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Long-Lived Particles

Particles with suppressed decay widths = long lifetimes

ct 2 O(mm)
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Small couplings
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https://arxiv.org/abs/1903.04497

Why LLPs?

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 provide exhaustive bounds on where new physics cannot be
and precise measurements of the SM




Where is new physics?

Experiments are putting stronger constraints on the nature of new physics,
especially for the conventional scenarios

New physics appears at a scale beyond LHC or
HL-LHC'’s reach

Extend mass reach by increasing centre of mass
energy or with higher precision

Scale is within LHC'’s reach, but the process is very rare
or have large backgrounds

Increase luminosity or more sophisticated analyses to
reduce backgrounds

Their signatures are so unusual that they are
overlooked in the present searches

More inclusive or smarter trigger and
search strategies




Where is new physics?

Their signatures are so unusual that they are
overlooked in the present searches

More inclusive or smarter trigger and

search strategies

Are we covering the full phase-space of new physics?
Or are we missing something?

What if we have long-lived
BSM particles?

Both theoretically motivated
and experimentally interesting!

Credit: Gemini




depends on

fwhat it decays into

Fore.g.,say,X — ete”



LLPs and their unusual signatures...
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Pattern of energy depOSitS unusual signatures contd.

Detector

Mismatch of displaced n
particle’s 77-¢ direction with
n-¢ segmentation of the
detector

Delphes

To understand the
mismatch, layered structure/ n
depth segmentation needed

Absent in fast detector
simulations (eg. Delphes)

Elongated energy deposit

Non-pointing photon search by CMS/ATLAS

Can be used to discriminate from Collaborations
prompt jets using CNN CNN for identifying long-lived particles in HGCAL
B. Bhattacherjee, S. Mukherjee, RS, JHEP 11 (2019) 156 J. Alimena, Y. liyama and J. Kieseler, JINST 15 (2020) 12, P12006



https://doi.org/10.1007/JHEP11(2019)156
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12006

Stopped R-hCIdrOnS unusual signatures contd.

o I'; < Agcp = hadronizes before decaying i

1
“R-hadrons”

« loses energy via ionization while traversing

the detector = stops before decaying

Decays at rest = maximal mismatch of #-¢

B. Bhattacherjee, S. Mukherjee, RS, JHEP 11 (2019) 156
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Backward moving particles

unusual signatures contd.

S. Banerjee, G. Bélanger, B. Bhattacherjee, F. Boudjema, R. M. Godbole, and S. Mukherjee, Transverse projection of stopped particle decay
PRD 98, 115026 (2019) | |
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https://doi.org/10.1007/JHEP11(2019)156
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115026

General difficulties in LLP searches

SM background - mostly prompt - difficult to
mimic the exotic signatures of LLPs

SM long-lived particles like b-hadrons, c-hadrons, K¢, K; or A
Difficult for BSM scenarios having similar mass range and final states

Real Particles Produced via Interactions with the Detector
Material maps

Real Particles Originating from Outside the Detector
Cosmic muons

Chances to miss real signal
Fake signatures unless carefully searched

Detector noise Proper triggering required

Randomly merged vertices

, Non-standard and unusual
random tracks crossing each other

backgrounds

Simulation very technical
Detector simulation of unusual

signatures not phenomenologically straightforward




Long-Lived Particles: an example

- B Not severely
Mixing highly constrained so far

constrained BC4 and BC5 from f
f PBC Summary Report f

¢

vf
¢: Long-lived mediator f



https://arxiv.org/pdf/1901.09966
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Triggering: What, Why, How?

Selecting interesting events from the many pp interactions
and storing them for further analysis

pp collisions rate at LHC: 40 MHz, event size ~ | MB = 40000 GB/sec

m Not feasible

'» Need to be quick
Level-1 trigger e Detector read at course granularity
e Tracker information not available till Run—gj

| . . .
'@ More time available - not as much as offline

High Level ——p ¢ Full detector read at full granularity
Trigger (HLT) e Full event information stored for offline analyses

\— ,, _J
m » Stored for offline analyses

1ikHz x1 MB ~ 1 GB/sec

Dedicated L1 Triggers important for LLPs




L1 Tquklng Dedicated triggers contd.
L1 track:

(PU) = 0, R=0.4
pT > 2 GCV, |7]| < 25, 0.6 —— LLP (A) (M100, ¢710)
______ QCD2j, p4™ € (100,150) GeV
ny <1 C11, |ZO| < 30 cm 0.5-
©
T. James, CERN-THESIS-2018-241 B 0.4 LLP jets mostly
E 0.3- trackless at L1
=2
Tracker ] e
0.1 I
. L.>1cm e T T
Prom t - RS XYy 0.0 T T T T T T T
P Dlsplace‘d:. ‘ No reconstructed tracks ’ ’ ! ’ Ntrsk ook
PU contribution, (PU) — 140, Re0.4
being more uniform, 0.20- —— LLP (A) (M100, cr10)
reduces with e R QCD2j, p¥" € (100,150) GeV
reduced cone-size 054 [ .
i PU dominates and
£ - biases signal and
= || background
. 0.051 similarl
LLP signals not affected Y
) with reduced cone-size o e
S, ' 0 2 4 6 8 0 12 14 16
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L1 Tracking

Kl'racklng variables:

Dedicated triggers contd.

Bhattacherjee, Mukherjee, RS, Solanki, JHEP 08 (2020) 141
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https://doi.org/10.1007/JHEP08(2020)141

Tlmlng @ MTD Dedicated triggers contd.

MIP Timing Detector

MTD:Timing of charged particles with p > 0.7 GeV up to
17| =1.5;p> 0.7 GeV for 1.5 < || < 3.0 with 30 ps resolution
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Bhattacherjee, Mukherjee, RS, Solanki, JHEP O8 (2020) 141

Jets - many particles - timing?

Median of the time differences of all particles associated with the jet (within AR = 0.2
of the jet axis) w.r.t to photons starting from the reconstructed Primary Vertex (PV)



https://doi.org/10.1007/JHEP08(2020)141

Timing @ ECAL
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Bhattacherjee, Ghosh, RS, Solanki, JHEP 08 (2022) 254
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Dedicated triggers contd.

Degrading resolution with
increasing luminosity

Spread of vertices in
the z and 7 directions

LLPs in SM

LLP (A), (AT x E)Max5

mean
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https://link.springer.com/article/10.1007/JHEP08(2022)254
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Leveraging the high pile-up environment

Future hadron colliders are high luminosity machines

High instantaneous luminosity = high pile-up environment

Issue of pile-up (PU)

to increase luminosity,
number of protons per
bunch increased

busy environment to
dig out interesting
new physics

Adversely impacts resolutions of experimentally
measured observables used to distinguish BSM signals

Effect even more for light new physics!




Leveraging the high pile-up environment

What about light new particles coming from meson decays?

\/— Number Number of B hadrons Number of D hadrons

Collider S of pile-up produced per bunch- produced per bunch-
[TeV] vertices crossing in pileup crossing in pileup

HL-LHC 14 200 2-4 ~40

FCC-hh 100 500 ~40 ~200

Increases the production of LLPs from B Biplob Bhattacherjee, Abhinav Kumar, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.11760

and D meson decays per bunch-crossing

B-hadron B-hadron

PU vertices PV

Thereby, increasing the efficiency

of detecting LLPs in various , ,
5 : D-hadrons in B-parking dataset!
detectors per bunch-crossing .
15

Look for light new physics coupled to
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Why the muon spectrometer?

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?

4.3 404° 36.8°

ATLAS CMS
displaced vertices in the MS - ¢*,y, hadrons iron yokes cluster of hits
b mo01 02 03 04 05 08 07 08 0.9 10 1.1 ] in the MS

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

ATLAS,PRD 101 no.5, (2020) 052013 CMS, PRL 127 (2021)

26,261804

CMS, PRD 110 no. 3,
(2024) 032007

ATLAS,ATL-PHYS-PUB-2019-002




Analysis Strategy

Production L Decay
g
t h _-@® / 4o _

g t ——-<: //t //l SS
t \\(p 4+ - —
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ggF
KtK- 1%t~
qg L q ,® » f _
w/z o <// gg bb
w/z "N f 10 . . . . .
AN —py —Jur - KK - gg -ss —-cc - 1T - bb
®
q q 1-1
VBF S
< 0.100} ~
q e 30010 1
w/z = §
SNhoo o 0.001} b
q \</
Vh N 107 05 1 5 10 50
my [GeV]
Prompt objects Displaced objects
associated with from the LLP
production decay




Results

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

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

Biplob Bhattacherjee, Shigeki Matsumoto, RS,
e-Print: 2111.02437, PRD 2022

CMS MS @

HL-LHC Br(h — ¢¢) X Br(¢p = puu™) Br(h — ¢¢) X Br(¢p — bb)

<1.1x107 <6.7%x107

for m,, = 50GeV,ct =0.5m for m,, = 50GeV,ct =5m
( Observation of 50

\, events required

=

” Muon Spectrometer only analysis - sensitive to higher decay lengths

Br(h — ¢¢) X Br(¢p — u*u~)  Br(h — ¢¢) X Br(¢p — bb)
<4.1x1078 <34x%x1077

bservation of 50 ~
| » for m¢:50G€V,CT=O.5m for m¢=50GeV,CT=5m

\,_ events required

N
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The FCC program at CERN
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FCC Feasibility Study I:  Years
arXiv:2505.00272

The FCC-ee 100 km tunnel is designed to host

subsequently a future circular hadron collider (FCC-hh)

of a centre-of-mass energy of 100 TeV,

and an integrated luminosity of 30 ab™".




The FCC program at CERN
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of a centre-of-mass energy of 100 TeV,
and an integrated luminosity of 30 ab™".




Role of FCC-ee?

We don’t find a signal!

7/~ \ O Does it improve sensitivity to any region of the parameter
space that lies outside the coverage of the currently
running/proposed experiment?

O Does the particle identification capabilities of the FCC-ee
increase sensitivity to mediator masses where it
dominantly decays to mesons, like pions and kaons?

We observe a signal in one (or more)

of these experiments!
\__/ P

O Doesit help in identifying the underlying model - observe
other interactions and measure model parameters?




Light scalar LLPs in the Higgs portal

o P Not severely
Mixing highly constrained so far
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Benchmarks for FCC-ee
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Benchmarks for FCC-ee: B — X ¢
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Benchmarks for FCC-ee: B — X ¢
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Benchmarks for FCC-ee: B — X ¢
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Benchmarks for FCC-ee: B — X ¢

Benchmark | ¢ <in 0 cT Dominant Potential experiments to probe
(GeV) (mm) | decay modes | FASER2 | LHCb (projected) | MATHUSLA | SHIP
.
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T
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uw 5%
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The IDEA detector

4

Innovative Detector for an

Electron-Positron Accelerator

FCC Feasibility Study I:
arXiv:2505.00272
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Analysis strategy

For each
stable particle,

Electron VTX ‘
DCH

identify the origin Store vertex information

Pion Solenoid
- Preshower
Photon DRC 1 mm
MS

Vertex 2

‘ l Vertex 1

— Cluster detected particles into vertices if
Apply efficiency

their origin is within 1 mm of each other

Variables:
O detector element based on the location of the vertex, D,

X

O number of charged particles (N

on)» muons (N ), pions (NV,), kaons (Ng), and

electrons (V,) originating at the vertex
O total energy of the particles produced at the vertex, E
O transverse displacement of the vertex from the origin, d;
O invariant mass of the final state particles associated with the vertex, m.,

X
O the impact parameter of the vertex, d|,




Backgrounds?




Total Events at L = 150 ab™!
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SM LLP backgrounds

Total Events at L = 150 ab ™!
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SM LLP backgrounds
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~ 5% 10'? Zbosons @ FCC-ee, we simulate ~ 10° events at the Z pole
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B—-X¢p, ¢ —>pu

~ 5% 10'? Zbosons @ FCC-ee, we simulate ~ 10° events at the Z pole
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Final cuts for the dimuon final state

D, = out to the MS
Nehg = 2
N, =2
E > 2GeV

dr threshold obtained

from extrapolating the d;

distribution of D=

Achieve zero SM LLP
background after these cuts!

based on the extrapolation!
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Protons misidentified as pions/kaons!
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Final cuts for the di-pion/di-kaon final state

All benchmarks
D, € VTX or DCH
Nch — 2 thx € MS
Nﬂ'/K = 2 Ney = 2
E >1GeV B> 5GeV
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Results from B — X ¢

outside the projected dominant decay to mesons —
coverage — . Use the particle identification at
Sensitivity at FCC-ee? pominant FCC-ee!
ensi -eé: -ee!
!
BPA7 backgrounds BPA2, BPA3
from K¢, K;, A
Expect around 6 events in Expect around 200 (70) events 1n
FCC-ee VI X+DCH FCC-ee MS
lies at corners of various
future projections —
Can FCC-ee tell more?
BPA1, BPA4, BPAS, BPA6
e.g., i ?
g P 4 Dedicated detectors:

BPA1: 3 (di-muon) + 4 (di-meson, MYS)
BPA4: 9352 (di-muon) + 26202 (di-pion, VT X+DCH) +
26970 (di-kaon, VITX+DCH) + 1515 (di-meson, MYS)




Benchmarks for FCC-ee: h — ¢p¢p
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h— ¢p, ¢ > an /KK

SM Backgrounds | Cross-section (pb) | Expected number of events
ete™ — ff 21.43 2.3 x 108
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Distributions for other
backgrounds in the backup




h— ¢p, ¢ > an /KK

backgrou

nds in the backup

SM Backgrounds | Cross-section (pb) | Expected number of events
ete” — ff 21.43 2.3 x 10® Our analysis relies on finding
ete” > WTW- 16.84 1.8 x 10° two displaced vertices:
ete” = 27 1.4 1.5 x 107 .
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h— ¢p, ¢ > an /KK

backgrou

SM Backgrounds | Cross-section (pb) | Expected number of events
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Our analysis relies on finding
two displaced vertices:

leptonic decay of Z not used!

D, € VTX or DCH,
N4 =2,E>1GeV,
Nvtx — 2’

My, > 0.5 GeV,

My, — My | < 01@
I 2

Signal has two
identical LLPs




h— ¢p, ¢ > an /KK

SM Backgrounds | Cross-section (pb) | Expected number of events
ete” — ff 21.43 2.3 x 10® Our analysis relies on finding
ere” W 16.84 18> 10° two displaced vertices:
ete” = 27 1.4 1.5 x 10
N 0.237 925 % 106 leptonic decay of Z not used!
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h— ¢p, ¢ > an /KK

backgrou

nds in the backup

SM Backgrounds | Cross-section (pb) | Expected number of events
ete” — ff 21.43 2.3 x 10® Our analysis relies on finding
ere” W 16.84 18> 10° two displaced vertices:
ete” = 27 1.4 1.5 x 10
N 0.237 925 % 106 leptonic decay of Z not used!
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h— ¢p, ¢ > an /KK

SM Backgrounds | Cross-section (pb) | Expected number of events
ete” — ff 21.43 2.3 x 10® Our analysis relies on finding
ete” > WTW- 16.84 1.8 x 10° two displaced vertices:
ete” = 27 1.4 1.5 x 107 .
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Analyses for ¢ — c¢ and ¢p — bb are detailed in the backup

Mg ) cT Br(h — ¢¢) Dominant Potential experiments to probe
Benchmark | vy | sind ) decay modes | HL-LHC | FASER | MATHUSLA
+ - .
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Results from h — ¢

Analyses for ¢ — c¢ and ¢p — bb are detailed in the backup

T e——

Benchmark | - T Br(h — ¢¢) Y Dominant Potential experiments to probe FCC-ee
eneamart  gevy | M (mm) decay modes | HL-LHC | FASER | MATHUSLA | VTX+DCH
- | - | 7wt 50%
BPB1 1.0 1.1x107% | 10 104 K+K-  50% X X X 143
T 50%
. 5x10°5| 100 || 10 mr
BPB2 1.0 | 3.5x10 00 | 0 ) Kk 50% X v X 18

Much lower branching fractions can
be probed for 3 observed events




Results from 1 — ¢¢

Analyses for ¢ — c¢ and ¢p — bb are detailed in the backup

P —m

Benchmark | ™ in g cT Br(h — ¢¢) || Dominant Potential experiments to probe FCC-ee
CHEIAE 1 (Gev) - (mm) decay modes | HL-LHC | FASER | MATHUSLA | VTX+DCH
- | D | wtr : 50%
BPB1 1.0 |1L1x107*| 10 104 K+K-  50% X X X 143
. | T 50%
BPB2 1. 5x10°5| 100 || 10 "
0 3.5 x 10 00 k D KK 50% X v X 18

Much lower branching fractions can
be probed for 3 observed events

or FASER2,

o FCC-ee will be important to analyse whether the 4 — ¢¢
coupling exists!

, If we observe a signal for B = X ¢ in experiments like SHiP




Performance for BC4 and BC5
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Dedicated detectors for LLPs

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

0.16F — m, =500 MeV =~ =——=m, =5 GeV

- —m¢=50 GeV Ct
0.14

0.12F —Ct¢=0.1 m_ ---Ct¢=1000m

Normalised

0.1F :
0.08F- : .
0.06F- T
0.04F
0.02F

-
%

6 8
log_ [d (m)]

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

HL-LHC:

FASER 1811.12522
FACET  2201.00019
MATHUSLA 1901.04040
CODEX-p 1911.00481
ANUBIS ~ 1909.13022
AL3X 1810.03636

BELLE-Il: GAZELLE

2105.12962



https://arxiv.org/abs/2105.12962
https://arxiv.org/abs/2201.00019
https://arxiv.org/abs/1911.00481
https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1901.04040
https://arxiv.org/abs/1810.03636
https://arxiv.org/abs/1909.13022

Existing facility at HL-LHC

For example, let us look at the CMS Zero Degree Calorimeters (ZDC)

ZDC2 POINT 5

140 m INTERACTION

Located =140 meters from the IP - on both sides of the IP.

Detects neutral particles at pseudorapidity ) > 8.5.

Each ZDC consists of electromagnetic (19 radiation lengths and hadronic (5.6
interaction lengths) sections, designed to measure forward neutral particles like

neutrons and photons.

Charged particles are typically deflected away by magnets before reaching the ZDC:s.




Existing facility at HL-LHC

ZDC for LLPs: our proposal for HL-LHC

Forward Dedicated LLP detector in front of ZDC at CMS

Decay Volume 2 ‘ Decay Volume 1
Z

ZDC 2 [rm—

— ZDC 1

HAD EM Tracking 700 mm
section SCCHO layers
Possible backgrounds: SM neutral
96 mm l - X LLPs decaying to charged particles
(e.g., K; n,...)

607 mm

We have contacted and shared this proposal with

Biplob Bhattacherjee, Abhinav Kumar, Swagata Mukherjee, the ZDC members to receive their feedback!

RS, Anand Sharma, e-Print: 2503.11760

Feasibility discussions ongoing... .
37




Existing facility at HL-LHC

ZDC for LLPs: our proposal for HL-LHC

Efficiency of ZDC/FASER for Dark Scalar
( Ep > 500 GeV)

- | my = 0.3 GeV (ZDC A) 7DC B
© 103l —===-my =0.3GeV (ZDC B) same decay
§ : my =4 GeV (ZDCA) | R e pi o
> [ ====my =4 GeV (ZDC B)
§ i ,
O 10%
v
m B —

‘ T ———a

1 | I | 1 | | I 1 | | I | 1 | I
10 1071 10° 10? 102
cT (m)
Improvement in performance with respect to FASER
Biplob Bhattacherjee, Abhinav Kumar, Swagata Mukherijee, - especially for heavy LL.Ps with low ¢z

RS, Anand Sharma, e-Print: 2503.11760
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Optimisation of dedicated detectors

DELPHI CODEX-b box Beam line

For LHC or HL-LHC, the dedicated K atvas s NN J Il
detectors are accommodated in empty D3p'atf°mmm] | il |

shafts or available halls around the L N it 2 ] =5

main detectors . JN
0° (1) to beam line = | o
0° (2) and 90° (3) to beam line : :;j P
For example, see for CODEX-b 0 ' l l
UXA shield IP8

EPJC 80, 1177 (2020)

But this might not be optimal for the LLP models beyond the SM

Optimise and integrate
dedicated LLP detectors with
the main detector design

The Future Colliders are in their
conceptual design phase now

Dedicated detectors (@ FCC-hh — JHEP (2023)
FOREHUNT — PRD (2024)
LAYCAST — arXiv:2406.05770

FPF@FCC — JHEP (2025) .
39

HECATE — EPJC (2021)
near and far detectors — PRD (2020), PRD (2023)
DELIGHT — PRD (2022)



https://link.springer.com/article/10.1140/epjc/s10052-021-09253-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.076022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.095018
https://link.springer.com/article/10.1007/JHEP01(2023)042
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.015036
https://arxiv.org/abs/2406.05770
https://link.springer.com/article/10.1007/JHEP01(2025)094

Optimisation of dedicated detectors

Our proposals for FCC-hh

(A) Transverse detector:

DELIGHT

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

Their performance for FCC-ee is also studied

Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner, Nivedita Ghosh,
Shigeki Matsumoto, RS, e-Print: 2503.08780

Biplob Bhattacherjee, Shigeki Matsumoto, RS,
e-Print: 2111.02437, PRD 2022

(B) Forward detector:
FOREHUNT

Forward Experiment
for Hundred TeV

Biplob Bhattacherjee, Herbi Dreiner,
Nivedita Ghosh, Shigeki Matsumoto, RS,
Prabhat Solanki, e-Print: 2306.11803,
PRD 2024




Optimisation of dedicated detectors

Our proposals for FCC-hh Their performance for FCC-ee is also studied
( A) T]‘an sverse dete ctor: Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner, Nivedita Ghosh,
Shigeki Matsumoto, RS, e-Print: 2503.08780
DELIGHT \
Detector for long-lived particles
at high energy of 100 TeV Performance?
Optimisation?

Biplob Bhattacherjee, Shigeki Matsumoto, RS,
e-Print: 2111.02437, PRD 2022

(B) Forward detector:

FOREHUNT Optimisation
Forward Experiment with respect to
for Hundred TeV FASER in
Biplob Bhattacherjee, Herbi Dreiner, baCkup

Nivedita Ghosh, Shigeki Matsumoto, RS,
Prabhat Solanki, e-Print: 2306.11803,
PRD 2024




Optimisation of dedicated detectors

Our proposals for FCC-hh Their performance for FCC-ee is also studied
( A) T]‘an sverse dete ctor: Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner, Nivedita Ghosh,
Shigeki Matsumoto, RS, e-Print: 2503.08780
DELIGHT ‘\5‘
Detector for long-lived particles
at high energy of 100 TeV Performance?
Optimisation? HL-LHC

Biplob Bhattacherjee, Shigeki Matsumoto, RS,

e-Print: 211102457, PRD 2022 50 events observed in CMS MS, HL-LHC
All decays P°xD?

1071

(B) Forward detector: & -
—~ 4 - 3.9x 1072 T
FOREHUNT = 1058
Forward Experiment ':' 3 2.0x1072 2.8x10~3 1.3x1073 _42
fOI‘ Hundred TeV %2 -4.0x107% 44x1073 73x107* 37x107* 1.3x107* +0 'LC)
10750
Biplob Bhattacherjee, Herbi Dreiner, o
Nivedita Ghosh, Shigeki Matsumoto, RS, 107° S
Prabhat Solanki, e-Print: 2306.11803, 1 0_73
PRD 2024




Optimisation of dedicated detectors

Our proposals for FCC-hh Their performance for FCC-ee is also studied
( A) Transverse detector: Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner, Nivedita Ghosh,
Shigeki Matsumoto, RS, e-Print: 2503.08780
DELIGHT \
Detector for long-lived particles
high energy of 100 TeV ?
at high energy o Performance: FCC-ee
Optimisation?
Biplob Bhattacherjee, Shigeki Matsumoto, RS, P IDEA
e-Print: 2111.02457, PRD 2022 10 events observed in IDEA, FCC-ee
VTX+DCH+MS analysis _1
—10
. 55x1072| | 3 ~
(B) Forward detector: ° 11023
—4- 7.3x1072 1.6x107? 5.6x 1073 _g
FOREHUNT € 107°%
Forward Experiment t’) 3-423x1072 1.5x1072 6.0x107° 1.7x107% 54x10°* 1,04 g
for Hundred TeV T52-22x10 1.5%x10° 59x10* 1.8x107* S
S 10759
Biplob Bhattacherjee, Herbi Dreiner, L 1q24x107 17x10° 6 o
Nivedita Ghosh, Shigeki Matsumoto, RS, o 10 §.‘
Prabhat Solanki, e-Print: 2306.11803, 10-7
PRD 2024 6.0 10 20 40 60
Mg [ G eV]




Economical, yet useful?

1 € Benchmarks:
Gt = — det (6 GeV, 10 m), (6 GeV, 103 m), (6 GeV, 10° m),
benchmarks SIDEA (20 GeV, 10 m), (20 GeV, 10° m), (20 GeV, 10° m),

(60 GeV, 100 m), (60 GeV, 10° m), (60 GeV, 10° m)

A =100 x 100 m? A = 50 X 50 m? A =20x20 m?
14 I —— L=100m Lo —— L=100m
5 ~—— L=50m ' —— L=50m
% 10 —— L=20m % 0.8 —— L=20m
Tk Tk
O G}
. 8 ~0.6
C C
£ . =
O Q04
4
0.2
2
20 40 60 80 100 0 20 40 60 80 100 0.0 20 40 60 80 100
D [m] D [m] D [m]
EPPSU input

Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner,
Nivedita Ghosh, Shigeki Matsumoto, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.21875
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1 Benchmarks:
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4
0.2
2
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EPPSUinput as the IDEA main detector?

Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner,
Nivedita Ghosh, Shigeki Matsumoto, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.21875




Economical, yet useful?

1 € Benchmarks:
Gt = — det (6 GeV, 10 m), (6 GeV, 103 m), (6 GeV, 10° m),
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What is the minimal design to
have at least the same efficiency
as the IDEA main detector?

Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner,
Nivedita Ghosh, Shigeki Matsumoto, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.21875




FCC-ee: The Lepton Collider CDR
EPJST 228, 261-623 (2019)

Beam along the Z-direction

Y

T_. X Service
cavern

Can we use the transverse detector
DELIGHT at both FCC-ee and FCC-hh?




A shared transverse detectore DELIGHT

Can we use the transverse detector
DELIGHT at both FCC-ee and FCC-hh?

Shared Transverse LLP
Detector at FCC

Beam along the Z-direction Tl

Experimental

core-DELIGHT Y cavern
T—> X » Service
FC C'.i? lfgC—hh cavern
[P, o IP
25m . 10 m
26 m
50 x 50 X 50 m? 35 %X 35 X 66 m°>
Proposed dedicated EPPSU input

detector cavern
Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner,

Nivedita Ghosh, Shigeki Matsumoto, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.21875

The opportunity to reuse an entire dedicated detector at FCC!
Maximises resource utilisation.




The shared transverse detector: DELIGHT

GHT-B, FCC-ee 10 events observed in DELIGHT-B, FCC-hh
E>5 GeV

=101 —5110_2
10_2§ > E10—3§
L g L
1073 & 1074%
cg —'3 9.8x107% 8.5x 1078 -
~ c
10—4 o U 10—5 @)
e ~— e
@) JaoYPhs 56 %1078 37x1078 2.3x107% 1.8x107% 2.9x1078 @)
10750 & 10760
3 AR 13x107° 1.3x10°% 1.8x1078 5.0x10°8 i
10°°2 10772
0 72x107* 3.0x107? % g 7.0 X 10°° %

| I I . 10~ 10-8

§) 10 20 40 60 §) 10 20 40 60
mg [GeV] my [GeV]
EPPSU input

Biplob Bhattacherjee, Camellia Bose, Herbi Dreiner,
Nivedita Ghosh, Shigeki Matsumoto, Swagata Mukherjee,
RS, Anand Sharma, e-Print: 2503.08780

Improvement in performance from both FCC-ee and FCC-hh
Increased sensitivity to light and displaced new physics!




Performance for BC4

Exotic decay of B meson  Preliminary
TR By Anand Sharma
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Performance for BC5

Br(h - ¢¢)

Exotic decay of Higgs boson Preliminary
By Anand Sharma
10° 10°
%\45 MS ’
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Ongoing: Proper
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Summary

O Long-lived particles = unusual collider signatures interesting
and important avenues of new physics

O Presented some ways to look for them in present and future
collider programs — from triggering to collider analyses to
optimised dedicated LLP detectors

O Proposal to study the feasibility of upgrading the ZDCs to LLP

detectors.

O Detailed SM LLP background analysis for light LLPs at FCC-ee.

O Discussed the role of optimised dedicated LLP detectors at
FCC.
? A shared detector for FCC-ee and FCC-hh — DELIGHT
? A forward detector for FCC-hh — FOREHUNT

Keep looking out for new possibilities!

Now —
Run-3

2030 —
HL-LHC

~2041—




LLP

Thank you for - your attention!
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Displaced Jet Images

Segmentation of the HCAL
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Displaced
/ boson

X(LLP) - Z(SM) + Y(Invisible)

Z = jj, [my =800 GeV]

GMSB SUSY  Neutralino width suppressed by
- ZG SUSY breaking scale

2my, p% almost fixed due to

AR ~ —= ,
p% window cut on Z E

28

: 2 1P

11_7_7 70 cm < dp < 90 cm

28

1 2I8 l¢

Average over 50 000 images

Rhitaja Sengupta



Displaced Jet Images

20x7x7 nodes

Input image

28x28 10 14x14 images 20 7x7 images

indino

2 P

Fully Connected

Convolution (6x6 @10) Convolution (4x4 @ 20) layer
Minimal preprocessing of images Max-Pool(2x2) Max-Paol(2x2) Flatten @200 nodes

60,000 images for training, 20,000

each for validation and testing ROC:s for displaced Z

Batch size: 200

. | .
Adam Optimizer ‘__—_ﬁ-‘-\‘*“‘-~‘\\N\\\\?&ﬂT%
Activation by RELU 84.36%
Learning rate: 0.001 -
Dropout: 50% % S _ _ 70.61%
Training stopped at the epoch & g Better discrimination with
c
=
S 04
— o
9 30-50 cm disp. Z ——
o 50-70 cm disp. Z ——
0.2 |- 70-90 cm disp. Z
200-220 cm disp. Z
0 |
0 0.2 0.4 0.6 0.8
Signal Efficiency

Rhitaja Sengupta



Triggers using L1 Tracking

Max L1 trigger bandwidth

@ T;: at least one R = 0.2 jet with p7 > 60 GeV; for HL-LHC: 750 kHz

@ Ty: T1 + that jet passes the BDT threshold corresponding to a background rejection of
98% or 70%;

@ Tj3: T1 4 no other jet from the same z-vertex (i.e., Az with all other jets is greater than
1 cm) + To;

For direct production of LLPs

Tz = QCD2j p&" € (50,100) GeV | LLP (M50,c710) | LLP (M100,c710)
Bkg rejection | rate (kHz) efficiency (%) efficiency (%)
98% 1046 — 14 13 60
70% 1046 — 190 19 73

We can choose the ROC point depending on the trigger bandwidth constraints.

(M50,cT10), Total: 27% Rp =0 (nb) x £ (nb™'Hz) x €p

e Provides high signal efficiency for higher
mass LLPs with reasonable rates.

| e Mostly exclusive to standard triggers —
_____ improves signal efficiency for lower mass
”'i'rigger T3 LLPs as well.



HL-LHC L1 triggers

CMS Level-1 Trigger TDR, CMS-TDR-021

Will MTD be available at L1?

Regional timing - separately or in
combination with L1 track trigger

Applying timing BDT on events passing the tracking
BDT score corresponding to 70% bkg rej., we can
reduce the background rate by a factor of 4 with
little loss in the signal efficiency.

FCC-hh MS search

S-uu, ms
10—3 —— Souu, Ms
— Sy, ms
—== S-bb, ms
- === S-bb, ms
FCC-hh Reference Detector 50m long, 20m di & 10~4
Cavern length 66r
L*ofFccaom. T
! =
] "/ | | =
8t Ba7/Muon System (- 10_5
n=2.0 (@)
7 Outer Endcap
/ Muon System c
I <
] | o
4 -~ 21070
3 n=3 8
) o
3.5 D
1 T 10—7
00 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26; <
1078 k=

Inclusion of L1 displaced
tracking (efficient till
dy, < 8 cm) increases

sensitivity for low lifetimes

10! 102



https://cds.cern.ch/record/2714892/files/CMS-TDR-021.pdf

Analysis Strategy

CMS: Magnetic field till MS (changes sign after HCAL and reduced in
magnitude from 3.8 Ttoo.5T)
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
4 4
" 'l 'l
l' " ’
. Boosted ,* Displaced .

24

Implemented magnetic field till muon spectrometer in Delphes for correct
A¢ — important in boosted and displaced cases



List of SM LLPs

Mesons | m (GeV) c¢r (mm) || Baryons | m (GeV) c¢r (mm)
K; 0.498 15330 =0 1.315 87.1
Kg 0.498 26.84 A 1.116 78.9
B* 5.279 0.491 = 1.322 49.1
BO 5.279 0.459 > 1.197 44.34
Bg 5.367 0.439 Q- 1.672 24.61
D* 1.869 0.312 )N 1.189 24.04
D3 1.968 0.150 AY 5.619 0.369
DY 1.865 0.123 = 5.791 0.364

Eg 5.788 0.364
= 2468  0.132
AF 2.286 0.06

=0 2.471 0.0336

IDEA efficiencies

Detector component Particles Energy threshold (GeV) | Efficiency
Vertex detector (VTX) , 01<£<03 0.06
Drift Chamber (DCH) charged particles 03< E<0.5 0.65

E > 0.5 0.997

Solenoid e, u*, charged hadrons E > 0.5 0.98
Preshower ¥ E >0.10 '

DR calorimeter E>0.5 0.98

Muon system pt E >0.10 0.98




Number of events at FCC-ee for the various
benchmarks

Benchmark Number of LLP decays for £ = 150ab™*
VTX | DCH | Solenoid | Preshower | DRC | MS | Outside
BPA1 5 17 1 1 21 13 6175
BPA2 315 720 31 28 485 | 228 1348
BPA3 32750 | 16977 184 134 1014 | &4 50
BPA4 42924 | 47166 861 834 8534 | 1937 | 1611
BPA5 2 6 0 0 8 5 188
BPA6 22573 | 10029 32 24 124 4 0
BPA7 42 28 0 0 1 0 0
Benchmark Number of LLP decays for £ = 10.8ab™"
VTX | DCH | Solenoid | Preshower | DRC | MS | Outside
BPB1 194 179 2 2 9 1 0
BPB2 38 106 6 5 87 43 155
BPB3 25487 | 3356 0 0 0 0 0
BPB4 610 961 32 29 281 | 54 51
BPB5 1487 | 1932 53 44 345 | 47 25
BPB6 49 150 9 9 144 | 79 403
BPB7 5119 0 0 0 0 0 0
BPBS8 2555 | 248 0 0 0 0 0




Case A results

Benchmarks

Dimuon analysis for decays out to the MS

me (GeV) | er (mm) | Number of events
BPA1 04 39666.6 3
BPA4 2.0 135.2 9352
BPA5S 3.5 10285.4 1
BPAG6 3.5 65.8 915
Muon Spectrometer analysis
Benchmarks
VTX + DCH analysis mg (GeV) | ¢r (mm) | Number of events
Benchmarks my (GeV) | er (mm) Number of events BPA1 0.4 39666.6 4
i o>t [ ¢ KTK- BPA2 1.0 554.3 206
BPA4 2.0 135.2 26202 26970 BPA3 1.0 34.6 78
BPA5 3.5 10385.4 4 2 BPA4 2.0 135.2 1515
BPAG6 3.5 65.8 9495 3822 BPA5 3.5 10285.4 4
BPA6 3.5 65.8 3
Benchmark me (GeV) | cr (mm)
BPA7 4.4 95.0
Final cuts for the cc final state Number of events
D,:x € VITX or DCH dr > 100mm, dy > 10 mm 6
Ng, > 3, E > 5GeV } + dpr > 150mm, dy > 10mm 6
Mytx > 1.5 GeV dr > 250 mm, dy > 20 mm 3
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Case B results

Benchmarks me (GeV) cT (mm)
BPB1 1 10
BPB2 1 100
Number of events
Cuts Signal Backgrounds
BPB1 |BPB2 | ff | WW | ZZ | Zh
122 GeV < mily iy, < 128 GeV 222 21 |215| 24 | 0 | O
In each vertex, NV, = 0 222 21 | 125 | 4 0 0
In each vertex, N+ =2 or Ng+ =2 | 222 21 14 0 0 0
dr > 100 mm 143 18 0 0 0 | O
Number of signal events
Benchmarks | my (GeV) | er (mm) Criterion 1 ng'tem'on 2
BPB3 4.4 10 32 3
BPB4 4.4 100 8 1
BPB5 6.0 100 71 18
BPB6 6.0 1000 <1 ~ 0
BPB7 40 10 562 320
BPBS8 40 100 1747 887




Optimisation of FOREHUNT

FOREHUNT X (L=10 m)

FOREHUNT X (L=20 m) FOREHUNT X (L=50 m)
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T P 8. 107
O O C O] -
é 104 é 4 i é C
8 — 2,,,:3.12, 2out=§:: 8 10 —— Rin=0.1m, Roye=2m 8 - —— Rip=0.1m, Roye=2mM
in=V. » Rout=

R’n=01m, Rout=5m
— Rip=1m, Royt=2m

103 =

104 L Rin=0.1m, Roye=5m
i —— Rip=1m, Royr=2mM - —— Rip=1m, Rour=2m
—— Rin=1m, Rour=5m 103k —— Rin=1m, Royr=5m - —— Rip=1m, Royt=5m
102 l — 103 10 l 108 BT l 108
D [m] D [m] D [m]
Gain estimated with respect to the FASER detector @ LHC
Forward LLP Detectors Not to scale
at FCC-hh
Y
[ FOREHUNT-C hybrid-FOREHUNT
L ° 20 m ° 5m ° 50 m °
FCC-hl Beam pipe e § I5 m 1 CIT&_I 1 m
IP ‘o S0m vy

e 200 m .V—
°




