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We’re now a long way since the start of LHC journey
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Collecting large, rich data sets
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precision measurements
probe new rare processes
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Exploring different collision systems and Vs
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CMS Experiment at the LHC, CERN

Data recorded: 2023- Apr-21 17: 00 40. 21013 GMT
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Events per 10 MeV

Beyond luminosity

Dedicated trigger algorithms
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Novel datataking paradigms
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Events/GeV x Prescale

Special data streams: Scouting and Parking

34 fb' (13 TeV, 2018)
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Online Reconstructed Dimuon Events
pT(p) > 3 GeV, n(1) < 2.4, opposite sign

Preliminary

||| IIII||||| IIIII|||| [T

LT TTT

L1-Trigger Selection Requirements

2u,p, > 4.5 GeV, |n|<2, 0S, m(21)>7 GeV
_— 3g.p'>wsaev " '>W300V
— 2u,p, >0GeV, [nj<15, 08, sR<1.4 21,p, > 4.5 GeV, |n|<2, 08, 7<m(2.)<18 GeV
— 2u,p, >4 GeV, 0S, \R<1.2 - : g..p'>zmov

2u,p, >0 GeV, [n|<1.4, 0S, AR<1.4 2u,p, >45 GeV, 0S, AR<1.2

's_ | .-.i H’)I}I/IIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIIII IIIIIIII| IIIIIIII| [ L

2u,p, >45GeV, 0S

11 I | | | | L1 1 1 I 1 1 1 I
1 10 10°
ut w invariant mass [GeV]

CMS DP/2018 055

Trigger bandwidth

= ~1GB/s

‘II lllllllll ",

mcrease

decrease :
'<—> .event 3|ze.

SkHz x 1.5 kB = 7.5 MB/s

Reduced event
content e.q.
trigger info only

Data Parking

Park RAW data,
delayed RECO

Scouting Triggers, 96.6 fb™" (13 TeV)

, __CMS Preliminary

Rate before deadtime — = Prescale change

Fill 7108 L1 trigger rate
x10°

Rate after deadtime — = Run change

...................................................................................................................................................................

—
N
o

...................................................................................................................................................................

-
o
o

Rate [HZ]

T ST e P T T TP E P PO LT PO P TP LPELPEPTOED

16:21
Time

. B//

,”
_--—"

L 1 | | | | ' 1 |
0355 0534 07:44 0953 12:03 1412

CMS DP/2019 043

(13 TeV, 2018)

% 10
(3‘ — Upsilon Trained Selection
8 10° = - - - Jhp Trained Selection
o
2
g 10°E
>
1]
10*E
10°E
102
CMS Preliminary
> 6
8 10
n
£ 10 W(28)
o
>
Tl
10° &
102 -
10 &
|
1 10

~5% of data, tag side

unblased
other side B

’
’
v
’
’
.
’
’
’

tagged B

10?
u*tu invariant mass [GeV]


https://cds.cern.ch/record/2704495/files/DP2019_043.pdf
https://cds.cern.ch/record/2644377/files/DP2018_055.pdf

Flavour @ LHC

Direct search for new particles

Indirect search for new particles

=173.1 GeVi/c?

Beauty and charm production

New hadrons and spectroscopy

High-Momentum

New and rare decays

Bl

Flavour mixing and CKM

Proton and lon collisions

Lepton flavour universality: evs pvs t

Lepton flavour violation: r—upup
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First neutrino measurements at LHC
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1 Heavy flavour production @high rapidity
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Slavour @ CMS

Direct search for new particles

Indirect search for new particles

=2.2 MeVic? =1.28 GeVic? =173.1 GeVic? Beauty and charm production
o 2% 2/3
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electron muon
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| Ve ., Vi ., VI First neutrino measurements at LHC
electron muon tau Heavy flavour production @high rapidity
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Heavy Flavour In vacuum In hot medium

b-quark hadrons proton-proton collisions created in UR nuclear collisions

U C t
up charm top
Me 6 Me =4.18 GeVic?
d s |- @
down strange bottom
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CMS Experiment at the LHC, CERN
' Data recorded: 2023-Sep+=26 17:59:51.672000 GMT
,‘é Run / Event/ LS: 374288 / 9272477 | 82
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Note: CMS while not designed primarily for either heavy flavour or heavy ions, has been consistently making leading contributions to both areas



Flavour = SM precision + BSM search

. . R Flavor = probe BSM scales >> TeV
SM precision .
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https://www.usparticlephysics.org/2023-p5-report/
https://europeanstrategyupdate.web.cern.ch/

Direct evidence for NP
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New Particles
From the collision?

» searching for the decay products of NP
particles produced in collision

SM

Resonance

a la Higgs

12

Quantum Imprints of NP

New Physics
hiding here?

» searching for effects of NP particles
running in quantum loops (virtual)
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PRL 97 (2006) 242003, NL thesis

Flavour Oscillations
CDF (2006)
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Nature 522 (2015) 68
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B— UM rare decays .o:s
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Open Access | Published: 13 May 2015

Observation of therare B® >u* i~ decay from the
combined analysis of CMS and LHCb data

CMS Collaboration & LHCb Collaboration

Nature 522, 68-72 (2015)

III| [IRRLL IIIIIII|| Frrennp F reenm IIIIIII|'| lIIIIII‘I__)LIII

e ——
= Zoomon LHC
csb 5
=4 i
T.- 3 A + ' [,I\I +
omm 1
T 4.
= |
| A SR G S i
e g L S 1 [ ) |1 SR 1 7 ) et

¥ CLEO A Belle [gr Eﬁ TT
¥ ARGUS [ BaBar [ ’{1 .......... T
YV UA1 W LHCDb - |
% % CDF ¢4 CMs SM: Bg — uu
S s AR TI
A A DO ® ® CMS+LHCb i T?
OO ATLAS+CMS+LHCb SM:B" — uu-
1 1 I 1 | | 1 I LI l' """ 1 | .
1990 2000 2010

0.6

0.5

0.4

0.3

B(B® - )

0.2

0.1

2023

. ‘;'
=
»

\z

:, L

T = e

:::'. -
Jljlf;l:;ll;l\[l\l

I LRy

i i

s |/
o

140 fo™' (13 TeV)

+0b
.

1 2 3

14

- S} 6 7

CMS-BPH-21-006

%107


https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-006/index.html

B— UM branching fractions < hadronization fractions

* Branching fractions measured wrt B*—|/K* or Bs—]/\P®P normalisation channels
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-006/index.html
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b-quark hadronization fractions

production fractions assessed using
B— /W, B+—]/WK*, BO—|APK*O

measure the dependence of the ratios on pr,Yy

>

» LHCDb reported dependence on pr, at low p1 (<20GeV)

CMS confirms pt dependence of f/f,

» which becomes asymptotically constant for pr>20GeV

no dependence observed with B rapidity

fa/fu compatible with unit (isospin symmetry)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-001/index.html

Bs— UM effective lifetime

* T(Bs— MH) has added sensitivity to BSM

» in SM with absence of CP violation only the heavy
eigenstate By decays into dimuon
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-006/index.html

Bs mixing phase and CP violation

o
* probe CPV in interference of decay L.
with and without flavour mixing S

* using high statistics modes, Bs—J/YKK
* developments in flavour tagging =
» optimization of opposite-side flavour :

algorithms: soft lepton, muon, jet

> development of same side tagging
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SM no penguins

0.09

0.07
ATLAS 99.7 fb~1

DO 8 fb~"

LHCb 4.9 fb~!

HFLAV

68% CL contours
(Alog £ = 1.15)

CMS 116.1 fb~1

CDF 9.6 fb~*

09%.5 -0.3 0:1 0.1 0.3
cCs
rad
CMS__Phase 2 Simulation, 3 ab’! (14 TeV) oS-
i Preliminary -
6 Tagging scenario
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http://cds.cern.ch/record/2883216?ln=en
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-041/index.html

Searching for flavour violations

CLFV | charged lepton flavour violation

e clean final state, searched for at various colliders

* normalisation Ds— T, source: B,D—T
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LFUV | lepton flavour universality violation
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The dimuon spectrum

34 fb' (13 TeV, 2018)
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* Standard dimuon triggers £ Profminary
: 107 g
» provide access to bulk of HF final states o F b,
107 g N

* Parking data

»  facilitate access to non-muonic channels

* Scouting dimuon triggers _
* high-rate triggers (5x) with HLT-only information ;45
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Candidates / 2 MeV

Observation of rare n decay

* observation of the double-Dalitz N—"HUHH decay
» first positive observation employing scouting data in CMS

m /
* studies allow precision tests of SM and sensitive to BSM \K: R \s=-
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Events / 4 GeV

Di-quarkonium mass spectrum

* final states with multiple quarkonia provide clean and robust canvas for searches
» at both low- and high pr

* first new structure reported by LHCb in 2020 in }J/U |J/\D mass spectrum
» narrow structure near the kinematic threshold, denoted X(6900)
* all-heavy tetra-quark candidate
» after several doubly-heavy exotic candidates, this all-heavy possibility raises particular interest

» the X(6900) peak is compelling, but proper understanding of J/PJ/P mass spectrum remains uncertain
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https://arxiv.org/abs/2006.16957

Probing the J/YJ/P (= ) mass spectrum

CMS Pre//m/nary 135 fb (13 TeV)
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* 2016+2017+2018 data (135 fb-!)
* trigger: 3, one pair around m(J/Y)
* blind region: 6.2-7.8 GeV

* require 4M vertex prob. > 0.5%
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* obtain ~1500 ]/ pairs after selection
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Candidates / 25 MeV

Data-Fit

Observation of new structures in mJ/wJ/y)
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Candidates / 25 MeV
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Interfering BWs
. BW3
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NONPA O

Data-Fit
Stat. unc.

» X(6900) confirmed, compatible with LHCb

» plus two new structures detected
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Observation of triple J/y production

CMS 133 b (13 TeV)
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* signal observed with 5.50
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* measure fiducial cross section

pr > 3.5GeV for |n| < 1.2

For all muons pr > 2.5GeV for 1.2 < |5| < 2.4
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Phys Rev.D 90 (2014) 11, 111101
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Phys Rev.Lett. 117 (2016) 6, 062001

ATLAS, {s=8 TeV, Z+b—J/y
Nucl Phys B 91{_(2017) 132-142

ATLAS, \s=8 TeV, Z+J/y

Phys.Rept. 889 (2020) 1-106

ATLAS, (s=8 TeV, W+J/y

Phys.Lett.B 781 (2018) 485-491

DO, Vs=1.8 TeV, y+3-jet

Phys Rev.D 81 (2010) 052012

CDF, {s=1.8 TeV, y+3-jet

Phys.Rev.D 56 (1997) 3811-3832

UA2, {5=640 GeV,, 4-jet

S Letters B 268 (1991) 145-154

CDF {s=1.8 TeV, 4-jet

Phys. Rev. D47 (1993) 4857-4871
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Eur.Phys.J.C 76 (2016) 3, 155
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JHEP 03 (2014) 032

ATLAS, {s=7 TeV, W+2-jet

New J.Phys. 15 (2013) 033038

CMS, \s=13 TeV, WW

Eur.Pnys.JAC 80 (2020) 1, 41
1 1 I 1 1 1 I

* assuming SPS factorization: 0efs,pps = 2. 7710 (exp) TG (theo) mb 0 20
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Temperature T [MeV]

Jet quenching

-

Nuclei :
Color neutron ale) Net Baryon Density

probe

Quarkonium

melting = at large energy densities, QCD predicts

the existence of a deconfined state of quarks
and gluons -- the quark gluon plasma (QGP)

» reproduced in heavy ion collisions

!
©,




| Before collisions (fwo pancakes of nucleons)
’ Collisions (the harder the earlier

AGP emergence (tons of soft scatterings)
l 9 o oo ¢ Hadroniation

A
A‘.

. Quark Gluon Plasma

# Mesons
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Hard Probes of QGP -

>~ Hard (large Q) = high pr particles

/ Produced at early stage
P Y’Jet» T~1/Q~ 1/mg

/' : > access to short lifetime processes
LJ

Qe Pb

Hard probes
“X-ray” QGP

» Initial production calculable with pQCD

» mq » N\aqco

» Rarely produced in medium

> Ma > Taagp
> clean probe, e.g. study hadronization

» Interactions w/ QGP heavy % light quarks

> MqQ > mq

29

— Heavy Flavour HPs

Heavy quark
diffusion in QGP



Upsilon suppression
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HIN-11-011 HIN-21-007

Matsui->atz: screening the potential

Q and Q cannot
“see’” each othe

D < IrQQ

Screening in
a deconfined
mnedium:
effective
charge of Q

and Q

reduced

* out of the three Y(nS) states

» the excited states Y(25),Y(3S) are
suppressed wrt ground state Y(|S)

* when comparing PbPb vs pp

collisions

Y(25)/Y(1S)|pbpb

Y(25)/Y(15)

0.21 -

- 0.07 (stat.) 4

- 0.02 (syst.)

* & quarkonium states melt, ie
are dissociated in the QGP

* the melting occurs sequentially

» |least bound stated are more
melted than tightly bound states
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-11-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-007/index.html

Measuring the medium effects  (schematics)

1-4 """I I I lllllll

1.2 Enhanced -

Participants

before collision after collision

Centrality of the collision < Npart (# of participants)

02 Suppressed ) ?‘g y
O F Lol ] L1111 | | o .-
=>(

1 l:IO 10C
p; (GeV/c)
Nuclear modification factor Raa A Small Npar A Large Npar
i - Peripheral Central
Raa =1: superposition of nucleon-nucleon collisions
Less scatterings More scatterings
dN, 4/dpr < Heavy-ion Lower temperature Higher temperature

Rpp =
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Particles melt in the QGP, sequentially
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Particles loose energy in QGP, sequentially
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 Dead cone effect

>~ Radiation is suppressed inside 8 < m/E
>~ Energy loss AE| > AEc > AEp

® ©

o

__ M/E £C-pm/E L2271V i m/E
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\\\\l

Larger energy loss  =» Smaller energy loss
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Exclusive reconstruction, for 1sttime in ion collisions

y CMS PbPb 5.02 TeV (1.7 nb™)
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HIN-12-011

e with CMS we have observed for the first time B mesons in nuclear collisions

* through full reconstruction of their decays: eg Bs—)/YP, B*— )/ \PK+

* higher precision (ordinates and abcissae) + allows to probe flavour dependencies
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and In small systems, too, pp and pPDb (references)
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A new window into the X(3872) structure
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Tetroquark.

20-year depbate of X(3872) nature
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Summary

* CMS continues to accumulate increasingly sensitive datasets
» — exploring standard & novel trigger & data-taking paradigms
* rare (and forbidden) decays are highly sensitive processes
* production studies further probing eg MP| and hadronization
* investigation of exotic hadron structures being furthered

* both open- and hidden- (and exotic) flavour employed as novel
probes of the QCD hot medium

* ongoing Run3 shall facilitate more precise measurements,
clarification of ongoing puzzles, plus new observations

Stay tuned,  [hawk you for listening!



