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This talk

* Motivation to go beyond the Standard Model

* Tracker-based signature: Heavy Stable Charged Particles

* Perspectives



The Standard Model is incredibly accurate

o For the past half century or so, the SM has proven incredibly successful at
describing many features of nature with accurate predictions

o The Higgs boson discovery marked a major turning point in the history of the knowledge

[WE FOUND IT/
WE FOUND THE

HIG6S BOSON/

\_
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https://cagle.com/cartoonist
https://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html

The Last Piece of the Puzzle

The SM plays a significant role
In elementary particle massesa
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The Last Piece of the Puzzle became a Puzzle

The SM plays a significant role
In elementary particle masses

Except for
Neutrinos

‘"H Other mass giving mechanism?
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]/M Why are they left-handed?
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The Last Piece of the Puzzle became a Puzzle

Naturally

Why is the Higgs boson

unnatural? so light?



https://arxiv.org/abs/2409.13663

The Last Piece of the Puzzle became a Puzzle

Naturally

Why is the Higgs boson

unnatural? so light?
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The Last Piece of the Puzzle became a Puzzle

Naturally

The SM has to be valid at up to

unnatural? a certain cutoff scale A




The Last Piece of the Puzzle became a Puzzle

Naturally

The SM has to be valid at up to

unnatural? a certain cutoff scale A

extreme fine tuning in order to align
oredictions with measurements
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https://arxiv.org/pdf/astro-ph/9909252

... and many more
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https://www.symmetrymagazine.org/article/october-2013/unanswered-questions?language_content_entity=und

Physics Beyond the SM must Exist and Searched For
* Many hypotheses to address the lack of explanation from the SM

Big Questions

{ Compositeness,
{ Extra dimensions}

Extended
Higgs Sector

Top
Partner

W'/Z’

Minimal
Dark Matter

Hidden
Sector

Multiverse
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https://arxiv.org/pdf/1311.0299

Physics Beyond the SM must Exist and Searched For
* Many hypotheses to address the lack of explanation from the SM

Big Questions

{ Compositeness,
{ Extra dimensions}

Extended §
Higgs Sector §

Top
Partner

at'TeV scale

W'/Z’

Minimal
Dark Matter

Hidden
Sector

¢ Multiverse ¢} 2 ? % J—
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https://arxiv.org/pdf/1311.0299

Why haven’t we found New Physics yet???

Overview of CMS EXO results Source

Probing scales

in the range of
1-10 TeV
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Other

Contact
Interactions

RPV Dark Matter

Extra Dimensions

Excited
Fermions

Heavy
Fermions

Heavy Gauge Bosons

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k? =1/2

Scalar Diquark

tt + ¢, pseudoscalar (scalar), gz, x BR(¢-2£) > =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), gfop X BR(¢~21) > =0.03(0.04)
pp+2Zly+X

X-¢¢, My = 0.02Mx, ¢—(yy) merged diphoton pair

Wy Resonance leptonic

SUEP Offline, Tp = 3 GeV, my = 3 GeV, Br(A’-nm) = 100%
Split SUSY, HSCP gluino with infinite lifetime, fzg =0.1

stau pair production, HSCP with infinite lifetime
Doubly-charged tau', HSCP infinite lifetime, DY production mj2e

R TXXXTX=XZXZX

ERE N

quark compositeness (££), Nurr =1 Nirr
quark compositeness (££), Nurr = — 1 Alrr
Excited Lepton Contact Interaction M
Excited Lepton Contact Interaction M

vector mediator (qq), gq=0.25,gom=1,my =1 GeV

vector mediator (ll),gq =0.1,9om=1,9,=0.01,my>1TeV
(axial-)vector mediator (qq), gq=0.25,gpm =1, my =1 GeV
(axial-)vector mediator (xx), gq=0.25,gom=1,my =1 GeV
(axial)-vector mediator (£1), 99=0.1,gom=1,9,=0.1, My > Mpeq/2
scalar mediator (+t/tt), gq=1,gom=1,my =1 GeV

scalar mediator (+tf), 9q=1,9om=1my=1GeV

scalar mediator (fermion portal), A, =1, my =1 GeV

pseudoscalar mediator (+/V), gg=1,gpm=1,my, =1 GeV
pseudoscalar mediator (+t/tf), gq =1, gom=1,m, =1 GeV
pseudoscalar mediator (+tf), gq=1,gpm =1, my=1 GeV

complex sc. med. (dark QCD), my,, =5 GeV, cTx,, =25 mm

Baryonic Z', g4 =0.25, gpm =1, m, =1 GeV

7' mediator (dark QCD), Maark = 20 GeV, riny = 0.3, Agark = A
Z'-2HDM, g7 =0.8,gom =1, tanB =1, m, = 100 GeV

Leptoquark mediator, B=1, B=0.1, Ax,py = 0.1, 800 < M, < 1500 GeV
axion-like particle, f1=1.2 Tev?

inelastic dark matter model, y = 1075, ap = 0.1

inelastic dark matter model, y=10"7,ap=0.1

dark Higgs, gq=0.25,gpm = 1,6 =0.01, m, = 200 GeV, mz = 700 GeV

T T XXX XXXXTXXXTX=XZxXZ=xXZXZX

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

X T XXX

ADD (jj) HLZ, ngp =3

ADD (yy, ) HLZ, ngp =3

ADD Gk emission, ngp =2

ADD QBH (jj), nep =6

ADD QBH (eu), nep =4

ADD QBH (eT), ngp =4

ADD QBH (ut), ngp =4

ADD QBH (yj), nep =6

RS Gy (Lf), kiMp = 0.1

RS Gk(qq. gg), kiMp =0.1

RS QBH (jj), nep =1

RS QBH (vj), nep=1

non-rotating BH, Mp = 4 TeV, ngp = 6
3-brane WED gkx($ + 9= 999), 9grav =6, Jg, =3, €=0.5, m(¢)/m(gkx) =0.1  m(gic)
split-UED, u =2 TeV 1R
ADD (yy) HLZ ngp = 4 M
RS Gyk(yy), kiMp =0.1 M

T T XXXXXX=XZXZXZX

5

excited light quark (qg), A=m

excited light quark (gy), fs=f=f=1,A= mq*
excited b quark, fs=f=f=1,A= mq*
excited electron, fs=f=f=1,A=m;
excited muon, fs=f=f=1,A=mg

X T XXX

UMSM, |Ven|2=1.0, |V|2=1.0

UMSM, Ve[ =1.0, |Vw|?=1.0

UMSM, VeV [2/(|Ven? + [Vinl?) = 1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector like taus, Singlet

T T XX XX

Zp, narrow resonance, €2 =8 x 107 (90% C.L.)
Zp, narrow resonance, €2 =4 x 10~% (90% C.L.)
Zp, narrow resonance, €2=7 x 1077 (90% C.L.)
Zp, narrow resonance, £2=3x 1076 (90% C.L.)
SSM Z'(£2)

SSM Z'(qq)

Z'(qq)

Superstring Z;,

LFV Z', BR(ep) = 10%

LFV Z', BR(eT) = 10%

LFV Z/, BR(uT) = 10%

SSM W'(£v)

Leptophobic 2’

SSM W'(gq)

LRSM Wa(uiNg), My, = 0.5My,

SSM W'(Ttv)

LRSM Wa(eNg), My, = 0.5My,

Z'(B3 - L)

LRSM Wa(TNR), My, = 0.5My,

Axigluon, Coloron, cotd =1

Z', HSCP tau' 600 GeV mass with infinite lifetime

T XTXIXXXXXXX=XX=XZ=xX=xXZ=xXZXZXTZ-®X

=
N

. T o 0.001
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are no??ncluded).

CMS preliminary March 2024
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https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v14.pdf

Why haven’t we found New Physics yet???

It could be that New Physics

o lies Beyond Energy Frontier

o is within our reach but requires advanced particle detectors
and/or particle identification methods

o may be looking in the wrong way (guidance)

Emery Nibigira | 2025-7-22



Why particle detector instrumentation matters

NIM 108 (1973) 205-223

16 S
S DIFFERENTIAL 18
PP CROSS SECTIONS * - TOTAL PP CROSS SECTION

(R601, R602)

LARGE ANGLE {( R102,
ELECTRONS and PHOTONS ! R103)

CERN built the first hadron collider: \ ¢
The Intersecting Storage Rings (ISR) SPm_oeTEcTon TESTS N\ u L [‘-’"f“’;gu

NEUTRON  PRODUCTION (% 406\t Large ange
SEARCH FOR GAMMA EVENTS 3 . (R 203)
(R 404 T

LARGE ANGLE MUONS (R 204)

ISR EXPERIMENTS October 1972
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https://doi.org/10.1016/0029-554X(73)90592-2

Why particle detector instrumentation matters
9 o NIM 108 (1973) 205-223
w | Early 70’s w

| 9 AN | N
- \ '\.__\ PP CROSS SECTIONS TOTAL PP CROSS SECTION
(R6C1, R602)
b J7M
VL
general-purpose ¢\

CERN built the first hadron collider: experiment

14 A\ Small angle
The Intersecting Storage Rings (ISR)  |EiNFEREREAN 7> [ Hedium angs

(R 801)

 ELECTRONS and PHOTONS U R103)

7 N N [1
— , LARGE ANGLE (R102,

NEUTRON PRODUCTION (R 408 R L2 angle
SEARCH FOR GAMMA EVENTS 3 (R 203)

(R 404 T LARGE ANGLE MUONS (R 204)

ISR EXPERIMENTS October 1972

0 was convinced hadronic physics phenomena would reveal themselves in Forward direction

Unfortunately, did not instrument the Transverse direction
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https://doi.org/10.1016/0029-554X(73)90592-2

Why particle detector instrumentation matters
Meanwhile

at nearly the same time Alternating Gradient Synchrotron at BNL ~30 GeV
in the US 00

two independent research groups proved (J Particle EXPCI' lment)

the existence of a fourth quark, charm

Stanford Positron Electron Accelerating Ring at SLAC
s=2.6to8 GeV

Computer reconstruction of a psi-prime decay i the

Mark | detector, making a near-perfect image of the Samuel Ting and colleagues display a graph showing an
Greek letter psi. (SLAC) excess of events at about 3.1 GeV. Credit: Courtesy of

Brookhaven National Laboratory

Emery Nibigira | 2025-7-22 J/Psi discovery sparked the November Revolution



Why particle detector instrumentation matters

Lessons Learned from the November Revolution

o ISR had enough \/E = 28 GeV for observing a spectrum of cc states.
If ISR had a hermetic detector, they could have discovered J/Psi

0 Model Guidance and Detector capabilities are crucial (physics reach)

o J-particle experiment was rejected (CERN, Fermilab), thought useless

o0 Robust strategy is essential to success (important for future colliders)
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Birth of the CMS Detector

20 years later

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS

(1) A very good and redundant muon detection system

() The best possible e/gamma, calorimeter consistent with (1)

28 © Bonb
The Compact Muon Solenoid

b (3) High quality central tracking to achieve (1) and (2)

(4) “Hermetic” hadron calorimeter to entirely surround the

collision and prevent particles from escaping

Letter of Intent

Emery Nibigira | 2025-7-22




Birth of the CMS Detector

20 years later

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS

PP (1) A very good and redundant muon detection system

o U b (2) The best possible e/gamma, calorimeter consistent with (1)

RSN S Sl
The Compact Muon Solenoid

(3) High quality central tracking to achieve (1) and (&)

(4) “Hermetic” hadron calorimeter to entirely surround the

collision and prevent particles from escaping

Letter of Intent

Tracking is crucial to LHC physics
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Birth of the CMS Detector

20 years later

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES
CERN EUROPEAN LABORATORY FOR PARTICLE PHYSICS

(1) A very good and redundant muon detection system

() The best possible e/gamma, calorimeter consistent with (1)

(3) High quality central tracking to achieve (1) and (L)

(4) “Hermetic” hadron calorimeter to entirely surround the

collision and prevent particles from escaping

s Don’t make the same mistake

CERN/LHCC 92-3

LHCC/I 1 i
1 October 1992 w I C e
[
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Let’s take a closer look: CMS Detector

-Muon Electron _d. Di
Charged hadron (e.g. pion) A very good and redundant
- = =- Neutral hadron (e.g. neutron) -===-Photon .
F muon detection system

The best possible ~ e

e/y calorimeter I
_:__ =1910| 1919 I
Interaction point 1oL T f

i | L LoLo Sl

it

[HoHo

Silicon

, Tracker

Hermetic

Hadron Superconducting

Calorimeter Solenoid Iron return yoke interspersed
_ with muon chambers
Om Pro mpt Tm 2m 3m 4m sm 6m 7m

Stable
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cMms/

Tm 2m 3m 6m 7m
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Let’s take a closer look: CMS Detector

cluster charge

o
\—
!

~
N

Silicon
Strip Tracker
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cMms/

) :
Tracking — Vertexing

=anll ) ) &
%/ / / / / /\\ =

Tm 2m am < -
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* Tracker-based signature: Heavy Stable Charged Particles




CMs
\\\ \5

Search for Heavy Stable Charged Particles (HSCP)

o Heavy Charged Particles with long lifetime (may not decay inside the detector)

o Well motivated R-Hadrons . S-leptons/S-taus

o Supersymmetry (SUSY) models,
Universal Extra Dimensions,
Technicolor, ...

o Experimental signature
o Large ionization energy loss: large ionization HCAL

inside the Tracker

o HSCPs travel more slowly: small Sy

Emery Nibigira | 2025-7-22


https://www.sciencedirect.com/science/article/pii/S0146641019300109?via=ihub#fig16

Search for Heavy Stable Charged Particles (HSCP)

o CMS Silicon Tracker
provides a lot of ionization

dE/dx measurements cluster charge

Strip ¢

PiX€1 \\
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Search for Heavy Stable Charged Particles (HSCP)

olo T k .
o CMS Silicon Tracker (dE/dx); need to be combined to find

provides a lot of ionization
dE/dx measurements representative dE/dx ot the track: MPV

(dE/dx); follow a Landau distribution

7 T A I r T I T
;/ \ HD Maccabee - 1966
3 / f\ PhysRev.165.469
I ! Vavilov theory
= } K\/fm K :0.021
.3 2 -
p i
o
a , \
S ” @ Experiment ;
trip 2 “ N
@ ¥
x | \
3 ‘\
Amp AQV '\ ______
0 z 1 i 1 ] ! 1 ' — 0 —
: \ 0.4 0.6 0.8 1.0 .2
PIXGI \ Energy loss, & (MeV)
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.165.469

Most Probable Value (MPV) for dE/dx

In CMS we use

Harmonic mean (Inverted quadrature)

|
1 N - 2 | /}\ | HD Maccabee -‘1966
Ih —J — Z (d E/dx / ; PhysRev.165.469
N A
l=1 I i Vavilov theory
4 K\/ for K=0.02I
Known for its power of ' N \
: Experiment ;

down-weighting high dE/dx



https://journals.aps.org/pr/abstract/10.1103/PhysRev.165.469

lonization as described by Bethe-Bloch
dE/dx of charged particles traversing a material depends on By

Bethe-Bloch Equation

charge

B

In

2m,c*p%y°T,

ax

Ey 7]
dx’ @Aﬂz

2

J2

,52

5(Br)

2

Around fy = 3, lays Minimum
[onizing Particle (MIP).

CMS was designed to look for MIPs
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1
0.1 1 10 100 1000 10000

By = p/mc




lonization as described by Bethe-Bloch
dE/dx of charged particles traversing a material depends on By

10
Kolanoski, Wermes 2015
Bethe-Bloch Equation
o less relativistic -> larger ionization -
1 2mc*BYT,, e 5(pr) | =
n o
2 I2 2 ~
: I £
(&
> L
s | N~
= without density correction _.---""
) ~ ~ o In(y)+const
At low f, —(dE/dx) scales as 1/ <
2
|
CMS was designed to look for MIPs
and may fail to detector less relativistic particles

Trigger constrain , Readout dynamic range constrain 0.1 1 10 100 1000 10000
By = p/mc
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Search Strategies

Two different approaches:

o Mass Method

o Ionization Method
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Mass Reconstruction Method

Using dE/dx Estimator and momentum

)
(dE) zf<i> zf(m—) (Bethe-Bloch)
dx 2

p? p

First order approximation

m2
P



Mass Reconstruction Method

Using dE/dx Estimator and momentum
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CMS 2024 (13.6 TeV)
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https://cds.cern.ch/record/2932521?ln=en

Mass Reconstruction Method

Using dE/dx Estimator and momentum
2024 (13.6 TeV)

R 10 2
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Mass Reconstruction Method

Using dE/dx Estimator and momentum
2024 (13.6 TeV)
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Mass Reconstruction Method

Extrapolation to Heavy

Charged Long-Lived Particles * T(557 GeV)
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https://link.springer.com/article/10.1007/JHEP04(2025)109

Mass Reconstruction Method

Extrapolation to Heavy

Charged Long-Lived Particles * T(557 GeV)

— high momentum Z' (4 Te\ o e\
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https://link.springer.com/article/10.1007/JHEP04(2025)109

Mass Reconstruction Method: Background Estimation

Predict the mass spectrum in the Search Region

Gstrip .

Probability that a trackis P
not a MIP

> pr and G should be

uncorrelated 70 GeV

0.018 0.22



https://link.springer.com/article/10.1007/JHEP04(2025)109

Mass Reconstruction Method: Background Estimation

101 fb™' (13 TeV)
105 CMS ¢ Data

= Background
HSCP g (m=1600 GeV)
HSCP g (m=2000 GeV
HSCP T (m=557 GeV)
HSCP T (m=871 GeV)

10% Mass approach Signal Region
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Mass Reconstruction Method: Background Estimation

101 fb' (13 TeV)

105 CMS ¢ Data

= Background
HSCP g (m=1600 GeV)
HSCP g (m=2000 GeV
HSCP T (m=557 GeV)
------ HSCP T (m=871 GeV)

10% Mass approach Signal Region

Events / bin

No significant
excess above SM :

0O 500 1000 1500 2000 2500 3000 3500 4000

Mass [GeV]
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lonization Method

Two discriminators to combine cluster 1onization information

2 Discriminators

(MIP probabilities) Sealjch JHEP 04 (2025) 109
. CMS simuation Region CMS simuiation
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CMS
< )

lonization Method: Background Estimation
JHEP 04 (2025) 109

Use Sideband of FPixels to predict shape of GStrips in Search Region
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cMms/

Look for Excess

JHEP 04 (2025) 109

Use Sideband of FPixels to predict shape of GStrirs in Search Region
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S 107 Twuesret OAAMAN A =~ - T =
- 0° = /) Total bkg unc. E ~ /| Total bkg unc. —=
w 1 0° ——— HSCP gluino 1800 GeV [ ——— HSCP gluino 1800 GeV _i
CIC) 104 ——— HSCP stau 557 GeV. % CIC) —— HSCP stau 557 GeV 3
> 103 Background = > Background §
e 4 ® E
10 - ‘ 2
.8, ...
11 = | 5 Y
107 ——" E E
1072 = =
1 0—3 oo b b b v b s b v b b by L _] |
L ¢4 _ 2
s —1F - @
B D .
— O 01 02 03 04 05 0.6 0.7 08 0.9 1 — O 01 02 03 04 05 0.6 0.7 08 09 1

Strips Strips
G G

| i
v No significant excess above SM

Emery Nibigira | 2025-7-22


https://link.springer.com/article/10.1007/JHEP04(2025)109

Emery Nibigira | 2025-7-22

-

\

After all, CMS did not see Excess
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Interpretation (1)

Cross section limits set
for various models
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JHEP 04 (2025) 109
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Interpretation (2)

o Other consideration

0 Z'into 4th generation of leptons with Q=2e¢

To address ATLAS excess

JHEP 06 (2023) 158
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Interpretation (2)

o Other consideration JHEP 08 (2022) 12

o0 Z'into 4th generation of leptons with Q=2e Proposed explanation
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To address ATLAS excess o A —— S . T ,
e Q=1 = '
NF—
OFf m O=)
= 6f m Q=2
|OO |
E 4 |
- ionisation
=
’3 .
Ly 27
<
0 " Larger dE/dx but f =1 | |

0.2 0.4 06 = 08 10

Emery Nibigira | 2025-7-22 ﬁ |


https://link.springer.com/article/10.1007/JHEP06(2023)158
https://link.springer.com/article/10.1007/JHEP08(2022)012

Interpretation (2)

JHEP 04 (2025) 109
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Interpretation (2)

JHEP 04 (2025) 109
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Interpretation (2)

JHEP 04 (2025) 109
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* Motivation to go beyond the Standard Model
* Tracker-based signature: Heavy Stable Charged Particles

* Perspectives
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Near Future: High Luminosity LHC (HL-LHC)

Phase-2
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o Better precision measurements

o Access to rare processes




HL-LHC: Challenges
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HL-LHC: CMS Upgrade to meet the challenges

Trigger/HLT/DAQ
* Track information in L1-Trigger

* L1-Trigger: 12.5 us latency — output 750 kHz
 HLT output 7.5 kHz

Barrel ECAL/HCAL
* Replace FE/BE electronics
* Lower ECAL operating temp. (8 °C)

New Endcap Calorimeters
* High granularity

* 3D capable
Y4 New Tracker
Zﬂ@}ﬂ e Rad. tolerant — high granularity — significant less material
< y4 V\‘\ * 40 MHz selective readout (p>2 GeV) in Outer Tracker for
L1 -Trigger
* Extended coverage to n=4

Muon Systems

* Replace DT & CSC FE/BE
Electronics

 Complete Muon coverage

in region 1.5<n<2.4

New Precision Timing Detector

e Barrel: Crystal +SiPM

* Endcap: Low Gain Avalanche
Diodes

Emery Nibigira | 2025-7-
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HL-LHC: Physics reach

N

=0c-L-A-€

evis

-

\_

The sensitivity (&) in search for resonances

~
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Signal events

S
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Background events

New Detectors & New Capabilities | — A - € improvement

WV,
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CMS Tracker @HL-LHC

o Brand New Detector!

o Main Goal:
o Reduced Material Budget
o Increased Radiation Hardness
o Increased Granularity

o Extended Tracker Coverage
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CMS Tracker @HL-LHC

o Brand New Detector! . . .
o Divided into two:

o Main Goal: o Inner Tracker (IT): pixels

o Reduced Material Budget o Quter Tracker (OT): modules 2S & PS
o Increased Radiation Hardness

o Increased Granularity

o Extended Tracker Coverage
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CMS Tracker @HL-LHC

o Brand New Detector! . . .
o Divided into two:

o Main Goal: o Inner Tracker (IT): pixels

o Reduced Material Budget 3:3 Outer Tracker (OT): modules 28 & PS

o Increased Radiation Hardness
Pixel-Strip (PS)

o Increased Granularity

.,
.
e
-
0
.

L5
0
.,
.
Uiy
0
.

o Extended Tracker Coverage

high transverse
momentum

programmable
search window

top sensor

1.6 -4.0 mm
S
o
®

bottom sensor

low transverse

stub momentum

“Stub” information is transmitted at _ N
Level-1Trigger at 40 MHz
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CMS Tracker @HL-LHC

o Brand New Detector! . . .
o Divided into two:

o Main Goal: 0 Inner Tracker (IT): pixels
s Outer Tracker (OT): modules 28 & PS |

;\\‘

Pr———
ff

Pixel-Strip (PS)

o Increased Granularity g

O
L7
.
e
-
0
.

.,
0
e,
.
0
0
.
0
.

high transverse
momentum

programmable
search window

= top sensor
I B®

bottom sensor

Vertexing, Jet-tagging,
Pileup-rejection at L1,
Particle-Flow Reconstruction

1.6 -4.0 mm

low transverse
momentum

stub

“Stub” information is transmitted at
Level-1Trigger at 40 MHz
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CMS Tracker @HL-LHC

o Brand New Detector! . . .
o Divided into two:

o Main Goal: o Inner Tracker (IT): pixels
o Quter Tracker (OT): modules 2S & PS

0.0 0.2 04 0.6 0.8 1.0 1.2 14 16
o Extended Tracker Coverage Y e — L £ £ < = =
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where you never 200F= e i i i ] i ! 4.0

§ — : 4.

looked before = | L L L d n
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cMms/

+ New Precision Timing Detector =
MIP Timing Detector (MTD): Hermetic |7 | < 3 CMS-TDR-020

Enables 4t dimension: timing (30-50 ps time resolution)

® Simulated Vertices EE _“_-EU __ 200
3D Reconstructed Vertices
S 4D Reconstruction Vertices
|
— | 4D Tracks
1 ctyrp — B
— = 04—
p L -
0.2—
- + ¢
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: by .
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-0.4 — f
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https://cds.cern.ch/record/2667167/

Search for Heavy Stable Charged Particles (HSCP) @HL-LHC

o Phase-2 IT will still provide dE/dx measurements (time-over-threshold, 4-bit)
o Phase-2 OT won’t, but will feature an adjustable HIP flag (threshold above MIP)

10 14 TeV, 200 PU 14 TeV, 200 PU
- . .
_ . . -
-% I CMS Phase-2 Simulation & 10k CMS Phase-2 Simulation
- i -
E 1.0 B Bkg, p, >55 GeV (DY — uy, tt — 2I2u) - ——— Min. Bias, p < 2.5 GeV, dE/dx discr. > 0.65
8 "~ | | Pair-produced T, M = 871 GeV - ——— Bkg, p. > 55 GeV (DY — up, tt — 212p)
o0 - [ Gluino, M = 1400 GeV | ——— Pair-produced T, M = 871 GeV
© - | 1 ——— Giluino, M = 1400 GeV
0.8 -
o7 :
LLJ - _
© _ _
0.6 _
BTt 107"k
0.4 I
: 1 0-2 -
0.2} -
B :. ::.-.'. e -3 | | | I | | | | | ] | | | | | | | | |
| | L1 1 | 1
0.0 == 0 2 4 6 8 10 12
Number of HIP clusters per track o
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Search for Heavy Stable Charged Particles (HSCP) @HL-LHC

o Particle identification with the MTD based on the CMS-TDR-020
time-of-flight

CMS Phase-2 Simulation 14 TeV
g | P | I I I [ I I |S|M| (|M|+|D; [ | ol | [ l—
_ O i _
b clyrp — 1) 2 SM (no MTD) _
ﬁ L ; HSCP T (M =432 GeV)
Distinguish HSCP from SM "GC: 101 = -
» HSCP associated to delayed > - I -
hits in MTD 9 - _
S a _
- a _
S L -
O
© . 2
o 107°F .
1 0_3 L1 1 |[ el 1l l 1l | - | L1l | ] {W:J‘:‘ " n"l ol
09 1 11 12 13 14 1.5 1.7

1/ﬁ 756
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Conclusion

w Searches with unusual signatures can fill up the gap not covered by conventional signatures

w But require enhanced particle detection and identification methods

w HL-LHC (new detectors & new capabilities)

v Futur Colliders

w Also need robust guidance and strategy to extend the physics reach

w CMS Phase-8 Tracker is cool and worth to be explored
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Long Lived Particles

o Macroscopic lifetime can happen due to various reasons (even in the SM)

: Example: charged pion 106 £
= Small Couphng p L g p = Detector-prompt = i gi iE Detector-stable
. 7t + LU Y |‘9
. — - e I
o Heavy mediator coupling U, = H ol
. B | M |
» Phase-space suppression \ , = £ W/Z | |
I I I
2 M E B | | |
1 O P P2 — M2 o 10°F o I
) T U % - J | OlB |
T]Z- (MW) M]Z' - - J - o /'LI) I I I
= F o | DA | 0
/ compressed D 103k . ) | T | - | . L p_»
. 1++1 ”Q_‘) - .TI o K
mediator mass splitting = = | | 100 daie?
= B 7.‘.O | I Y o g
A 102 * I .0
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o Experimental signature

Track

Ionization

Track Quality

Track

Isolation
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HSCP Signal Selection

o Isolated track with high momentum

Selection criteria 2017208 Data g (1.8TeV) Pair-prod. T (557 GeV)
All events 1 1 1
Trigger —— Muon Trigger 0.15 .11 0.86
pr > 55GeV 0.11 0.11 0.86
n| <1 0.059  0.074 0.64
of valid pixel hitsin L.2-14 > 2 0.056 0.071 0.62
Fraction of valid hits > 0.8 0.052 0.069 0.62
of dE/dx measurements > 10 0.052 0.069 0.62
High-purity track 0.052  0.069 0.62
Track x%/dof < 5 0.052 0.069 0.62
d, < 0.1cm 0.052 0.069 0.62
dxy < 0.02cm 0.048 0.069 0.62
[ < 0.02 0.014  0.065 0.61
[q < 15GeV 0.014 0.065 0.61
PFE/p <03 0.014 0.064 0.61
0,/ pr < 0.0008 0.014  0.064 0.61
FFixels> 0.3 0.011  0.064 0.60
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https://link.springer.com/article/10.1007/JHEP06(2023)158
https://cds.cern.ch/record/2815353/files/ATL-PHYS-SLIDE-2022-262.pdf

ATLAS 2nd results: Using ToF measurement from Tile Calorimeter
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/

MIP Timing Detector

e Ultra-thin detector providing hermetic coverage (|n|<3) for charged particles BTL: LYSO bars + SiPM readout:
> Consists of barrel (|[n]| < 1.6) and 2xendcap timing layers (BTL & ETL) * TK/ECAL interface: |n| < 1.45
, * |nner radius: 1148 mm (40 mm thick)
> Installed between tracker and calorimeters + Length: +2.6 m along z
e Constraints drive design + Surface ~38 m? 332k channels

r : C , + Fluence at4 ab™': 2x10* n, /cm?
> Radiation hardness requirements in different regions of CMS

» Cost and power effectiveness + readout considerations

> Technology readiness is central consideration: BTL and ETL will bookend
the upgrade installation
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https://indico.in2p3.fr/event/33627/contributions/156246/

