiag = Nﬁf""g, Diag =1 —2wiag, Prag = €tagDing
0 ag
probability and propagated to the Likelihood

11



Fit strategy

e The physics parameters are extracted with unbinned multidimensional extended maximum-likelihood (UML) fit
o Physics parameters: ¢, AT, T, IA 4 | )|2, |ASP, 6 8, NI, Am T
o  Observables: mg. 1, 0, cos GT, cos Y, ¢, Wy O
e Fit model
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o In ATLAS, conditional to the p, of the candidate Hammsig E

Events / (0.04 )

Time efficiency

e Backgrounds sources: . 1 & N
o combinatorial O CEmn et o | S |
o BY=> JAK* > ppKn costry

o A, = JWP A > puKp (negligible in CMS)

T: CMS only, fixed to PDG value in ATLAS

*: ATLAS onl
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CMS

ATLAS

Fit results

Fit results
Parameter Fit value Stat. uncer. Syst. uncer.
¢ [mrad | —73. £23 +7
AT, [ps—!] 0.0761 =+ 0.0043 =+ 0.0019
T, [ps~!] 0.6613 £ 0.0015 =+ 0.0028
Amg [hps™ ] 17.757 =+ 0.035 +0.017
A 1.011 +0.014 +0.012
| Ao |? 0.5300 =+ 0.0016 =+ 0.0044
|A, |2 0.2409 =+ 0.0021 =+ 0.0030
|Ag|? 0.0067 =+ 0.0033 =+ 0.0009
9 3.145 £0.074 +0.025
61 2931 =£0.089 =+ 0.050
ds| 048 =£0.15 +0.05
Solution (a)
Parameter Value Statistical | Systematic
uncertainty | uncertainty
¢y [rad] -0.087 0.036 0.021
AL [ps~!] 0.0657 0.0043 0.0037
s [ps] 0.6703 0.0014 0.0018
|A;(0)? 0.2220 0.0017 0.0021
|40 (0)/? 0.5152 0.0012 0.0034
|As|? 0.0343 0.0031 0.0045
6, [rad] 322 0.10 0.05
0y [rad] 3.36 0.05 0.09
0, — ds [rad] —-0.24 0.05 0.04

¢, and Al'_ are found in agreement with the SM

oM ~ —37 + 1 mrad

Ar™ = 0.091 +0.013 ps™*

I, and Am_ are consistent with the latest world averages in CMS

™ =0.6573 + 0.0023 ps~'

AmM =17.765 + 0.006 hps™'
Some tension is observed in ATLAS in I'_ w.r.t. the world average

Still dominated by statistical uncertainty

First evidence of CPV in this

channel by CMS, at 3.2 o
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https://doi.org/10.1103/PhysRevLett.132.051802
https://doi.org/10.1140/epjc/s10052-021-09011-0
http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
https://doi.org/10.1007/JHEP07%282020%29177

Results and outlook

e After combination with Run1 results, the current best results for the measurement of ¢S and AI'S in

CMS and ATLAS are
_ ¢s=—74+23 [mrad] @95 = 0.087 £0.036(stat.) £ 0.021(syst.) [mrad]
CMS: Ar, = 0.0780 + 0.0045 [ps ] ATLAS: AT, = 0.0657 + 0.0043(stat.) + 0.0037(syst.) [ps—]

e Both measurements are still limited by statistics
o ATLAS is still missing a large part of Run2 + all of Run3
o CMS has completed the Run2 analysis and is looking at Run3
e New opportunities will come in Run3 using additional trigger strategies, like the Scouting/Trigger
Level analysis or the Delayed Reconstruction/Parking streams which have been expanded to
include B-Physics
e Phase2 will provide an unprecedented amount of data, which will push the uncertainty on ¢_ to the
O(mrad) level
o New strategies will be required to deal with the currently negligible systematics (e.g. penguin
contributions)
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Backup
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ATLAS and CMS

General purpose detector able to perform a vast range of physics studies, including flavor physics

Muon Electron

Charged hadron (e.g. pion)

= ==-Neutral hadron (e.g. neutron) ----. Photon

Wl

Silicen
Tracker

Electromagnetic
Calorimeter
LAr hadronic end-cap and Hadron
\ forward calorimeters Calorimeter S@p@m@m@@@{gﬁmg
------------------------- Solenoid Iron return yolke interspersed
Toroid magnets LAr electromagnetic calorimeters with muoen chambers

Solenoid magnet | |Transition radiation tracker|
Semiconductor tracker|

Tile calorimeters
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The CMS B parking dataset

e Designed to allow CMS to perform B physics
measurements on difficult/impossible to trigger final
states (e.g. fully hadronic final states)

e Achieved with a set of single muon triggers (tags) with
different thresholds in p; and impact parameter

o Luminosity decreases during a run =¥ less restrictive
triggers enabled

Probe side
Unbiased
B hadron decay

Tag side
b=»puX

m Maximises the available trigger bandwidth ¢
o Events are parked for later reconstruction L1 trigger rates with B pariing
. . Fill 7108 3L1 trigger rate :::::::z':;:::“ === Prescels change.
o Very high purity of ~80% Tl T T T
L f | | | | |
e No impact on the standard CMS physics programme Nl b |
. F.) . p y p g . 80}3\%;}\\,’;\
e 10 billion unbiased B hadron decays collected in 2018 N I I I
(L, ~ 41 o) R
int IR G
:220?8»0 l-]3512::)::25:30271;42401a»o(ias-;szf,:‘:s:z 12:3?0 14:12Tin’11:21
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https://doi.org/10.48550/arXiv.2403.16134
https://doi.org/10.48550/arXiv.2401.07090

Signal channel

Event selection R~ v,

+

6

"> S
e  First, Kg = 't are reconstructed fitting the Tt tracks to a common vertex /Dﬁ
o |m(mr) - m(K.*?)| < 20 MeV, p (Ky) > 2.2(1.0) GeV D*t
e Inthe signal channel, two K s candidates are required and fitted to a common Reference channel

vertex to form D% = K <K candidates

o 1.7GeV<mKK, <20 GeV w /-"_. ./'<:

o KS displacement in xyz from the D° vertex >90 and >70 / - Kg
o  D°displacement in xyz (xy) from the PV >90 (>20) & o
e |n the reference channel, two track with pr > 0.6 GeV are used to form the D° = D™
K candidate
o 1.823 <m(K ') < 1.908 GeV
e Finally, an additional track with -1.2 <|n| < 1.2 and p, > 0.36 GeV is added to form
D** = D°1t* candidates
o m(D°m*) = m(D°m*) - m(D°) + m,,(D°) -
‘/ //.M___,< X
,,,,,,,, = L4
e Background suppression: several fits corresponding /,/V L=
to incorrect topologies are performed and vertex < X e’ X

probabilities requirements are imposed

18



Selection

Table 1: Optimized selection criteria in the signal channel DO — KgKg.

Variable Requirement

pt of tagging pion from D** — D= > 0.35GeV

i of tagging pion from D** — D= —12< < 1.2

pr(K2) > 2.2GeV and > 1.0GeV
P (DT ) > 5%

P, (K2K2) > 1%

Py (i) forKQ — ntm— > 1%

DY vertex displacement from the PV in xy > 2s.d.

DY vertex displacement from the PV in xyz >:'98.d.

Kg vertex displacement from the D° vertex in xyz > 98d.and > 7s.d.
angle between D momentum and displacement from PV in xyz < 0.205rad

angle between D momentum and displacement from PV in xy < 0.237rad

angle between D momentum and displacement from BX inxy < 0.237rad



Theory reference: J.Phys.G48(2021)6.065002

- . - Assuming
Penguin contributions this is
negligible
We bsl= gree 4A ¢ps>engum +IA ¢évp Trying to
measure

this sin(23)|= sin( 231 4 A¢§enguin +|{agNPy|  prove this

e Penguin pollutions are expected to be small for B, but they are not well constrained

A@RE"UN ~ 3 + 10 mrad

e Analysis of penguin and NP contributions is possible using Cabibbo-favored control channels

B-factories CPV flagship
LHC competitive e AL

B O _) J K O F—" E[I] Current Precision
A<bd/< a = IIVESINS ¢4 | o

B} = J/YK§| By — J/yn’| By = J /v

N ,W

LHC CPV flagship 210 5 0 5w
B-factories not competitive ¢d °]



https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423
https://doi.org/10.1088/1361-6471/abf2a2

Flavor tag decision
(flips c, and d, signs)

Decay rate model

Mistag probability

Decay time .
\ d@dt Conventions
2 2 2
\ ATt ATt o AP =IAR-1A
Oj(t,a) = Nje~"! {a,- cosh (TS) + b;sinh ( > * =
® J, =64-98,
Most sensitive d Ars > 0
terms for SM ¢,
i 8i(0r. ¥r. or) o i b & < Physics parameters
1 2cos? Pp(1 — sin? O cos? ¢r) |Ao(0)]? 1 D (6 -S ° |}\|
2 sin?yr(1 —sin® 07 sin® @r) Ay (0)? 1 D € —8
< IPT(. ; . 2T9 Pr |A||(0)|2 - - = - ® Ar |— Am
sl IPTSIH T | i( )| ° |A |2 |A |2 |A |2
4 —sin? lstm29Tsm(pT [Aj(0)[|AL(0)| Csin(dy —6)) Scos(dy —d)) sin(dy—6) Dcos(d, —9)) S
5 \}E sin 2¢pp sin® Oy sin 2 [Ag(0)[|A;(0)] cos( —dg)  Dcos(d)—38) Ccos(d —d) —Scos(d)—d) o o) /I 6 6
6 %sm2¢T5m29Tcos or |[Ag(0)]|AL(0)] Csin(d, —&y) Scos(d, —d) sin(6, —dy) Dcos(d, —dy)
7 g(1 — sin OTcos ¢oT) |Ag(0)? 1 -D € S
8 6 sin P sin? 7 sin 2¢ ks As(0)[]Aj(0)] Ccos(é) —ds) Ssin(d —ds)  cos(d —ds)  Dsin(d) — ds)
9 % 6Si_l'll/JT sin29Tcos () ksp AS(O)“AL( | sm(éL (Ss) -D sin(él —(Ss) Csin(&l —(55) Ssin(él —55)
10 3v/3cos (1 —sin O cos® ¢r) [ksg|As(0)[|40(0)| Ccos(dy—Jds) Ssin(d—J5)  cos(d—J5)  Dsin(do —J) S-P wave effective coupling
5 . ‘ kgp = 0.54
1A S= _2’)‘\ SN ¢s D=_ 2|\ cos ¢s ¢ Introduced since m(K*K") is
1+ [\P 1+ AP 1+ A2 not fitted
— — ¢ Evaluated from the S- and
Sensitive to Sensitive to Sensitive to P-wave lineshape interference
direct CPV ¢ ~0 o, ~ /2
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