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Large Hadron Collider (LHC)

e L|HC is the world’s largest and most powerful
particle accelerator.

e Based at CERN, on the Franco-Swiss border near
Geneva

e Designed to collide protons at com energy of 14TeV
with instantaneous luminosity of 10%#/(cm?-s)

e Currently operating at 13.6 TeV

e 4 major experiments

e |Leads the “Energy Frontier”



Compact Muon Solenoid (CMS) Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

e General purpose detector R

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

e Excellent tracking system

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

i: FORWARD CALORIMETER
~ Steel + Quartz fibres ~2,000 Channels

e Excellent muon detectors

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels



Particle reconstruction at CMS
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Physics at CMS

CMS has a wide ranging

physics program

o

O

© O O O O

Higgs studies
Standard Model
measurements
BSM searches
Top quark physics
Flavour physics
Heavy ion physics
etc.
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Luminosity

Integrated Luminosity Recorded by CMS during proton collisons

Total integrated luminosity (fb™)
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Luminosity

e Comparison with LHCDb:

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
7,8 TeV 13 TeV ~14 TeV ~14 TeV ~14 TeV
(2010-12) (2015-18)
ATLAS, CMS 25 b 100 b 300 fb 3000 b
LHCb 3fb 8 fb 23 b 46 fb 100 fb

e Significantly higher luminosity recorded by CMS compared to LHCDb



Trigger

e Main challenge for Falvour physics is the triggering
o And low momenta object reconstruction

e Dimuon triggers are most useful

3o’ (13 TeV)

10
> 10 Trigger paths
8 CMS K ‘,_ 34 fo" (13 TeV, 2018)
10° & 2015 pp data Jhy — g Wy o e
T~ - ' ] 1011 CMS Online Reconstructed Dimuon Events
{2 5 0 B, 3 o F_ Preliminary Jw  Pyw)>3GeV, 1(u) <24, opposite sign
5 10 V' — g
> 7 Y B Low-mass double-muon + track X
w 10 Bs Double-muon inclusive >
0] (]
5 0]
10 z 2
2 soncton
10° - Bk e Te
10* =
10 1 10 10
i el T S | | u* u invariant mass [GeV]
1 10 10°

My (GeV)



Flavour at CMS



Rare decays

nature

Explore content v  About the journal v  Publish with us v

nature > letters > article

Letter | Open access | Published: 13 May 2015

Observation of the rare B,? >~ decay from the
combined analysis of CMS and LHCb data

CMS Collaboration & LHCb Collaboration

Nature 522, 68-72 (2015) | Cite this article

97k Accesses | 333 Citations | 435 Altmetric | Metrics
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Rare decays: BO(S) —ut

Bo(s)_)“-l-“-

the physics case

cds.cern.ch/record/2815334

motivations
e BO—p*u strongly suppressed in the
SM (FCNC and helicity)
e connected to b—sl*l-transitions via the
EFT operators can help understand

b—s anomalies doi.org/10.1140/epjc/s10052-

021-09725-1

e probe SM though lifetime |s——pwwy——1

measurements w+

e clear final state and SN W-

result
e pp @ 13 TeV Run2 data (2016-2018) 140 /fb
o updates the published result on 2016
data (30 /fb)
e 12.5 sigma observation of the BOgy—p+y-
decay, upper limit on the B(B°—pu*p’) and

life time measurement of BOy—ptu-

experimental signature at CM3 — w* u
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Rare decays: BO(S) —pn* 'y : New results

Bo(s)_)p+p-

results S L. T
BBI->pey) = 3.83*838(star)*§ 4 (syst) *31(fs/fu) || §
x 10 (from JW K+) m" ) :: 11 N
BB->u*u ) = 3.95%339(stat)*337 (syst) *3-23(BF) KL A “Jii 5{3\% dtabonl,
x 107 (from J/Wab) 9 .

BB® Sp*r) < 1.5 x 10° @ 90% CL

BBO->u*u ) < 1.9 x 1019 @ 95% CL

0.4f 40

T(BJ) = 1.83*0 23 (stat) 302 (syst) ps Fof
N A2 5N\
*  All UML fit results are compatible with the SM prediction El ] AN
within 1 sigma " ! ﬂ\\
» most precise measurement of B¢ —u+u-branching fraction of . l‘a +,,c R

and lifetime to date BB - pw)




Rare decays

doi.org/10.48550/arXiv.2305.04904

n—4y

motivation
* n—4p decay predicted with a very low branching fraction It
(3.9x10%) resu
. nMevgrlo(gﬁ)rved so far: precision test of the Standard - first observation of the rare n—4p decay
ode

* sensible to new physics scenarios doi.org/10.1016/j.physrep.2021.11.001

data scouting

« trigger thresholds limited by the computing power and bandwidth of the experiment
* reduce event size and fasten data acquisition
. * limit the amount of information to muon tracks
B ' » save HLT reconstruction and skip prompt event processing
+ event size reduced to ~kB (from ~MB)

é — can use looser muon thresholds — allow for low transverse momentum (pT) rare
decays searches




Heavy flavor spectroscopy : Recent results

« X(3872) studies
— Measurement of X(3872) to J/wn*z~ (2013)
— Observation of B! — X(3872)¢ (2020)
— Evidence of X(3872) in PbPb collisions (2022)

« Observations of new exotic hadrons
— Observation of X(4140) in J/w¢ from B* — J/w¢pK* (2014)
— Observation of new structure in J/¥ J/v¥ — pp pu*p~ (2023)

« Observations of new decay channels (after 2022 only)
— Observation of B - y(2S)K3z+ 7~ (2022)
— Observation of A) — J/9E"K' (2024)

— Observation of 2, — ¥(29)2"(2024)
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Heavy flavor spectroscopy : X(3872) in HI collisions

Coalescence with particles in QGP = Enhance X(3872)
Tetroquark.  Small radius

u ."&g’f : ox

® B‘Q &

Breakup by co-moving particles = Suppress X(3872)
/ O)D
. ,,&Q:,‘D )
e .
\6)6"

Tightly bound

Tetroquark
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Heavy flavor spectroscopy : X(3872) in HI collisions

&~ 200F

V/c

e
-
(&)
o

Entries/ (5 M

. CMS 2010
First evidence of X(3872) production in HI &= ;gL M
Statistical significance ~ 4.2 o B o
After BDT cut 1.7 nb” (PbPb 5.02 TeV) ey
CMS Inclusive X(3872) 3 —
¥(2S) 5 e o ‘\ X(3872)
) (25
1 77 R/.- ’\r )
0 \\ l‘ \\
s,
: QMY
— 15< p, < 50 GeV/c Ox3872) = 4.7 MeV/c -2 dem»} -7
- lyl<1.6 Cent. 0-90% .
Pes il g eibes sl ang ol a s s el i el s o ailsegk PRL 128 (2022) 032001
365 3.7 3. 75 3.8 3. 89 3.9 395 4
My (GEVICY)
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Heavy flavor spectroscopy : X(3872) in HI collisions

X(3872)/y(2S) Ratio in PbPb

1.7 nb™ (PbPb 5.02 TeV)

1.8p
r CMS
1-6:_ Prompt
& | e B PbPb (5.02 TeV) :
S Erar iyl < 1.6, 0-90% + X(3872) to Y(2S) ratio
T R12F Ppoep = 1.08 = 0.49 (stat.) = 0.52 (syst.)
N C ki
8 1 L .
Sz | « Indication of p enhancement in PbPb
i 0.8 N pp (7 TeV) w.rtto
8 5 lyl < 1.2 (CMS) e Y
& 0.6: W pp (8 TeV)
B 041 | SOSATESE) * Better precision needed to draw
0.2 conclusion
of

P, (GeV/c)

PRL 128 (2022) 032001




Heavy flavor spectroscopy : J/pJ/y

PRL 132 (2024), 111901

x2 Prob. = 1%

[6.2,7.8] GeV

Candidates / 25 MeV

Statistical significance based on:

2 In(Lo/Low:)

m 6552 + 10 * 12
r 124 *32,. + 33
N 470 +120 .
o(stat.) 6.5
o(stat. + syst.) ST/
Observation

-> 4 muons

135 b (13 TeV

TITTT IIIIIIIIIII-

?1-1-!-61-1-LJ.+J.,[.

—T T T

¢ Data —Fit
—BW, ---BW,
o BWy Background

6927 + 9 + 4
122 +24,, + 18
492 +78 5,
9.4
9.4

Confirmation of
X(6900) from LHCb

7287 *20_ . + 5
95 59, + 19
156 *64 5,
4.1
4.1

Evidence
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Heavy flavor spectroscopy : Observation of new decay channels

« Multi-body decays of b-hadrons may proceed through exotic
intermediate resonances
— E. g. pentaquark J/¢ p structure in A, — J/¢ p K- observed by LHCb

— A4, — J/Y E K final state can unveil yet-unobserved (e. g. doubly-strange)

» First-time observation of 4, — J/ 5Z-K*

— In final states with J/¢ — uu, &= — A(— pr)m-

Candidates / 16 MeV

pentaquarks

5. 8 o significance

CMS 140 fb™' (13 TeV)
40 b { Data
35 — Fit
30k --- A signal

25 f
20 |
15§
10
5F

----- Background

ot

5.2

/’0, ’
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New conventional hadrons at the LHC

11.0 Observed by ATLAS | ! 1 L 1 1 1 1 1
Xb2(3P)
10.5 9.,
75, |49 new conventional hadrons at the LHC|
7.0 1 BZ(2S)* -
Qsct2s), (6350) =
6.5 1 Observed by CMS Ao(6152)° 0,(6340) = 5 -
R IO MU E g —
6.0d  (zusoasiz) a,s0200 25955 9B/(5970)"" m B g =1(6087)°
) 0 = B 5 5540)+0 3,(6097)*  A,(6070)° B, (6114
Np(5912) =/ (5935) ) s
=b 25(6097)~ B. (6063)°
& 5.51 -
L
> 4 L
o 5.0
=)
(7)) 4.5 A r
)]
O
= 4.0 A r
Eheg
351 @ bbb po— 0c(3327)° r
PY bq- D]‘(3000)+'° N Q§(3090)0 _ o 0.(3185)°
3.0 A N D,(3000)°@ D(2860)* A(2860)* | Q(3066)° Z(2939) 3
® G D,(2760)* ® ® 8‘833833 2(2923)°
D)(2740)°g D5 (2760) c @ +
2.5 B bqq D)(2580)° 3 Ds0(2590) L
cqq
2.0

patrick.koppenburg@cern.ch 2023-08-16 Date of arXiv submission

https://www.nikhef.nl/~pkoppenb/particles.htmi

2011 20l12 20|13 20|14 20I15 20l16 2OI17 20|18 2019 2020 2021 2022

2023
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Lepton Flavour Universality studies

Tests of LFU in the Heavy Flavor sector

R(Hs) =

b — stf

B(Hp = Hsup)

B(Hp — Hgee)

« Small BR (loop level)

* Precise theoretical predictions
-less

* Neutrino

Ry

BF (B> uuK)

BF(B»eeK)

R(H.) =

b - ctv,

B(Hp - Hctvy)
B(Hp = Hcpvy)

» Large BR (tree level)

* Theory

and syst. uncertainties

* Neutrinos in the final state

SM: 1.00 + 0.01

R(Jy) =

BB — Jlyr*r)

BB — Jlyutv,)

SM: 0.2582 + 0.0038

PRL 125, 222003 (2018)
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Lepton Flavour Universality studies

R(K) in g? € [1.1; 6.0] GeV? in agreement with the world-average, with unc. reduced by 40%
= 0.78%93%

Rep. Prog. Phys. 87 077802

R(K): test of LFU in B* —» K*¢*¢~ decays

Results: compatible with the SM

(stat)t

0.09
0.05(syst)

Limited by small stat. in the electron channel. Main syst: background description, trigger turn-on

dB/dq? [GeV 7

x10° CMS

33.6 b (13 TeV)

(o
1 T T T

(2]

n
i

HEPFIT
SUPERISO
FLAVIO
EOS

—4— Data

+y e

T T R R |

o

15 20
q? [GeV’]

PO ¥ L V]

Dacans !

0.74%04 BaBar
—0.32 : q? €[0.1,8.12] GeV?
1 ’RD 86 (2012) 032012
1
1.03928 | Belle
0.24 :. q? €[1.0,6.0] GeV?
| HEP 03 (2021) 105
1
0.745"0997 | LHCb 3 fb™!
0.082 ! g2 €[1.0, 6.0] GeV?
. PRL 113 (2014) 151601
1
0.846+0962 i LHCb 5 fb™!
0.056 ! g2 € [1.1, 6.0] GeV?
! PRL 122 (2019) 19180
1
0'9494,0_047 ' LHCb 9 o'
0.046 -.1| @ e[1.1,6.0] GeV?
) D 108 (2023) 032002
i :
0.78““6 ; CMS (this work)
023 —o—:— g2 €[1.1, 6.0] GeV?
1
Ll T S
0.5 1 2
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Lepton Flavour Violation studies

t+_)“+”+“-

» T1—3u excellent candidate for new physics searches

o LFV process, strongly suppressed in the SM (~10-%9), but predicted at the level of 10-8 — 10-10

by some BSM models Bordone et al. 10.1007/JHEP10(2018)148
o clear final state signature
o fairly abundant in pp collisions ( per /fb)

> FMEEEELEN BE L B
g st CMS Barrel ]
» CMS targets 1 leptons produced via D/B mesons and via o | & z_ata N ]
W bosons E 4_ —_ Bz?ckground—onll;l/ f; —
 analysis on 2016 pp data @ 13 TeV (30 /fb) § af ]
+ select three-muon events and reduce the background .
contamination via BDT 2 ]
» observed (expected) UL from three-muon invariant mass £ :
distribution . ' ]
o BHF(t—3pu) < 9.2 (10.0) x 108 @ 90% CL o- : T S

33.2fb" 13 TeV

o B¥(1—3u) <20.0 (13.0) x 108 @ 90% CL
o B(t—34) <8.0(6.9) x 10°® @ 90% CL
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Lepton Flavour Violation studies

arXiv:2312.03199v1 submitted to PRD

Search for cLFV in the top quark sector: uetq

Probe petq coupling in EFT in t
production and decay, where g=u/c

Signal signature:

* OS ey pair

* Leptonic top quark decay - additional
lepton + one b-jet

« one/zero light jet (u/c)

Background:

* Prompt (WZ, multiboson, t(t) +X(X))
from simulation

* Non-prompt data-driven estimation

Statistically dominated, main
systematics: lepton reco. and iso, jet
modelling, non-prompt leptons

Two Signal regions defined: -/

CFLV in single top production

=al

tt production + CLFV in top decay

SR+ m(epn) < 150 GeV: top quark decay enriched,

SR + m(eu) > 150 GeV: top quark production enriched.

LAANA P s VPV el £ ARAC

5
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Many more studies...

CMS B Physics results:
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/BPH.html
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/BPH.html

Beyond the Standard Model:
Direct Searches



Fourth Generation Searches

e Certain BSM models predict fourth generation of fermions

l+

e Analyses look at:
o b—ot+W
o t—-t+Z
o t—b+W

e No discoveries yet, efforts continue

q

q
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Leptoquarks

e ‘leptoquarks” (LQ) are hypothetical particles that
carry both lepton and baryon number.

e Predicted in many BSM models such as GUT
theories, composite models, R parity violating SUSY
etc.

e LQ have fractional electric charge

e LQ can have spin 0 (scalar LQ) or 1 (vector LQ)

e At hadron colliders, they can be produced mainly in a
pair or singly, in association with a lepton

e CMS has several LQ searches based on final states

29



Leptoquarks

Overview of CMS leptoquark searches

CMS Preliminary August 2023
i i i i 02-1.44TeV
LOlej)LOlej), BRILO - €j) =1, j=u,d 1811.01197 ' 36 fb-t
—_ ! 1 ¥ T 02-127Tev.
g LO(ej)LOlej) +LQIELOVS), LQ, j=u,d 1811.01197 36 bt
= : g ¥ g i 03-176TeV.
QLo BRILO-€)=1,A=1,j=u.d 1509.03750 20 fo~* (8 TeV)
i ¥ i i 02-1.34 TeV
= LOletkOlet), BRLO~et) =1 2202.08676 i 1380t
: ¥ T i i 02153 Tev
LOWMANLQ(uc), BRILQ—» ) = 1 1808.05082 36 fb-t
T T 1 b 02-120TeV
= LQAILQ(uc) + LQ(UCLQ(v,s), BR(LQ - uc,v,8) =0.5,0.5 1808.05082 36 fb-!
- 0.3-0.66 TeV.
g HLO(W)), BRILO~p) =1,j=u,d 1509.03750 20 fb~! (8 TeV)
N 1 I I - 03-142TeV
Q  LowtLot), BRILO-ut)=1,4=1 1809.05558 S 2 £
—————————"—— >
i 1 i 1 02-1.2TeV
= LOELO(ut), BRILO~+pt) =1 2202.08676 138fb-1
i i i i i -181°
LO(Ub)LQ(b), BR(LQ-ub) =1,A =1 CMS-PAS-EX0-21-019 E 138fb-1
| ¥ 03-1.02Tev
LO(TbILO(TD), BRILQ-Tb) =1 1811.00806 36 fb-!
I I 06125 Tev
LO(T)LO(TH), BRILQ-Th) =1 2308.07826 E——— e geasTa 138fb!
R P! [FEE P Ae TR araeed Ferareareeeures .23t 5 i)
02-0.74 TeV.
TLO(TH), BRILQ+TH) =1,A=1 1806.03472 36 fb!
06-075TeV
LQ(Tb), BR(LQ = Tb)=1,A=1 2308.07826 S s 138fb-1
T eemTe
—_— i ] 05-102Tev
) LQ(TtLQ(v:b) + v.LQ(Tt), Equal LQ coupling to Tt, v.b, A=2.5 |2012.04178 137fbt
t, LO(THILO(V:t) + TLO(v.t), Equal LQ coupling to Tb, vt, A=25 |2012.04178 o e I TR oL ) 137fb-1
Qe e ——— |
! I ! 02-1.12 TeV
N Lo(rtLo(rd, BRILQ-TH=1 2202.08676 138fb-1
i ) i 06-207Tev
LO(Tu), BRILO~TU)=1,A=1 2308.06143 138fb-1
L T Iz T T 0618 TV
LQ(td), BRILO»Td)=1,A=1 2308.06143 138fb-!
¥ i i | 06-193Tev.
LO(ts), BRILO-Ts)=1,A=3 2308.06143 138fb!
06-108TeV.
LO(Tb), BR(LQ~Th)=1,A =3 2308.06143 ! 138fb
[ i 05-114TeV
LOWelLQVeruy), BRILQ = Verf) = 1,j = u.d,5,C 1909.03460 [ = 5] 137fb-t
—~ e s |~ |
[ I 1 05-12TeV
? LOW-bILQ(V:b), BRILQ-+v:b) =1 1909.03460 o] 137fb-%
s ek
== [ i 05-114Te
QO Low:tiLovit), BRILO-vit) =1 1909.03460 T Y 137fb-1
== e e )
i I 1-15TeV
= LOWLULQWeU) + Vel QVet), BRLO+Vet) =1,A =1 2107.13021 137fb!
0.00 025 050 075 1.00 125 150 175 2.00
Scalar ~ WM Vector(k=0) W Vector(k=1) Mass Scale [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).



And many more (including VLQ, RHN, etc.)

CMS scientific results:
https://cms.cern/org/cms-scientific-results
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Future prospects



Plan of the LHC and the High-Luminosity LHC

HiLumi ’

LARGE HADRON COLLIDER

LHC HL-LHC
i 1
Run 3 | Run4-5..
EYETS 13.6 Tev  AEAE =50 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV button collimators interaction . _ inner triplet lisile
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2013 2014 2015 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIII“I
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes ; 2 . : HL upgrade
nominal Lumi 2 X nominal Lumi, ALICE - LHCb (. 2xinomingl Pk |
75% nominal Lumi upgrade

/—I integrated

luminosity EOLE O
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY - PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Scouting & B-Parking

Collisions: ~ 30 MHz
22222222222

Data flow for a typical 2018 data-taking scenario

~1 kHz, ~ 1000 MB/s

High Level
Trigger

Level 1
Trigger

~3 kHz, ~ 2000 MB/s
~100 kHz

~5 kHz, ~ 40 MB/s

Standard data stream:

Prompt offline
reconstruction

Parking data stream:

Delayed offline
reconstruction

Scouting data stream:

No offline
reconstruction

Data reconstructed and stored on disk
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Future prospects

e Long scope ahead with HL-LHC

e New triggers, new reconstruction techniques being worked on

e Expect several new Flavour physics results from CMS in the future
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Thank you!



