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Standard Model of Still many pieces missing from the SM, like

particle physics
(SM)
successfully explains
many fundamental
bhenomena of particles

We need to look beyond the SM (BSM)

Experiments are putting
stronger constraints on the
nature of new physics.
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O(mm)

Prompt decays : major focus of LHC searches

mass

Most of the conventional LHC _
searches focus on prompt decay like top quark, W/Z bosons

. . 10-25
of particles. nsMz~ 107
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CtT

Detector
edge

Detector stable - dedicated experiments?

c: speed of light
T: proper mean lifetime
of the particle

O(mm)

Prompt decays : major focus of LHC searches

mass

Lifting up the assumption of prompt decays
open the door to the Lifetime Frontier
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WHAT ARE LONG-LIVED PARTICLES?

LLPs

Particles with large lifetimes (7)

— decays after traversing a macroscopic distance in

the collider detectors
— or, decays outside the detector

AL

Collider Detector

Effect of magnetic field not shown

ct 2 O(mm)

R

Cylindrical coordinates
Collision along 7z axis

4

PV: Primary Vertex
SV: Secondary Vertex
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Reasons behind long lifetimes

T

1
I’ <0r —) o | Amplitude \2 X(Phase space factor)

A& : | m . Kinematic squeezin
Small couplings : Heavyscales, I'~— - . J
M* . eg., neutron (SM),
e.g., muon (SM), compressed SUSY

gluino in Split-SUSY (BSM) - scenarios (BSM)

e.g., ¢ and b quarks (SM), :
RPV SUSY (BSM) :
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LLP decays in colliders

Decay length in the detector

d is the product of f/y and c7 distributions

LAB FRAME
\u »
from PRODUCTION mode from DECAY width
) ~ Lighter particles =
VV = — 1 boost factor | i ¥ moredisplaced as

compared to heavier

ones for the same
T . proper mean lifetime lifetime

of the particle

C: speed of Ilght
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A Peek in to the Exotic Signatures of LLPs

not a complete list

Disappearing

Displaced Vertices Track
MUON
SPECTROMETER Trackless Energy
s Deposits
HADRONIC
CALORIMETER
HCAL
Non-Pointing
ELECTROMAGNETIC Photons

CALORIMETER
ECAL
TRACKER \/ v

Decay in Tracker Decays outside
Tracker

Effect of magnetic field not shown
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Long-lived particles in the Higgs portal

~ LLPs having dominant coupling to the SM Higgs boson ~

SM

jSM
SM X LLP - SM
y | f; \ Higgs /
SM X or SM SM/ }&\_—- SM
SM

My LLPs can be produced from the

Myipp S ) exotic decays of SM Higgs
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Long-lived mediator from a minimal DM model

Shigeki Matsumoto, et al., JHEP 07 (2019) 050

Light Scalar Mediator
1 2 A
L= Lo+ =(0,8)— (2222 3p Fegr H3g3  Tegd oo
2 2 3! 4) o
Mixingighly N severely
constrained constrained so far

P 107 - - _sing=102"
Production of ¢ has 107} - sing=10"" |

a different coupling _ sin6=10"8 |

than its decay |

'g'1000.0-
SM 5 o4
in2 CT
sin 6" QT 10_5\\
N Long-lived mediator | - R _
0.5 1 5 10 50
mg [GeV]
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Scalar LLPs from Higgs Boson Decay

¢: Long-lived mediator

e Production: From the decay of SM Higgs boson
0 Decay: SM particles through mixing with SM Higgs boson, sinf
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Where to look for the LLPs?

Biplob Bhattacherjee, Shigeki Matsumoto, RS, arXiv:2111.02437, PRD 106 (2022)9,095018

Q,' ~ Prospect of HL-LHC/FCC-hh?

Issue of pile-up (PU) HL-LHC: High Luminosity LHC
14 TeV, 3 ab™!

\/ FCC: Future Circular Collider
100 TeV, 30 ab™!

interesting interaction
accompanied by multiple
pile-up interactions

bunches of protons collide

Run-1/2 - around 30-50 interactions per bunch crossing

centre of mass energy of collision,
integrated luminosity (# of collisions per unit area)
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Where to look for the LLPs?

Biplob Bhattacherjee, Shigeki Matsumoto, RS, arXiv:2111.02437, PRD 106 (2022)9,095018

Q,' ~ Prospect of HL-LHC/FCC-hh?
Issue of pile-up (PU) HL-LHC: High Luminosity LHC
14 TeV, 3 ab™!

FCC: Future Circular Collider
100 TeV, 30 ab™!

to increase luminosity,
number of protons per
bunch increased

Increased Luminosity
= Increased pile-up

HL-LHC - 14.0/200 mean PU interactions per bunch crossing expected

Interaction /.
Point (IP) ECAL
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Where to look for the LLPs?

° Muon Spectrometer (MS) Q CMS MS [HL-LHC, 14TeV,3 ab™']
4@ FCC-hh MS [100 TeV, 30 ab™']

O Least affected by PU - farthest detector from the IP

O Large decay volume - compensates for its distance from the IP

O Sensitive to multiple decay modes

How do particles other than muons look in the MS?

ATLAS

CMS

e™, v, hadrons iron yokes cluster of hits
b osr e nr or ey ws me e My o w4 @ in the MS

CCCCC

displaced vertices in the MS

Wheel 0

ATLAS, PRD 99 no. 5, (2019) 052005

J 16 28

127 CMS, PRL 127 (2021) 26, 261804

ATLAS, PRD 101 no. 5, (2020) 052013

ATLAS,ATL-PHYS-PUB-2019-002
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Where to look for the LLPs?

0.16F — m, =500 MeV ~ =——=m, =5 GeV

- —m¢=50 GeV CT
0.14

0.12F —C‘5¢=O.1 m_ ---C‘C¢=1000m

Normalised

0.1
0.08F
0.06F
0.04f
0.02F

Distribution of decay length in
= the lab frame, d = fyct

6 8
log__[d (m)]

ATLAS and CMS main after ©(10) m, ATLAS and CMS
detectors can probe : main detectors lose sensitivity

Dedicated transverse LLP detectors

mostly centrally produced in Higgs decays -
especially lighter LLPs

4@ MATHUSLA and CODEX-b [HL-LHC, 14 TeV]

New Proposal

4@ DELIGHT [FCC-hh, 100 TeV, 30 ab™"] AN
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Analysis Strategy for Decays in MS

Production
g
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t h ’//
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w/z o
_h_ o
AN
w/z N
o
q q
VBF
wW/z
q
W/zZ
\\h /cp
q \<:
Vvh S oo
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production

Decay
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Displaced objects
from the LLP
decay
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Analysis Strategy for Decays in MS

Production
g
t @
t h ’//
g TS
t \\(p
ggF
g 7 q P
/7
w/z o
_h_ o
AN
w/z N
N
q q
VBF
wW/z
q
W/zZ
\\h /(P
q \<:
Vvh S oo

Prompt objects
associated with
production

Selection cuts on PROMPT OBJECTS
prompt jets, electrons, muons

Trigger 15 JZE
Single jet | p), > 180 GeV, |n;| < 2.4.
Disjet | ph > 112GeV, |n;| < 2.4, An < 1.6.
pr > 70 GeV for Leading jet, gd F/
pr > 40GeV for Sub-leading jet, VBE
VBF jet | |n;| <5, n;, X 14, <0, An > 4.0, K
A¢ < 2.0, vh Jet

mj; > 1000 GeV.
Single electron | p5 > 36 GeV, |n| < 2.4.
Double electron | pt > 25GeV, p7 > 12GeV, |n| < 2.4.

Single muon | pf > 22GeV, |n| < 2.4. Vh—Iep
Double muon | pf' > 15GeV, pi* > 7GeV, |n| < 2.4.

PH : Hard set of cuts on prompt objects
cuts from Phase-ll CMS L1 trigger menu

CMS-TDR-021
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Analysis Strategy for Decays in MS

Production

Selection cuts on PROMPT OBJECTS
prompt jets, electrons, muons

Prompt objects
associated with
production

gg F Trigger . In P ].\I/{Ode ' In P, l\%ode _
Single jet | pf > 180 GeV, |n;| < 2.4. pr > 90GeV, |n;| < 24.
- Di-jet | pfr > 112GeV, |n;| < 2.4, An < 1.6. pr > 90GeV, |n;| <24, An < 1.6.
q q ,® pr > 70GeV for Leading jet, pr > 60 GeV for Leading jet, g9 F/
w/z I g pr > 40 GeV for Sub-leading jet, pr > 30 GeV for Sub-leading jet, VDB F-,
_h_ < VBF jet | |n;] <5, n;, X 15, <0, An > 4.0, Inj| < 5, nj, X nj, <0, An > 4.0, Vh'jet
w/z A . A¢ < 2.0, A¢ < 2.0,
\(P mj; > 1000 GeV. m;; > 500 GeV.
q q Single electron | pS > 36 GeV, |n| < 2.4. p5 > 18GeV, |n| < 2.4.
VBF Double electron | p7 > 25GeV, p7 > 12GeV, |n| < 2.4. | p7 > 12GeV, p7? > 12GeV, |n| < 2.4.
Single muon | pi > 22GeV, |n| < 2.4. ph > 11GeV, |n| < 24. Vh—Iep
J w/z Double muon | p7' > 15GeV, pi? > 7GeV, |n| < 24. | pf' > 7GeV, pi? > 7GeV, |n| < 2.4. j
w/z
SO h @
q N -7 s .
vh . PS : soft set of cuts on prompt objects
~p

assuming thresholds on prompt objects can be
reduced in the presence of displaced activity in

the MS
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Analysis Strategy for Decays in MS

CMS: Magnetic field till MS (changes sign after HCAL and reduced in
magnitude from 3.8 Tto 0.5 T)
Delphes (fast detector simulation): Magnetic field till Tracker

absence of presence of
magnetic field magnetic field
MS layer
MS layer MS layer
24
4
Y4
4
Y4 4
" 'l' I'
l' " "
. Boosted ,* Displaced .

Y4

Implemented magnetic field till muon spectrometer in Delphes for correct

A¢ — important in boosted and displaced cases Delta R
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Analysis Strategy for Decays in MS

Selection cuts on DISPLACED OBJECTS

Displaced hard  soft
muons DH ///iV DS/)V
p p
P > 20GeV P > 10GeV
n, > 2 n, > 2
Muons 17 i 98 ] < 2.8
|df| > 2mm |df| > 2mm
Muon pair from i > Lo t > Lo
thesaI;ne gy Ldr<6m&d[<Om | dr < 6m & [d]<Im
A¢, > 0.01 A¢, > 0.01
Event Nytg = 1 OF Ny = 2 Nytg = 1 OT Ny = 2
jets hard goft
MS cluster pi, VY Ds,, /W
Electrons, photons, | pr > 0.5 GeV pr > 0.5GeV "~
hadrons In| < 2.8 In| < 2.8

MS cluster from
same dSV (< 1lcm)

dr >4mor |d,| > 7Tm
dT < 6m and |d,| < 9m

dr >4mor |d,| > 7Tm
dT < 6m and |d,| < 9m

ngsy > 5 nSly = 3
ZpT asv > 50 GeV ZPT asv > 20GeV
APmax > 0.2 Apmax > 0.1

Event

ncluster = ]- Necluster =2

ncluster = 1 Necluster — 2

MS
RV
“)'/,'
HCAL !
ECAL !
Tracker

Decay

Displaced objects
from the LLP

decay
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Analysis Strategy for Decays in MS

Combination of cuts using hard and soft selections on prompt and displaced objects

P x D3 harder set of cuts on the prompt objects
(= 1vtx) allows to relax cuts on displaced objects
P> x D> cuts on the prompt & displaced objects relaxed =

(> 1lvtx) combination expected to keep backgrounds in control

CMS MS @
HL-LHC Br(h — ¢¢p) X Br(¢p - p™u") Br(h — ¢¢) X Br(¢ — bb)
o <3.1%x107° <1.7%x107
for my = 60GeV,cr = 0.5m for my = 60 GeV,ct = 5m
{ Observation of 50 ?
\. events required _ - _
™ Muon Spectrometer only analysis - sensitive to higher decay lengths

Backgrounds
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® wvsms

10

0.100

Br(¢ -» SM SM)
=)
(=)
2

]

0.001

- HH

1 1

- JUIT

—

- KK - gg - SS - CC — TT -

bb |

1074

10~°}

50

CMS MS :4/s =14 TeV
Br(h-¢¢)=0.01
Production : ggF +VBF +Vh-lep+Vh-jet

Decay : yu,rtrt KK ,gg,ss,cc,17,bb

mg [GeV]

m, [GeV]

for fixed value of Br(h — ¢@),
translated limit on ¢7 to limit on sin@

combined as per branching
of minimal model

CMS MS - all decays, Set: P" x D° >=1 vtx, 50 events, Combined

Vs =14 TeV
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) MATHUSLA and CODEX-b

BACKGRO\UND FREE!

observation of few events (~4)
enough to claim discovery

Cristiano Alpigiani, et al., arXiv:2009.01693

Multi-layer tracker

Surface
O dshe validated and extended
Floor detector analysis for our benchmarks
/’/ ,,,, Neutral LLP CODEX-b, 10x 10 x 10 m3
300 fb~!
I— _,é'f____L_Hgbgmguge _______________ W— (0.5 GeV, 3.3 X 107%, 0.5 m)
CMS ) e ah 100 m —4
(50 GeV, 5.3 x 1077, 50 m)
DELPHI CODEX-b

Giulio Aielli, et al., arXiv:1911.0048 1 .- 10m . f‘ !
1000 fb!

(0.5 GeV, 7.0x 107>, 0.5 m)
(50 GeV, 1.1 x 107*, 50 m)

L " CODEX-b, 20 x 10 X 10 m’
)

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

onooao l

MATHUSLA,
100 x 100 x 25 m3, 3000 fb~!

(0.5 GeV, 4.1 x107%, 1 m)
(50 GeV, 4.6 x 107°, 100 m)

i
[
[
!
!
I
|

UXA wall "o amieit— P8 (mqﬁ’ Br(h — ¢p)yy, ct)
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Br(h — ¢¢)y;

A

CMS MS

CMS MS and MATHUSLA

For fixed my,

MATHUSLA

>
CT

Complementarity of CMS MS and MATHUSLA

MATHU vesiaTey

S
v
©
S
S

S MS

0 2 4
logio(cT [M])

CMS MS + MATHUSLA:
can probe ¢z < 10° m for my, = 60 GeV,

without any gap if Br(h — ¢¢) > 0.1 %

1071

1072

1073

=
<
Br(h - $¢) - MATHUSLA, 4 events

107>

107°

10° .
Oour ana_[ysts

[
9
=

Br(h - ¢¢) - CMS MS (P°D> > = 1vtx), 50 event

1072

1073

=
9
IS

107>

107°
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® rcchh ms

Performed similar analyses following the CMS MS one using the FCC-hh MS for final states utu~,cc,
and bb for a range of LLP masses between 0.5 GeV and 60 GeV with ct = [0.01, 5 X 10’7 m

FCC-hh Reference Detector 50m long, 20m diameter
Cavern length 66m
L* of FCC 40m.
g
n=0.5 qy n=15
ol / A
8t 87( Muon System /
7 7 ~ Qutr Spcae T
. Forward Muon
i = Spectrometer
-
4 Inner End
uon Syste orward Solenoid
3 : I =30
2
3.5
. ——H .0
0 z[m]

0 1 2 3 R 5 6 7 8 9 07 11 12 13 14 15 16 17 18 1 20 21 22 23 24 25 J26

ATLAS/CMS + LHCb geometry

ANY BENEFIT?

Rhitaja Senqupta, I1Sc



® rcchh ms

Mg = 10 GeV, Pygr>XDijets® >=1 vtx

1071 _ _ | |
100 TeV FCC-hh : Barrel+Endcap --®- -
100 TeV FCC-hh : Forward MS - - @ -
100 TeV FCC-hh —e—
S, 1072 5 14 TeV CMS
O
c
Q
v
5
10-3 I
104 . o
1072 102 103

cTt [m]

Forward MS increases sensitivity
to lower decay lengths
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® rFcchh Mms

0.14

M 10 GeV W|thout dSV cut M¢=50 GeV - without dSV cut
ct=0.1m ) M,=50 GeV, ct=0.1 m
M¢=5O GeV, ct=10 m

0.12

Normalised
|
‘ﬁ

0.1

0.08

0.06

0.04

0.02

| | | | P
Vi
|
- N
N

LLPs more in forward direction for lower d =

¢t when decay is restricted within MS _
More boost in the

T forward direction

Lower decay lengths, otherwise, difficult due to more background in the Tracker
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TRl DELIGHT for FCC-hh

DELIGHT
Detector for long-lived particles at high energy of 100 TeV

LLP detector

FCC-hh design under study
lAy Room for optimisation

/&

y=0

Proposal for FCC-ee/CEPC -

Xy =25 m
HECATE Collider 1
Marcin Chrzaszcz, et al,, detector Y1 = 0Om
arXiv:2011.01005 7 = — Az/2

DELIGHT (A): The same as the dimensions of the MATHUSLA detector,
i.e. Az x Ay x Az =25 x 100 x 100 m°.

DELIGHT (B): Four times bigger than the MATHUSLA detector,

i.e. Az x Ay x Az =100 x 100 x 100 m?.

Twice the decay volume as the MATHUSLA detector with

0 x 50 m®.

(DELIGHT (C);

Ny

different dimensions, i.e. Az x Ay x Az =200 x 5
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Proposal

DELIGHT

Detector for long-lived particles at high energy of 100 TeV

X =25m
yi=0m 4.0
7=~ Az/2 6.0
Improvement 8.0
by X 430 = 10
compared to % 20
MATHUSLA = 30
40
50
60

DELIGHT (C) 200 x 50 x 50 m?, 30 ab~1, Combined

Br(h — ¢@)
1.4e-07 3.5e-08 9.3e-09 1.0e-08 2.5e-08 4.7e-08 2.4e-07 4.7e-07
2.2e-07 5.5e-08 1.0e-08 9.4e-09 2.0e-08 3.5e-08 1.6e-07 3.4e-07 f
3.7e-07 8.6e-08 1.2e-08 9.5e-09 1.8e-08 3.0e-08 1.3e-07 2.5e-07 1l.4e-05 _ 10 G ‘ 7
m¢ _ e 7
5.6e-07 2.0e-08 1.1e-08 1.2e-08 1.9e-08 7.1e-08 1.4e-07 5.0e-07 8.1le-07 CT —_ lOm
1.1e-06 4.2e-08 1.7e-08 1.2e-08 1.6e-08 5.2e-08 9.3e-08 5.3e-07 9.8e-07
7.7e-08 3.0e-08 1.2e-08 1.5e-08 4.6e-08 8.3e-08 3.2e-07 6.2e-07
1.2e-07 4.5e-08 1.5e-08 1.7e-08 4.0e-08 7.1e-08 3.4e-07 7.0e-07
2.3e-07 8.2e-08 2.3e-08 2.2e-08 4.1e-08 6.9e-08 3.0e-07 5.9e-07

Vs =100 TeV

1.4e-06 5.6e-08 2.0e-08 9.5e-09 1.2e-08 3.5e-08 6.8e-08 3.1e-07 6.5e-07

log10(cT [M])

long tunnel-like detector - better shielding against cosmic rays
closer to IP - use of materials with high shielding power & active veto components to reduce background

RPCs and possibility of a calorimeter element
integration with the trigger system of FCC-hh

@ DELIGHT for FCCG-hh FCC-hhdesign under study

Room for optimisation

FURTHER STUDIES
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A Rich Program Ahead to Hunt Down LLPs

Collider Main Detectors ATLAS
Forward
Forward Detectors m

Physics
Facility

Transverse Detectors CODEX-b MATHUSLA m

Charged LLPs

Keep looking out (o't new podsibitities!



Thank. Yo ﬁr " your attention
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References for the branching ratio of the mediator particle

The decay of a light Higgs Boson

J. F. Donoghue, J. Gasser and H. Leutwyler, Nucl. Phys. B 343, 341 (1990)

Decay and Detection of a Light Scalar Boson Mixing with the Higgs

Martin Wolfgang Winkler 1809.01876

After 2 GeV - HDECAY




AR
OHNWHRU O ®

My = 500 MeV, CTy = 10 cm
1072

B | | | | | | | | | 50
ko without 45
o tic field —
..f‘ . Magnetic 1e 40 >
35 8
30 =
25 £
20 If
15 &
10
\ B &0 780 L. .. @ 5
1 2 3 4 5 6 7 8 9 10
dsv [m] me = 500 MeV, ¢ty = 10 cm
x101
8 B | | | | | | | |
with magnetic
7 field: (3.8,-0.5) T
6
o 5
< 4
3
2
1
0

dsy [M]

50
45
40
35
30
25
20
15
10

pT,pmin [GeV]
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Possible backgrounds

e SM particles decaying into di-muons, such as J/iyy or Y = very small decay lengths (~ few
pm) = separated from signals with the d, or d; cuts or masking the invariant mass of the
o  two muons near the J/\p and Y resonances.

\o<®_ e Cosmic muons = usually appear back-to-back in the detector = suppressed by rejecting
back-to-back muon pairs with a A¢ cut = a suppression factor of 10~ for cosmic muon
events in the absence of pp collisions. CMS-PAS-FTR-18-002

® Muons from the beam halo = have very low transverse momentum = a cut of p; > 15
GeV on displaced muons can suppress the beam halo background.

® Several long-lived hadrons in the SM can punch through the calorimeter from the
transition regions and then decay, such as K¢ — 7777, A — pn~, X" — pa’/nz™,
> o, 2> A2 > Ax and Q - AK /Ex/Z 7Y = demand at least 3-5

el charged particles associated with a displaced vertex.
W o . .
WO ® Punch through of PU jets in the HL-LHC = can be suppressed either by vetoing events
from the transition regions, or by checking for activities inside the calorimeters as well as
the trackers associated with the activity in the MS. ATLAS, PRD 92 no. |, (2015) 012010

We assume 50 events = a significance (S/\/E) of Our obtained limits can be
20 can accommodate ~625 background events scaled accordingly Back

Rhitaja Sengupta, |1Sc



o
- €™
0
O
............ T
r||||I.|\ L
L L L L XV
ﬁ|||||||||||||||||||||||||||||||||| AT J a /
\
I
I
I
I
I
I
S I
0 1
B v -
@} \\
5 /
o /
(7))
/’d
/ N
; B
& W
- H.
2t
< (4+]
= Q|-
Q
1

g
=)
1

10

myg [GeV]

FASER: ForwArd Search ExpeRiment at the LHC, arXiv:1901.04468.pdf
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