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Introduction

e Studying heavy quarks is crucial in experimental particle physics for
o Testing the Standard Model
o Probing fundamental interactions
o Searching for New Physics
e This talk unveils two new CMS results on the physics of top and bottom quarks
o Measurement of top quark entanglement
o Precision measurement of CP violation in B_ meson decays
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Probing Top Quark Entanglement

CMS PAPER TOP-23-001



https://www.particlebites.com/?p=3063

Entanglement at the LHC

e Fundamental predictions of QM:

o  Entangled states cannot be described by independent superpositions:
measuring particle spin in an entangled system immediately reveals
the spin state of the second particle

m  Nobel Prize in 2022 for Aspect, Clauser, and Zeilinger Observed Affected
“here’ “over there'
e First observation of entanglement in tt by ATLAS end of last year (see S. Wuchterl talk)

o Short top quark lifetime of 102° s allows measuring polarization (B) and spin How to produce a top quark
correlation (C) in tt production =» explore to proof entanglement at the LHC g 7

o  Spin density operator p is fairly complex, but one can find the necessary conditions
to show that it is non-separable =¥ entangled [EpJP(2021)136:907]

la+3> (Bt o' ® b+ Bib®o')+ Y Cjo' @ ol notseparavle i tr[C] 1 *
p= Z ’ > D=-=7<-3

e Experimental goal = measure D (entanglement proxy) .
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https://doi.org/10.1140/epjp/s13360-021-01902-1

How to measure the entanglement proxy D

Analysis strategy: use leptonic final states to measure the
helicity angle cos ¢ = £, - £, (measured in the top reference frame)
o  Experimentally well measured
o  Fully encapsulates the spin correlation information for gg
fusion production at low mass

1 do 1
cdcosy 2 (1 - Deosy)
o Resilient to systematic effects
The degree of entanglement is highly phase-dependent
Focus on low-mass region (345 < m,, < 400 GeV)
o Dominated by gg
o Increased entanglement
Cut on velocity along the beam line of the tt system to increase
gg/qq fraction _
pZ+ Py

= < 0.9

8=

[+

tt) [GeV]

m(

Degrees of entanglement for
gg fusion production

Analysis phase-space To
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Analysis region

Signal model and uncertainties

e Combined signal model: it + toponium (n,

o Only spin-0 n, accounted (colour singlet pseudo-scalar

CMS preliminary
minary

35.9 fb~! (13 TeV)

0 tt+zw I tfother
I Diboson [ Singlet
n, signal Bl Z+jets

Il i signal
/ Stat ® Syst
¢ Data

551_2 | —|No ph rev‘v. ‘ —Q—‘Powi‘legﬂ;y(higs —+ Non, i
B | —+|No p} rew. &7, ]
state) [PRD104(2021)034023] ol ,
o n, improves data modeling in the threshold region TR e ey —_— -
. . . _ . alr | MGS5_aMC@NLO [FxFx] ]
o 47500 signal candidates in 35.9 fb™" collected in 2016 ooy
e Main background sources: Z+jet (MG5_aMC@NLO + ’ “;TO' o
. . . . m(th) [GeV]
data-driven corrections), single top (Powheg MC), diboson
. Leading systematic uncertainties
(Pyth|a8 MC) Source Uncertainty
e Leading experimental uncertainties . OD/
: JE 10.1%
o Jet energy scale and resolution Toponium normalization 10.1%
e Leading theory-based uncertainties carton Shower (ISK) o
o Toponium normalization Parton Shower (FSR) (1)5;
JER 9%
o Parton Shower Z-+ets shape 0.8%
b quark fragmentation 0.4%
tt normalization 0.3%
PDF 0.3%
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Entanglement measurement

e The entanglement proxy D is extracted with a template fit
o All systematic effects included as nuisances
e How to create variations of D outside of SM?
1. Generate top pairs with no spin correlation (noSC, D = 0)
2. Created new samples with mixture of SM and noSC to obtain D
€ [Dgy» 01
3. Extend the fit for variations of [-1, Dg, ]
e Use samples of SC and noSC to change fraction of tt with
aligned vs opposite spins =» any value of D between -1 and +1

Post-fit cos ¢ distribution

60000

CMS Preliminary
T T

35.9 o' (13 TeV)
T

[ t+ZW
50000 [ Dibosol
tf other

40000

Events / 0.33

Bl 7 signal B tisignal
n I Single t % Stat ® Syst
Bl Z+jets ¢ Data

30000]. 345 <m(tD <400

0.0<8<0.9

<|e
S8 1.025]
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o97s| ‘
4 066

-0.33 0.0

Mixture templates

CMS Preliminary 35.9 fo~! (13 TeV)

1] T T T
£ 12000 I
i - ]
10000} ]
345 < m(tF) < 400 GeV —

8000 0.0<3<0.9

can be reached s 4 o%NoSpmcom |
4000F +50% No Spin Corr. |
L —— +100% No Spin Corr.
2000} —+ -50% No Spin Corr. |
D ~ O-(TT) + O-(\L\L) o O-(T\L) T 0-(\1(1\) ) o ‘—— -100‘%NoSpl‘nCorr.
o(t) +o() +o(t) +o(1) i —— ——
§§0j75; | I E
1 066 035 00 0% 066 1
cos ¢
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Results

e Fit yields D at parton level, accounting for all detector effects

Dops = —0.478 + 0.017 (stat) *%%18 (syst)

Dexp = —0.465%%%18 (stat) %% (syst)

CMS Preliminary
e

35.9 fb-! (13 TeV)
oL LR

e+ Data

0000 (tt only)

L P

— Entanglement Threshold

r&« POWHEGvV2+PYTHIAS8
te4 MG5_aMC@NLO+PYTHIAS [FxFx]
+e+ POWHEGV2+HERWIG
345 < m(tt) <400 GeV

o 5 standard deviations observation of top quarks PO<p<hd
being entangled at tt threshold 5 "
o Without n,
-0.489'0%%8 | oy
e Good agreement with SM predictions : 5
o  Significantly improved by n, inclusion . With n, g
e First measurement of entanglement of top quarks with CMS 0478788 | ——e——i o>
data result + (total)
e Even in presence of a hypothetical toponium bound state, s —05% 05 045 040 03 0.0
we confirm the existence of entanglement in the tt system D
8/18
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Precision measurement of CP violation in
Bs mesons

CMS PAPER BPH-23-004

THE MIRROR DiD RN S££m1 T
BE OPERATING PROPERCMY.




Motivations B CPVioumy
~

CPVimix J /¥ $(1020)
e B_mesons decays allow us to study the time-dependent
CP violation generated by the interference between direct decays and By~ CFVaecay
flavor mixing
o  CPVin the interference is possible even if there is no CPV in F<Bs0( ) f) (t) ( s(wB) f) Q)
decay and mixing
e The weak phase ¢_is the main CPV observable
o  Predicted by the SM to be ¢ =~ -2B_ (B, =» angle of the B_ unit. triangle)
m  Neglecting contributions from higher-order diagrams ooy oF, T Y |
o B, determined by CKM global fits to be -2B_ = -37 = 1 mrad wause i A |
e New physics can change the value of ¢_ up to ~100% via new particles oosle ° e, i

contributing to the flavor oscillations ruesseoteossoo

S —>—/\/\/Vy/\/\,—>— b = 000 E‘ rrrrrrrrrrrrrrrrrrrrrrrr ‘ / i*
BY VQA Be > A
b ¢ N—e—5 -0.05 — L |
W : Y sin 2B j
e This work talk presents the latest CMS results with the golden channel I %ﬂ!‘ f : ]
B, = J/{ $(1020) = p*p K*K' M e om ok oo

sb  From: [CKMfitter]
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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

final-state CP
eigenvalue

CP violation

\\—y —1) sin(¢, ) sin(Amyt)

acp(t) =

flavor oscillations

Core ingredients

cosh( % ATt)+n;, cos(¢,) sinh( % AT ;t)

Time-dependent angular analysis to separate the
CP eigenstates (“transversity basis” used)
Time-dependent flavor analysis to resolve the B_

mixing oscillations (T ~ 350 fs)

2
e . ftath Nsig N
sensistivity o 2 =0

2
u?Ams

Decay Rate [a.u.]

Transversity basis

¢ rest frame

Jy rest frame

Decay rate for a CP-even final state

N
sl — dr(Bs)/dt
— dr(By)/dt
[0 J% N . . S (— dr/dt (no CP)
| SM values
0.6 1 I(—)' assumed
21 _ 350 fs
0.4
0.2 A
0.0 T T T T T
0.0 0.5 1.0 15 2.0 2.5

t [ps]
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Invariant mass and proper decay length (ct)
distribution for HLT JpsiTrkTrk (2018)

Analysis overview - s8enaTey
> N CMS
o Preliminary 1 .
] 8 40 ¢ Data
e Dataset: L_ =96 fb™' collected in 2017-2018 = it
e Signal candidates: 491270 + 950 = 30- e
e Two-triggers strategy % i .
1. J/Y = u*y plus an additional muon i ;
m  Used for time resolution modeling i
m  ~50000 signal candidates :
.- Only tagging option: Opposite Side (OS) muon %25 53‘ 5.35 M(iﬁKKf(“é;V)
2. Displaced J/yp = u*u plus ¢ = K'K”
m  =450000 signal candidates SR _ 8981 (13 TeV)
m Inclusive tagging suite: OS muon, OS electron, OS jet, Same Side g Premgr'gf
& 10t soe 3
Fit: unbinned multidimensional extended maximume-likelihood § \ _—;,";;;:
e Input observables: my, ct, o, 8, Y, ¢p,|E, W = 10°- SN ™ i feat
° Fitted parameters Direct CPV Tag decision, mistag probability g ok \\\ B, ]
o  CPV observables: ¢, . & N
o B, system propert/es Ar,, T, Amg 10- .
o Decay polarization: |A?, |A |2 |AS|2 6,,8,,06g, i R
e Background sources: combinatorial, B® = J/{ K*°, /\b-) J/P Kp (negligible) B R PEaE (;5
ct (cm)
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Experimental effects

Time efficiency

e Modeled in B® =» J/p K*° control data sample with corrections from MC

~
N\ MG
5%%“(01‘) = WiVBO(Ct) / cdata _ €data(Cf) 0( *
e™'d" ® Ppo(ocr) B )

Time resolution

e Estimated from the measured o(ct) with calibration in prompt events
e  Excellent agreement found (calibrations around ~5%)

-2InD _ oiAm?
Oeff = N with D= Zf exp( )

s

Angular efficiency

e Estimated with KDE distributions in simulated events
e The simulations are corrected to match the data

Time efficiency for HLT JpsiTrkTrk 2018 data

PDL efficiency ( a.u.)

59.8 fb™! (13 TeV)

x107
200
18]
16
145
12f
10F

Ol\)bd‘)
TT T T T

Fit

Colel

[ @ Efficiency histogram o

o cms_

Preliminary 4

1072

10
0 ct (cm)

Time resolution calibration for 2018 data

Events / (0.001 cm)

59 8 fb' (13 TeV)

N
10°E cms

[ Preliminary
10*F

10°:

T

§ Data ‘ 3
—— Fit E
~— Prompt comp.

—— Long lived comp. |
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Flavor tagging overview

A cutting-edge flavor tagging framework has been engineered to
extract the best possible results from data

e Four DNN-based algorithms are used, divided into two main

Categ OrieS Schematic representation of a generic HLT JpsiTrkTrk event
o  Same side (SS): exploits the B fragmentation PV N
1. SStagger: leverages charge asymmetries in the B
fragmentation - 5 ., @
o  Opposite side (OS): exploits decay products of the other = U ESSSEEL o g
b-hadron in the event - S
2.  OS muon: leverages b =X decays Eb 7777777777777777 S V 7777777777777777777777777 O Djésﬁi{e?iﬁd?
3. OS electron: leverages b <»e X decays 9] 0s iectron
4. OS jet: capitalizes on charge asymmetries in the OS b-jet o
e All algorithms are trained on simulations and calibrated in B* =» J/{ K*

with special precautions to reduce systematic effects

o The SS tagger is trained on a mixture of B_ and B* events, with

additional corrections to address BS/B+ differences in the
hadronization
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Flavor tagging performance

The SS and any one of the OS algorithms overlap in
about 20% of the events
o Inthese cases, the information is combined to
improve the tagging inference
The combined flavor tagging framework achieves a
tagging power of Ptag = 5.6% when applied to the B
data sample

0 distribution in HLT JpsiMuon (left) and HLT JpsiTrkTrk (right) for 2018

820002

S 1800F
~1600[
n r
‘©1400F
2 1200f
w =

59.8fb™' (13 TeV)
" cms

Preliminary -

& Data
— Full fit

Events / ( 0.02 )

1000
800
600
400f

50

0 0.1

Al

59.8fb™' (13 TeV)

- @& Data

[ —— Full fit
e Signal

[ ----Comb. bkg
[ —-B"bkg

02 03 04 05

o CcMS |

Preliminary —|

o  Among the highest ever recorded at LHC Opag
o SS accounts for half of the performance Flavor tagging performance (mutually exclusive categories)
This is the first CMS implementation of the OS jet .
and same side tagging techniques Category Crag [%] Dt Prag [7]
, L , Only OS muon 6.07 £0.05 0212 1.29+0.07
The flavor tagging framework is validated in the Only OSelectron  2.72+0.02 0079 0.214 = 0.004
B? - J/ K*® data control channel with flavor mixing Only OS jet 51640.03 0.045 0.23540.003
measurements, both integrated and time-dependent Only SS 33.12+£0.07 0.080 2.64+0.01
SS + OS muon 0.624+0.01 0.202 0.125+0.003
SS + OS electron 2.77+0.02 0.150 0.416 £ 0.005
SS + OS jet 54040.03 0.124 0.671+0.006
Total 5594+0.1 0.100 5.59+0.02
Alberto Bragagnolo Heavy Quark Physics at CMS 15/18



Results

Results
. -
Parameter Fit value Stat. uncer. Syst. uncer. Extremely competitive resu_lts
[¢, [mrad ] —73 +23 17 | comparable to the most precise
AT [Pfl_l ] 0.0761 +0.0043  +0.0019 single measurements by LHCb
IA}”EP [Sﬁps]—l ] (1)76%; i 882;5 i 88??8 o Largest ever effective statistics
Al 1011 +0014 0012 (Ng, Py, for a ¢, measurement
A . Bs ~tag
| A2 0.5300 +0.0016 =+ 0.0044 in this final state
|A LI; 0.2409 = 0.0021 +0.0030 e |eading systematic sources for
A 0.0067 +0.0033  +0.0009 _ . .
L sl 2445 L 007k i e ¢.: model bias, flavor tagging,
5, 2931 +0.089 + 0.050 and angular efficiency
By 048 =+0.15 +0.05

e These results supersede PLB816(2021)136188 and are further combined
with those obtained CMS at 8 TeV, yielding:

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

e The combined value for the weak phase ¢_is consistent with the SM
prediction, the latest world average, and with zero (no CPV) at 3.2 s.d.
o  This is the first evidence of CPV in B_ = J/p K'K" decays

Al [ps™!

Comparison with other LHC experiments

0.11

0.10

0.09

0.08

0.06

SM no penguins B2 —J/yK* K~ channels only

CMS 116.2 fb~*

ATLAS 99.7 fb™t

LHCb 9 fb~?

CMS Preliminary
68.3% CL contours

0.05,

-100 =50 0

50 100
@L/¥K™ [mrad]

1, 2, 3 standard deviations contours

0.07

0.06

0.081 |

SM no penguins

CMS 116.2 fb~!

CMS Preliminary
68.3%, 95.5%, 99.7%
CL contours

0.05,

e These results helps to further constrain possible BSM effects in the B_ system ~bE =m0 5 S e frad]
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Outlook



Summary and outlook

e This talk presented two high-profile new CMS results on the physics of heavy quarks
o Measurement of the top quark entanglement
m Measured in leptonic channels in the low mass region
m Inclusion of toponium significantly improves the agreement with SM
m Entanglement observed at more than five standard deviations
o Measurement of the CP violation in B, mesons
m Largest ever effective statistics (N Ptag) for a ¢, measurement in this f.s.
m Pioneering flavor tagging framework with charge-based SS techniques
m Evidences of CPVin B_ = J/{ K*K" at three standard deviations
e With the increase in statistics and the development of new techniques, the future for
heavy quark physics at CMS looks brighter than ever

Stay tuned in the future for other exciting CMS results!
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Thanks for the attention



Backup
- Top entanglement -



Top entanglement event selection

e 2 oppositely charged isolated leptons (ee, ey and pp)
o p;>25(20) GeV, for leading(trailing) lepton and |n| < 2.4
o Electron discriminator vs fakes
o  Muon discriminator vs fakes
o Veto events with more than two leptons
e Reject events with m,, <20 GeV
= 2 jets (R=0.4)
o p;>30GeVand|n|<2.4
o Jet cleaning: AR(Z, jet) > 0.4
e ee, yM channels:
o Emiss, -+ >40GeV
o Zveto:|m,-m,|>15 GeV
e Reject events failing kinematic reconstruction constraints

ey
velvu; V‘C

e uT
VG’VIJJVT
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Likelihood scan result

20 CMS Preliminary 35.9 fb~! (13 TeV)
X\' oo R ]
L\ — Expected ’
[\ —— Observed
25 % --\-\----- - —
s ‘,\\ Dexp ==- O465t88%§ /
20 __ ‘ Dobsl = - 0.478i88§; ,‘,-”/‘ —
[ /
1907 345 < m(tt) <400 GeV / ]
0.0<8<0.9
5 E 3 %) .
B @
i o
i / e
i & ]
0 L L | I L] 4-!‘/, 1 I | L I ) L L
-0.649 -0.557 -0.465 -0.372 -0.280
D
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Backup
- CPVinB, -



Decay rate model

Decay time

-~
--
—
~ - -~

=
-

-~ o
‘N
-~

d“r(B2(t))
== dedt

ZO(Q )

Tag decision

]

e 1 , 1
O; = Ne™ Y [ai cosh <§Al—5t> + bj sinh (EArst) + ¢ 5(1 — 2w) cos (Amst) + di&(1 — 2w) sin (Amst)
i gi(()T' YT, ;T) Ni a; bl G dl
1 2 cos® Y(1 — sin Ot cos® o7) |Ag |2 1 D C =t
2 sin? 7(1 — sin? 67 sin 1) A 12 1 C S
3 sin? 47 sin? 67 1A, |2 X —D C S
4 — sin? 7 sin 207 sin 1 [A” [[Ay | | Csin(6,; — 6”) Scos(6 | — 6”) sin(6 | — 5“) Dcos(é ;| — ()'”)
5 % sin 2441 sin? 07 sin 207 |A0||A“| cos((S“ — dp) Dcos(éll — dp) Ccos(tSH —:8g) | =S cos(r)"” — dp)
6 \—1/—2 sin 241 sin 207 cos 1 [Ag[|A | | Csin(é | — dp) Scos(6 | — dp) sin(6 | — Jp) Dcos(éd | — dg)
7 (1 — sin? 07 cos? 1) |Ag|? 1 -D C S
8 %\/E;sin P71 sin? 01 sin 207 s AS||A“| Ccos(é'” — &g) Ssin(tS” — dg) cos(&ll — d&g) Dsin(zS” — dg)
9 %\/gsin 7 sin 2607 cos T Kstlhg [ [A | | sin(6 | — dg) —Dsin(6 | — d8g) | Csin(d; — &g) Ssin(6 | — dg)
10 | %v3cos (1 — sin? O cos? 1) FeelAsliAg| | Ceos(sg — &) Ssin(8g — 8g) cos(8g — 8g) Dsin(5g — Ss)
el A2 2|\ sin ¢bs 2|\| cos s A = q A

1+ AP 1+ |A]2 1+ |22 P Af

Sensitive to Sensitive to Sensitive to Amount of

direct CPV ¢ ~0 ¢, ~ /2 direct CPV

Mistag probability

Conventlons
AP = A -
A2
60_0

® &g, =065-6,
Physics parameters

o ¢, Al

° Ar I' Am

o |A, I2 IA %, IASI2

* 5,6, 5s¢

S-P wave effective coupling kg, ~ 0.54
¢ Introduced since m(K*K’) is not fitted
¢ Evaluated by integrating the S- and
P-wave lineshape interference
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Theory reference: J.Phys.G48(2021)6.065002

= n - Assuming
Penguin contributions this is
negligible
We bs|= gree AN ¢;saengum +A ¢évp Tying to
measure H .
this sin(26)|= sin( 257 4 AGETUT| ARy probethis

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
Aqﬁd/( 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 q)d °]
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black circle = triggered objects

Trigger strategy T
g% G g vl G o
HLT JPsiMuon 5, 75 o i K-
% 6‘% :
PV Signal Side
e J/Y => pp candidate plus an additional muon (for tagging) P—><‘—P fffffffffffffffff oo sie
e Around 50k signal candidates b
q tag muon
e Used for time resolution calibration as it is not displaced B @ *
e Tagging algorithms applied: OS-muon [0S muon tagger]
o P,,~10% X
5 [SS tagger] v @
. I
HLT JPsiTrkTrk % 299
B Rt i @@
== ixing

Displaced J/Y = p*y™ candidate + two charged tracks
compatible with a ¢$(1020)

Around 450k signal candidates

Displaced (lifetime turn-on efficiency to model)

Possible tagging strategies: OS-muon, OS-electron, OS-jet,
Same Side

P - 5%

O
ta

Opposite Side

b->pX [0S muon tagger]
b->eX [0S electron tagger]
b->jet [OS jet tagger]
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Offline selection

Requirements common between the two HLTs Requirements specific to HLT JPsiMuon
o 524 <m(uuKK) < 5.49 GeV e piu)>3.5GeV
e p/B)>9.5GeV e piK)>1.15GeV
e \Vertex probability > 2% e ct>60pum
e o(ct) <50 pum
o N <24 Requirements specific to HLT JPsiTrkTrk
e |nK)|<25 .
HLT JPsiMuon vetoed
o |m(uy) - MEU/WPPS)| < 150 MeV : o) > 4 Ge
_ PDG T

e |m(KK) - m(¢(1020)"°%)| < 10 MeV e DK >0.9GeV

e p.up)>6.9GeV

e ct>100 pum, ct/o(ct) >3

e Selection requirement optimized with the a genetic algorithm to maximize S/|/(S + B)
e To avoid overlaps, HLT JPsiMuon is vetoed in the HLT JPsiTrkTrk category
e The PV of choice is the closest in 3D to the line that passes through the SV and parallel to the B, momentum
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Time uncertainty and resolution

The time dependence of the decay rate is parametrized with the
proper decay length ct

w.a.
mBS * ny
pPr

ct=c-

The ct uncertainty o, is obtained by fully propagating the

uncertainties in ny and p_.
o  The uncertainty on ny dominates for most of the ct spectrum, with the
uncertainty on p_ taking over for very high values (ct > 3 mm)

The ct resolution 6, generates a dilution effect on the observed CP
asymmetry

D —82Am2 /2

time — €

In this work, we assume & _, ~ ¢_, and we improve this hypothesis
with a data-driven calibration

Events / ( 0.0098 cm )

10*

Events / ( 9.6e-05cm)

ct distribution in
HLT JPsiTrkTrk 2017

36.7 o™ (13 TeV)

CMS |

Preliminary 3

& Data
— Full fit

o distribution in

t
HLT JPsiTrkTrk 2017

x10° 36.7 b (13 TeV)

3 LR PP L
CMS

L Preliminary 1

@& Data

L — Full fit

I (R T Signal =1

- Cg:mb. bkg

avg(o,) ~20 pm ]
5 ~65fs

0.001 0.002 0.003 0.004 0005
o(ct) (cm)
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T i m e res o I uti O n Ca I i b rati 0 n Time resolution fit (inclusive, 2018)

_ o . '59.8'fb‘1(13'TeV')
g 105?CM,S. ‘ ig;ta =
e The time resolution is calibrated in a prompt data sample of g I L SN
B,2JV¢ = 103;,
o Performed separately for 2017 and 2018 in 5 bins of o, ‘§ 1023
e For each bin, a fit to the ct distribution is performed to describe the W
prompt and long-lived components Y '
o The resolution is modeled with two gaussians ;;;2 5 . TS PR W
e The two widths of the gaussians are used to evaluate the effective ' ct (cm)

time dilution, from which an effective time resolution can be extracted

Time resolution calibration (2018)

o Am? o, Am? ) [—2InD 59.8 fb! (13 TeV
’D:flexp(_lz~)+(1—f1)exp<_ 22~) > b= —am? = 6 o " (13 TeV)
: E | ]

<

L Preliminary

e The estimated resolutions 6ct’eﬁ are compared with the average
uncertainty in each o, bin and a linear calibration is performed to
model residual differences

e The results show an almost perfect linear relationship, with slope
compatible with 1 and intercept ~1 pm

w40k
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Time efficiency for 2018 data

Proper decay length efficiency (HLT JpsiMuon 2018)

Proper decay length efficiency (HLT JpsiTrkTrk 2018)

# Efficiency histogram
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Common methodologies

e The tagging inference logic differs between algorithms
o Lepton taggers (OS muon, OS electron)
m Lepton charge = E,tag; DNN = w tag (DNN trained for correct-tag vs mistag)

_ tag .
OS¢~ — OSb — signal B
&n ’ Weyt = 1 —[Span| =

0S¢+ - 0Sh =5 signal B | ——-~I—1 " """ DNN score
o Charge-based taggers (OS jet_,__.S_'S_‘)...‘--v--"""" """
= DNN-PB)-> S (DNN trained for B, vs Bs)
soan|> 05+ € =5 signal BY with PN =1 —|sprw 0S-Jet calibration (2018)
sonnl < 05— ¢ 2% signal BY  with  wD\N =|span 2 e LA
Preliminary
0.8 : .
e The algorithms are optimized and trained in simulated events B_ =» J/§ ¢ and calibrated
0.6~ =
in data with self-tagging B* =» J/p K* with the “Platt scaling” method [ref]
o  The calibration is performed by comparing the predicted and measured W i o4 / ' il
o  The Platt scaling is a linear calibration of the score before the last sigmoid layer 02 Toa
m This allows the DNN score to still be treated as a probability A I I W P
(0,0) 8 N i
after the calibration o
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https://www.researchgate.net/profile/John-Platt-2/publication/2594015_Probabilistic_Outputs_for_Support_Vector_Machines_and_Comparisons_to_Regularized_Likelihood_Methods/links/004635154cff5262d6000000/Probabilistic-Outputs-for-Support-Vector-Machines-and-Comparisons-to-Regularized-Likelihood-Methods.pdf

0S-Muon calibration
(HLT JPsiMuon 2018)

OS-lepton taggers selection

59.8 fb' (13 TeV)
T .

SE) 1: CMS """""
0.8} Prel/m{nary ! {
OS Muon OS electron . //M/ ]
e Requirements e Requirements o4t /
o p;>2GeV o No OS muon selected in the event 02, : ous
o Inl<24 °© Pr> 2.5 GeV %oz 04" o.‘s_‘ It‘o.e ‘DN,;1
o |d(PV)<1cm o |nl<2.4 o2
o ARB)>04 o [d(PV)<0.2cm
o  Discriminators vs fakes o [d (PV)<0.08cm Os-Electron calibration (2018)
© ARB) >0.4 o Ay 2B B (13 TeY)
LT % [ CMs 1
o  Discriminators vs fakes o Py ]
A
04
e Deployed in both HLT categories e  Deployed only in the HLT JpsiTrkTrk i /
0.2
e Dense DNN for w  estimation category [ Eom
o Inputs: kinematics, IP, e Dense DNN for w, estimation % 02 04 08 08 o
surrounding activity o Inputs: kinematics, IP, surrounding -
activity
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Schematic DNN model
1-dim 1-dim  Tepresentation 20-dim

L
OS —j et ta g g e r Jet features Signal B features Track features

e DeepdetCharge is based on the DeepSets architecture [ref]

. . Feat .
o Inputs: features from signal B, OS jet, and tracks engimoering | 29

m  The only flavor asymmetry is in the charges

e Jet selection Track
o No OS-lepton candidate - charges
o p;>10GeV,|n|<2.5 T
o = 2tracks with |d (PV)| <1 cm Charge -
feat -dim
o) AR(BS) > 0.5 engian:::isng 20
o  b-tagging discriminator
e Additional tracks selection ¢
o  AR(track, jet) < 0.5 .
“Time” . '
¢ |dZ(PV)| <1lcm collapsing 20-dim > 1-dim
e The output is explicitly symmetrized due to the LHC charge imbalance +
P o spaN () + [1 — span (%))
DNN o 2 Event features 1-di
engineering -dim

e FEvents with w tag” 0.48 are labeled as untagged
e Deployed only in the HLT JpsiTrkTrk category
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https://arxiv.org/abs/1703.06114

SS tagger

e DeepSSTagger uses the kinematic information from up to 20 tracks (ordered by |dz|) around
the reconstructed b-meson
e Requirements
o AR(track, B) < 0.8
o |d(PV)|<0.4cm
o |dxy(PV)|/0 oy <1
e Overlap with signal and OS is carefully avoided
DNN model is very similar to DeepJetCharge
e Trained with an equal-weight mixture of B, = J/{ ¢ and B* = J/ K* to make the model
invariant for B_ <> B™ for calibration purposes
e Deployed only in the HLT JpsiTrkTrk category
e Output symmetrized and events with Wioe> 0.46 considered untagged
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SS-tagger calibration and performance

e Direct calibration in data with B_ mesons was found to be
not feasible in CMS
The DNN is calibrated in data with B* = J/{ K* data

e Simulated B_ and B* samples are used to correct residual
differences

e The correction is of the order of 10%

o 100% of the correction size is assumed as a
systematic uncertainty

Same-side tagger calibration
(B* data, 2018)

p 59.8 fb' (13 TeV)
co T T
5 cMs
Preliminary
0.8 _
0.6~ —
0.4
0.2
¢ Data
— Fit
04 |

Comparison between Same-side
tagger B* and B_ calibrations

. 59.8 o' (13 TeV)
5% {————T— ——
2 CMS
Preliminary
0.8 t { o
correCtion
0.6 from MC |
0.4 correction
from M
0.2 ?
—— B, data calibration
—— B data calibration

0O 0.2 0.4 0.6 0.8 1
(DDNN
evt
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Tagging validation with B° events

Mixing asymmetry

e The flavor tagging framework is validated in the B =» J/p K*° e 1 e
control channel (~2M events) Amix®) = K@) + N1
e The time-dependent mixing asymmetry is measured to extract the
flavor mixing oscillation frequency Am , with a precision of O(71%)
o  Excellent agreement with world-averages observed
=» No bias in mixing frequency measurements
e The time-integrated mixing is also measured for each tagger and their .
dependency on the expected tagging dilution is compared 0
o The dependency between the measured A . and the estimated
Dtalg is found to be well described by a linear relationship,

indicating that all four techniques behave in the same predictable
way

96.5 ™' (13 TeV)
\IIII\[IIII‘

05/ CMS ]
| Preliminary |

Amix (Ct)
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All categories are
mutually exclusive

Mixing asymmetry for different tagging categories "™

Only OS-muon . HLT JpsiTrkTrk
(HLT JpsiMuon)  96.5 b (13 TeV) Only OS-muon 9651 (13 TeV) Only OS-electron o6 5,1 (13 Tev) Only OS-jet 96.51b™" (13 TeV)
=, Pl sk et A1 LA =5 s e M AL ALLLA 2= R LA AL A P IS L AL A
B ,5 CMS B ,5 CMS 1 B ,5 cMms 1 %, cms
£ | Preliminary £ | Preliminary ] £ L Preliminary J E L Preliminary
< < | < <
0
-05}F - . -05F R -05
coav v e e e | caoav b Lot | T R | cooa e e g [ Lo b v b b bl
03 04 05 01 02 03 04 05 01 02 03 04 05 01 02 03 04 05
ct (cm) ct (cm) ct (cm) ct (cm)
Only SS 96.51b” (13 TeV) SS&O0S-muon o555 (13 Tev) SS & OS-electron o5 1,1 (13 Tev) SS & OS-jet 9651 (13 TeV)
/_‘: T T T L T LN B L LI L LI | ’_‘: LI N | LI B L B T LI L | /_._\‘ T T 171 LIS I L B L LB B I I T LI | /_‘: T T T LI B B B LI L | L
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Fit projections (HLT JpsiTrkTrk 2018)
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Systematic uncertainty overview

Ps AT I Am |/\| |AO|Z |A_le |AS|2 5|| 5J. 55_]_
[mrad] [ps™'] [ps™!'] [Aps™'] [rad] [rad] [rad]
Statistical uncertainty 23 0.0043 0.0015 0.035 0.014 00016 0.0021 0.0033 0.074 0.089 0.15
Model bias 1 0.0011] 0.0002 0.004 0.006 0.0012 0.0022 0.0006 0.015 0.017  0.03
Flavor tagging 4 <107% 00005 0.007 0002 <107* <107* 0.0006 0012 0016 0.03
Angular efficiency 4 0.0002 <104 0015 0011 0.0042 0.0019 0.0001 0.017 0.044  0.02
Time efficiency <1 [0.0014| 0.0026 <10> <103 0.0004 0.0005 <10~* 0001 0.002 <102
Time resolution <1 <10% <107* <103 <103 <10* <10* <10* <103 0001 <103
Model assumptions —_ 0.0005 0.0006 —_ — — —_ — —_ — —_
BY background <1 00002 00003 <10® <10-® <10t <10t <10* <10 <10® <102
A background - o 0.0004 - — 00004 0.0003 — - - -
S-P wave interference <1 <107% <107* <103 <103 <10¢ <10% <107* <103 <103 <102
P(0,,) uncertainty <1 00002 0.0003 <103 <10~3 0.0001 0.0001 <10~% <103 <10~3 <102

Total systematic uncertainty 7 0.0019 0.0028  0.017 0.012 0.0044 0.0030 0.0009 0.025  0.050 0.05

e Model bias, flavor tagging, and angular efficiency are found to be the leading systematic
sources for ¢_
e The measurement is still heavily statistically limited for ¢_
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Fit with individual tagging techniques

¢< [mrad] Am; [Aps~'] M e All results are evaluated with
i T i I respect to the reference ones
55 1 i H ffe e The grey area represents the
statistical uncertainty of the
full fit
osjet]  F—et F—eof— — — e Only flavor-sensitive

parameters are shown
e Excellent agreement

oS electron{  —e—H - —e—H between tag categories
0OS muon o —H H2—
—2I00 0 260 —6.2 0.0 0.I2 —6.1 0.0 0?1
Diff. w.r.t. full fit Diff. w.r.t. full fit Diff. w.r.t. full fit
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Comparison with theory and world averages

Parameter Measured value  World-average value Theory prediction
¢s [mrad | —73+24 —49+19 —a3f £1
AT, [ps™']  0.0761 4 0.0047 0.084 £ 0.005 0.091 4 0.013
L, [ps= ] 0.6613 £ 0.0032 0.6573 £ 0.0023 —
Amyg [hps™' ] 17.757 £0.039 17.765 £ 0.006 18.77 £0.86
|A| 1.001 +=0.018 1.001 £ 0.018 1
| Ap|? 0.5300 £ 0.0047 0.520 £ 0.003 —
|A, |2 0.2409 £ 0.0037 0.253 £ 0.006 —
|As|? 0.0067 = 0.0034 0.030 £ 0.005 —
o) 3.145 £+ 0.078 3.18 £ 0.06 —
01 2.931 &= 0.102 3.08 £0.12 —
051 0.48+0.16 0.23 £0.05 —

CKMfitter, UTfit
Lenz & Tetlalmatzi-Xolocotzi

Lenz & Tetlalmatzi-Xolocotzi
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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/10.1007/JHEP07(2020)177
https://doi.org/10.1007/JHEP07(2020)177

Reference: CERN-CMS-DP-2022-025

Flavor tagging in Phase-2 with MTD

The MTD (Mip Timing Detector) provides time information of charged tracks at its surface
The reconstruction algorithm utilizes compatible times of tracks from a vertex to offer time-of-flight based particle

identification (PID) as a natural byproduct
Same-side tagging could utilize charge correlation between the s-quark in the B_ and a nearby soft kaon for flavor

tagging

The PID from MTD, when integrated in the Phase-2 extrapolation of this analysis, shows a significant improvement
of the tagging performances

CMS Phase-2 Simulation Preliminary

Simulated PID efficiencies
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PID scenario Gains in Py,
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PID with ogr. = 40 ps +24%
PID with ogr, = 70 ps +14%
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423
https://cds.cern.ch/record/2815409?ln=en

