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CMS

B e e

Experiment

ST o e oy
= <

L RANCE o

Compact Muon Solenoid

Large Hadron Collider

proton-proton collisions

International collaboration

Scientific objective:
e Standard Model
* Higgs Physics
* New Physics %

Run 1 Run 2 Run 3
2009-2013 2015-2018  2022-In progress
7 and 8 TeV 13 TeV 13,6 TeV
5and 18.8 fb 163.6 fb! >201.9 fb!
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Scientific
Motivation

Standard
Model

C.
3.
—
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n

Add :

Symmetry
Particle
Interaction

=W
Particles

neutrinos masses Multi-

Dark matter

Charged
(MCP)

Predictions
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Obijective :
-Characterization of multi-charged
particles signals in the CMS detector

-Proposed a new analysis strategy
based on Run 2 and 3 data

q

vz

Mutli-charged particles property retained:
« Stable:cr>>1m
 Heavy: M>100GeV
« Spin =1/2




Experimental

signature

Key; Muon
s Electron
Charged Hadron (e.g. Pion)
— = = - Neutral Hadron (e.g. Neutron)
----- Photon

P N
[ ] e —
By = N
Transverse slice
I
* Heavy particle -> low [ - i |
. il
=7 - I
* |lonization ocﬁ ; B = -
||
Elec(rorpagnetk H
e Tracker -> dE/dx e - |
Superconducting
Solenoid i
Iron return yoke interspersed
with Muon chambers
* Velocity measurement (f) Om m 2n an o S n ';-
° Eca | https://link.springer.com/chapter/10.1007/978-3-030-90206-3_3
e Muon chamber

Signature : Muon-like, slow, very ionizing
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Tracker

Semi-conductor sensor

22 strips layers
* 10 layers in the barrel
e 12 layersin the endap

Reconstruction:
* Track
e dE/dx

Track =14 clusters on average

Rcurvature X pT /Q
* Algorithm for Q=1e
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Electromagnetic

calorimeter

* Scintillator made of PbWO, e P

* Surrounding the tracker Supercrystals

e Measure of:

Energy
Time

e Design for:
Electron
Photon

#0080S/80/€/1220-8¥LT/880T 0T

Measure of the timing
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CMS RUN 1 ATLAS RUN 2
HSCP analysis (2013) MCP analysis (2023)
arXiv:1305.0491v2 arXiv:2303.13613v2
* Energy=7and 8TeV * Energy=13TeV

e Luminosity =5 and 18.8 fb1 * Luminosity = 139 fb!

S | g Nna I se I ECtl on: ° S I g na | se | ect ion: Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker

State

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

of art

Tracker .
* Track quality
* [solation
* |onization

Tracker 10.1088/1742-6596/623/1/012024

* Track quality
* |solation
* Jonization

Muon chamber e Muon chamber
* Track quality e |onization
- B
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http://dx.doi.org/10.1088/1742-6596/623/1/012024

State

Liquid Argon Calorimeter

of art

CMS RUN 1 ATLAS RUN 2
HSCP analysis (2013) MCP analysis (2023)
arXiv:1305.0491v2 arXiv:2303.13613v2
* Energie=7et8TeV * Energie=13TeV
e Luminosity =5 and 18,8 fb1 * Luminosity = 139 fb!
* Signal efficency : * Signal efficency : “
° M:SOOG eV . M:]_]_OOG eV Toroid Magnets ~ Solenoid Magnet  SCT Tracker  Pixel Detector TRT Tracker
* Q=2e>56% * Q=2e>29.1% 10.1088/1742-6596/623/1/012024
« Q=7e~>9.9% « Q=7e->7.6%

Current limits:

Q=2e M>1060 GeV
Qe[3;7]e M>1390 a 1600 GeV

Analysis with low background = expected background <2 event

Université de Strasbourg


http://dx.doi.org/10.1088/1742-6596/623/1/012024

e Use of simulations generating multi-charged particles

e Data analysis : CMS internal software : C++; ROOT; python

e Characterization the experimental signature of multi-charged particles using :
e Tracker
* Electromagnetic calorimeter (ECAL)

* Implementation of a new analysis strategy for Run 2 and Run 3

Madre Université de Strasbourg 9




lonization

inside the tracker

. Q? . Saturation ratio for Q=1
* lonization x 5 —> Saturation
1—

* Reading electronics -> 8 bits -

0.9F

0.85

 Saturation ratio per track : Il

s f

,E 0.‘5E

2 os5f

# saturated clusters 2k

— "(-U‘ AE

sat # clusters ? oaf

0.2f
* Standard model background: f=1 oI 50
Loalyenilil Liey 0

05 6103"03"04"05"06"07 08 09 1
B

e Q=1:

* Low B : High saturation (Beth-Bloch)

* High B : Decrease in saturation
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lonization

inside the tracker

. . Q2 . Saturation ratio for Q=1 Saturation ratio for Q=2
* lonization < 5 — Saturation
1

* Reading electronics -> 8 bits 3 '
0.9:— 0.95
0'8;_ 0.8;
e Saturation ratio per track : 2 F 9 07
© 06[ O o6l
C - [ C
'-g 0.5:— -g 0.5:
# saturated clusters S f L
= T 04 = 04f 600

sat # clusters ? oaf ? ek
0.25— 0,25_
01f 0

) YT PRETE FYTTY FEVEE FRTTY FUTTL TP 05....|....|....|....|....|....|....|....|....|....| 0

0 0102 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
B B
* (Q>1:Important saturation
Discriminant observable New selection Cut on R,

Madre
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Selection

strategy

Trigger muon

Efficiency of selection

Reconstruct as a muon

Track selection
© P
* Compatibility with primary vertex
*  Muon chamber acceptance
* Track validity

Charge [e]

lonization selection

R.,+>0,75 500 1000 1500 2000 2500
Mass [GeV]
: : Comparison with ATLAS Run 2:
* Region of interest:
. Q1 e Q=7e:
e M>800GeV * ATLAS M=1100GeV - Eff=7.6%

«  Here M=1200GeV -> Eff= 8.49% %
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Trigger

Muon

Filter applied to the selection

Efficiency trigger muon

# Event after cuts + trigger muon

Eff =

# Event after cuts

What limits Efficiency ?

Charge [e]

Efficiency of selection

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

500 1000 1500 2000 2500
Mass [GeV]

High masses - low f = loss of muon chamber information - low efficiency in region of interest

Université de Strasbourg




Particle

Proportion of PF muon

Flow

* Particle Flow (PF) algorithm
« ECAL

Charge [e]

e HCAL
e Muon chamber
*  Tracker

* PF reconstruction

L I L
2500

* Charged hadron w0 w0 Il\dassl[?soeo\/]l oo
* Electron Proportion of PF charged hadron
* Muon

e  Photon
e Neutral hadron

Charge [€e]

* Proportion:

* Low charge = muon
* High charge—> Charged hadron

500 1000 1500 2000 2500
Mass [GeV]
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Timing measurement

in the ECAL

« Relative time of flight

* difference with particle =1
Theoritical delay in the ECAL

M=2000.0 GeV/c”

e add Electromagnetic calorimeter
* Upstream in the detector

P Q 3000
By = MVEECEEMED Delay increase :

——— M=400.0 GeV/c’

u
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OQ
n
E
[++]
=
o
=
[a]
[y
'S
[
[=2]
=
[22]

Université de Strasbourg



Timing measurement

Measured delay for paticle of
charge Q€[4,6,8]

in the ECAL

20

18|~ 700

« Relative time of flight
* difference with particle =1

16
- 600
14
C 500
12f

10~ 400

* add Electromagnetic calorimeter
* Upstream in the detector

Delay [ns]

E>3GeV; t>2ns

300

200

* Deposit energy in the calorimeter (ECAL)

100

FEETE BRI T R
5 10

o ] I 2] =]
TTT[TTT[T

' B R R
15 20 250

Energie deposit

BV=M

P
Bethe-Bloch N7FIes

QZ
B2

) Eycp> Euon < 1GeV
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Error on delay [ns]

[GeV]

Error on the measured delay

P - U N

5 10 15 20
Energie deposit
[GeV]

1
25




Selection

strategy

Trigger tau

Reconstruct as a charged hadron

Track selection
© p;
* Compatibility with primary vertex
*  Muon chamber acceptance
* Track validity

lonization selection
R...>0,75

sat

Velocity selection (ECAL)
Edeposit>3 GeV
* t>2ns

Charge [e]

Efficiency of the Tau analysis

0.25

0.2

0.15

0.1

0.05

1500
Mass [GeV]

I 5('!)0 I I lOIDO I I 2000 2500
Comparison with ATLAS Run 2:
e Q=7e:

« ATLAS M=1100GeV -> Eff=4.1%

* Here M=1200GeV > Eff=22.5% %

Université de Strasbourg




Selection

combination

Muon + Cha rgEd hadron Efficiency of the combinaison analysis

* ATLAS Run 2 efficiency :

e Q=2eand M=1100GeV :
e ATLAS > 29.1%
e Here > 53.1%

e Q=4e and M=1100GeV :
e ATLAS > 33.1%
e Here > 30.8%

e Q=7eand M=1100GeV :
e ATLAS > 7.6%

Charge [e]

500 1000 1500 2000 2500
e Here = 31.0% Mass [GeV]

Encouraging efficiency compared to ATLAS Run 2 analysis

Université de Strasbourg



Gain with

combination

Gain of the combinaison analysis

* Gain combinaison of two analysis

EffMuon+EffCharaed hadron
Max(EffMuon; EffCharged hadron)

e (Gain =

Charge [e]

* Double the efficiency at the center

1500
Mass [GeV]

Université de Strasbourg



MCPs signal —

Conclusion

Multi-Charged = High ionization 2 R,
High charges = Using ECAL timing information

Analysis strategy — Combination of two analysis - Muon + Charged hadron
Increase efficency - at high charges - between 40 — 50%

Madre

Université de Strasbourg 20
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LHC

curve

Luminosité intégrée CMS
400 —— f—— — S e e e 1 f— /i

CMS I LHC delivered: 400.10 fb™
[ CMS recorded: 369.00 fb™

350 -
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200 | /
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Date

Total integrated luminosity (fb™")

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPubli
cResults#Full_summary_proton_proton_colli

Lower limit on MCP mass [GeV]

10°°

Section efficace MCP

10°°
E F—13Tev 139fb'

-I|||||||I-uuluuuluuuluuuluuul—!
Theory prediction, Observed E
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MCP

model

Type Il seesaw :

A" >y ee,tr

A" >H'H'
https://slideplayer.com/sli
de/13852635/

Neutrinos masses

Super-string :

11d Supergravity

Het Es x Eg Type ITA

Dark matter
Quantum gravity

T-duality T-duality

Het SO(32) Type 1IB

Type 1

arXiv:2204.01165v1
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Counts

PT

Reconstruction

. ptTrack
Ratio=——
Pt Gen
Track pT Ratio Histograms
700 N ’ T T T T T [ T T T | T T T I T T T I 1 T T I T
-20e [ 1e900GeV A
800 2e 900GeV _]
- 10e [ 3e900GeV ]
[ 5e 900GeV
500 1 10e 900GeV
- Se 0 20e 900GeV ]
400 —
300} =
200} 2e .
g le 1
100 |- ]
ok | Lol
06 0.8 1.0 1.2

Ratio

EXO workshop London 2025 Rafey Hashmi

TRACKER
: 12500 T
: 150 m
215 m
: 4 Tesla
PRESHOWER
RETURN YOKE
SUPERCONDUCTING
MACNET
" FORWARD

- CALORIMETER

HCAL

MUON CHAMBERS

https://cds.cern.ch/record/1407706/plots#0
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State of art

selection

ATLAS :

Table 1
Summary of the offline-selection requirements.

C M S p res e I e Cti O n . Search category | Preselection Tight selection Final selection

Combined muon with: Tightly selected candidate with:
-9 Preselected candidate with
= ‘medium’ identification criteria, S(pixel dEfdx) > 13 S(IRTdE/dx) > 2,
. . Pi/z>50GeV, SMDT dE/dx) >4
TraJeCtogra phe ° ppf/z=10GeV, Preselected candidate with:
< le | tracker+TOF | tracker-onl > le Inl <2.0, -

r Lol <te | {_..Zl_] y 10 z>2 no other particles with TRT f97 5 0.7,
pr (GeV/e) >45 pr/z>0.5GeV within AR=0.01 SMDT dE/dx) > 7
d; and dyy (cm) =5
T/ P1 <0.25
Track x*/ny <5

# Pixel hits >1 —
i = x — (x)

Frac. Valid hits >0.8 S ( x) =

P (AR < 0.3) (GeV/o) <50

# dE/dx measurements >5 O- X
dE/dx strip shape test yes | no

Ecal (AR < 03) /P <03 | —

I, (MeV /cm) <2.8 >3.0

AR to another track [<m—03 — CIVIS final .

Chambres a muons :

Number of events
‘ | Selection criteria V5 =T7TeV V5 = 8TeV
tracker+TOF | [Q| > 1e | muon-only Pr " Mass
# TOF measurements >7 (GeV/c) Ias 1/p (Gev/c?) Pred. Obs. Pred. Obs.

o1/ <007 =0 71115 3 BL7 5]
/B >1 3 >100 6.0+13 7 2645 29
Tl - =21 Trackeronly | =70 ) >~04 >200 | 0654014 0 | 31406 3
v — >300 | 0114002 0 | 055+£011 1

. a(f; d/c}(cm) - z?g >400 | 003040006 0 | 0154003 0

] Xy

FDT or CSC stations — S =0 85+17 7 FrEa ¥5]
- TrackersTOFl 270 0125 | »1205 | >100 10402 3 5611 7

Opp. segment [#] difference — >01 racker = -t - =200 | 0114002 1 | 056+011 0
[ - <120R >19 =300 | 002040004 0 | 00904002 0
|| to another beam crossing (ns) - =5 Muon-only =230 - =>1.40 - - - 643 3
O[> 1e - =0500 | >1.200 . 015+004 0 | 052£011 1

[1Q] < 1e =125 | =0275 | - - 012+£007 0 1.0£02 0

Université de Strasbourg




-
@)
s
-
Q
s

Paire eletron-hole

Electronic readout (ADC)

Clusters

[ O R

e holes
*

[ ]
electrons e

n bulk

. e
.
~

https://www.researchgate.net/publication/33714340_Developme
nt_of a_test_system_for_the_quality_assurance_of_silicon_micr

ostrip_detectors_for_the_inner_tracking_system_of the_CMS_ex
periment

bias voltage V“p 0)

implant

width W —— <

strip
pitch P

A

apniydwy

Strips
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Bethe

Bloch

Course M2 radiation interaction matter A.Besson

dE ,Z 11 2mec®B?y*Winax

_ 4 112 _ P2
Kz Ve 2ln 72 p

Cdx

- 2 2
K 4AaNprimec* B

u¥on Cu

oo
(Coefficient for dE /dx) “L100 - . | -
z = charge number ot incoming particle > F/ Andereon Bethe-Bloch Radiative :
. . r/ ‘ 1 .
Z,A = charge and atomic number of material 2 3, Ziegler -
) Fa = .
PR . . E
B =v/c=incident particle velocity % , TEE . i
== - .
m, = electron mass E Minimum e 2~ Tosses E
B "Nuclear ionization reach 1% ) I’_- IR - - -
y = 1/4/1 — B?=Lorentz factor B T losses e N
W, ., = T, = maximum transfered energy in 1 collision dv | S|, Withoutd
| = Average excitation energy 0.001  0.01 0.1 1 10 By 100 1000 104 10° 108
_ . ) . . | | | | | | | | | |
O = correction term: density correction factor o1 1 T w0 . 0 o,
C = correction term (not the speed of light !) [MeV/c] [GeV/d] [TeV/d]

Muon momentum

https://www.researchgate.net/publication/48410683_Search_for_New_Phy
sics_with_ATLAS at_LHC - _Z' dilepton_resonance_at_high_mass
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Beta

distribution

eoool — M=2000.0 GeV/g2
— M=400.0 GeV/c ,
5000/— M=1200.0 GeV/c
4000:—
2 [~
,B _ v _ B g 3000 —
c E ~
2000(—
1000:—
0:I 1 l 1 1 1 L I 1 1 1 L I 1 L L 1 I L L 1 L I L 1 L 1 I 1 1 1 L I L 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
beta
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