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Unveiling New Physics with Long-Lived Particles at the LHC and Beyond



BSM searches 

Nature of the new physics is completely unknown  
Probably very unconventional, exotic final states  

Not yet searched for ? 
Experimentally challenging ?

            Post 2012:  Goal of the LHC is to find new physics beyond the standard model(BSM)  

                       Many possibilities: extended symmetry, new particles, new interactions.. .. 

                                                      A large number of possible signatures. 

Null results from different experiments put stringent limits on the BSM parameter space



Long-lived Particles

Nature of the new physics is completely unknown  
Probably very unconventional, exotic final states  

Not yet searched for ? 
Experimentally challenging ?

One	such	interesting	possibility	:	Long-lived	particles(LLPs)

            Post 2012:  Goal of the LHC is to find new physics beyond the standard model(BSM)  

                       Many possibilities: extended symmetry, new particles, new interactions.. .. 

                                                      A large number of possible signatures. 

Null results from different experiments put stringent limits on the BSM parameter space



Long-lived Particles in the SM   

Particle	 Lifetime
Neutron 878	second
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1600	femto-second
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	 26	nanosecond	

Already many  long-lived particles exist in nature 



Long-lived Particles in the SM   
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Long-lived Particles in the SM   
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Case	II	

Δ = Mn − Mp ∼ 1.3 MeV
Decay	is	highly	phase	space	suppressed
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Long-lived Particles in the SM   

Pion	decay	in	the	SM	
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Case	III	

Small	CKM	

Δ = Mn − Mp ∼ 1.3 MeV
Decay	is	highly	phase	space	suppressed
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Already many  long-lived particles exist in nature 



LLPs in BSM models 

Case	1:	Small	Coupling	

XLLP → e−e+ν

coupling	can	be		

arbitrarily	small		

XLLP

e−
e+

ν

X → qq̄χ0
1

Case	2:	Heavy	Propagator	

X± → X0 + π±

X± → X0 + l± + ν̄l

Case	3:	Small	mass	difference

ΔM = MX± − MX0 ∼ 100 MeV
XLLP

q q

χ
MMed

Heavy	Mediator		

Small	mass	difference	

between	charged	and	

neutral	LLPs		

Several well-motivated BSM scenarios predict the presence of LLPs 



Dark Sector Standard Model Portal 

The dark sector particles are singlet under SM gauge groups  
Dark sector particles talk to the SM particles through a portal 

Lowest dimensional operator 

Vector Portal: ϵBμνXμν
Scalar Portals: κ(H†H)S + λ(H†H)S2

Neutrino Portal: yHLN

Higher dimensional 
operator also possible  

ALP: ϵaFμνF̃μν

The new couplings can be very small in principle

Possibility of Small Decay width ==> LLPs !!

LLPs in dark portal models   
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Minimal model of scalar mediator with a mixing  
With the SM Higgs boson 

Φ |H |2 →
Induces  mixing between Φ and H -> Mass eigenstates : φ and h 
Single production of φ possible,  
Mixing highly constrained 

Φ2 |H |2 → Not severely constrained so far, as it must be accompanied  
by an on-shell Higgs boson to probe it sensitively. 

If m φ < m h /2  the interaction induces the Higgs boson  
to decay into a pair of mediator particles, i.e. h → φφ 

Mixing angle θdetermines the strength of the φ with SM particles   

For heavy dark sector, φ will behave like SM Higgs boson with suppressed  
Decay width (suppression factor = sin2θ 

gSM SM ϕ ∝ sin θ

For very small θ,   φ can be long-lived   

mφ> a few GeV , φ will dominantly decay to jets 

Signature	:		Displaced	leptons,	jets	

LLPs in dark scalar portal models   



Suppose the coupling  is small: X is LLP  λ

X
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Minimal model of LLPs: small coupling 
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Suppose the coupling  is small: X is LLP  λ

X

SM

SM

λ

Easy to make X an LLP 

Decay

Production	mode	

Single production cross section  
For very small coupling X will have high decay length and  

small cross section 

“High” and “small” will depend on the process and the detector 

∝ λ2

SM

SM

SM

λ λ
Minimal model : decay and 

production determined  
by the same coupling

Minimal model of LLPs: small coupling 



No suppression in the 
coupling, LLP decay length 
is small because of the phase 
space suppression

LLP may come from the 
decay of SM or other BSM 
particles, we are using two 
different couplings  

Single production of LLP is 
suppressed but not the pair 
production 

SM

SM LLP

LLP
SM/BSM ακ SM

SM LLP

LLP

χ± → χ0 + π±

In some of the models, cross section and lifetime of the LLPs are not fully correlated  

Decay of phase space  
suppressed LLPs

More possibilities 



Example	1	:	Displaced	vertex	

pp → XX, XLLP → e+e−

X	is	the	long-lived	particle	

Unusual features of LLP         



Identify	displaced	electrons		and	find	out	the	secondary	

Muon Spectrometer  
(Muon Tracks) 

Hadron Calorimeter 
(Hadrons deposit energy) 

Electromagnetic Calorimeter  
(Photon and Electron deposit energy) 

Tracker  
(Tracks of Charged particles) 

Qsjnbsz!wfsufy!

Tfdpoebsz!wfsufy!Qs
pn
qu
!)Y
*!

pp → XX, X → e+e−

QspupoQspupo

Electron	Identification	:	

Tracker:	Track	
ECAL:	energy	deposits		
HCAL	:	No	energy	deposition	

Suppose	X	decays	almost	promptly	

Unusual features of LLP          A. Non-pointing nature 



Identify	displaced	electrons		and	find	out	the	secondary	

Muon Spectrometer  
(Muon Tracks) 

Hadron Calorimeter 
(Hadrons deposit energy) 

Electromagnetic Calorimeter  
(Photon and Electron deposit energy) 

Tracker  
(Tracks of Charged particles) 

Qsjnbsz!wfsufy!

Tfdpoebsz!wfsufy!
MMQ
!)Y
*!

pp → XX, X → e+e−

QspupoQspupo

LLP	decays	inside	the	tracker	far	from	the	interaction	point	

Electron	Identification	:	

Tracker:	May	not	be	any	
reconstructed	tracks		
ECAL:	energy	deposits		
HCAL	:	No	energy	deposition	

Looks like a photon !!!  

Unusual features of LLP          



pp → XX, X → e+e−

LLP	decays	inside	the	hadronic	calorimeter

Identify	displaced	electrons		and	find	out	the	

Muon Spectrometer  
(Muon Tracks) 

Hadron Calorimeter 
(Hadrons deposit energy) 

Electromagnetic Calorimeter  
(Photon and Electron deposit 

Tracker  
(Tracks of Charged particles) 

Qsjnbsz!wfsufy!

Tfdpoebsz!wfsufy!

MM
Q!
)Y
*!

QspupoQspupo

Electron	Identification	:	

Tracker:	No	track		
ECAL:		No	energy	deposit	
HCAL	:	energy	deposition	

Looks	like	a		neutral	hadron	!!!		

• Signature of LLP not only depends on the decay products also depend where it decays 

Unusual features of LLP          

LLP	decays	inside	the	Hadronic	Calorimeter		



Unusual features of LLP          A. Non-pointing nature 

Primary vertex 

Layer 3 

Layer 2 

Layer 1 

θ = 50∘

θ = 50∘

θ = 50∘

Angle = 50 degree 

In experiment, particle’s -  corresponds to 
the -  of the detector cell where it deposits 
its energy( mostly aligned wrt to the origin) 

η ϕ
η ϕ



Unusual features of LLP          A. Non-pointing nature 

Primary vertex 

Layer 3 

Layer 2 

Layer 1 

θ = 50∘

θ = 50∘

θ = 50∘

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

η ϕ
η ϕ

BB,	Swagata	Mukherjee	and	Rhitaja	Sengupta	
													arXiv:1904.04811,	JHEP	2019

Decay product of LLPs can hit cells of many different  
 more elongated 

θ



Unusual features of LLP          A. Non-pointing nature 

Primary vertex 

Layer 3 

Layer 2 

Layer 1 

θ = 50∘

θ = 50∘

θ = 50∘

Decay product of LLPs can hit cells of many different => more elongated θ

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

η ϕ
η ϕ

ML	can	discriminate	displaced	vs		
prompt	energy	deposition		

BB,	Swagata	Mukherjee	and	Rhitaja	Sengupta	
													arXiv:1904.04811,	JHEP	2019

layered structure/depth 
segmentation needed to  

visualise the effect

Fast detector simulations do not have such layered  
structure (e.g. Delphes)

Non-pointing photon search by CMS/ATLAS Collaborations  
CNN for identifying long-lived particles in HGCAL  

J. Alimena, Y. Iiyama and J. Kieseler 2004.10744 



Unusual features of LLP          

Primary vertex 

Layer 3 

Layer 2 

Layer 1 

Prompt jet



Unusual features of LLP          B.Narrow Jets 

Primary vertex 

Layer 3 

Layer 2 

Layer 1 

θ = 50∘

θ = 50∘

θ = 50∘

Physical area taken by the decay products 
become small with distance and they mostly 
get contained within fewer η − φ towers. 



Narrow	jets	!!	

BB,	Swagata	Mukherjee,	Rhitaja	Sengupta,	Prabhat	Solanki	
 													e-Print: 2003.03943,	JHEP	2020												

LLP Model:  pp → XX, X → qq̄

Narrow jets are less affected by Pile-up : LLP decay products are also contained  
Narrow jet with jet parameter ~ 0.3 with proper tracking and or timing variables can hugely suppress QCD  

More study required in the context of HL-LHC /FCC-hh

Narrow LLP jets 



S.	Banerjee,	G.	Bélanger,	BB,	F.	Boudjema,	R.	Godbole	
and	S.	MukherjeePhys.Rev.D 98 (2018) 11, 115026

Unusual features of LLP          C. Non-pointing nature and backward moving 

Backward moving particle 
Heav

y L
LP

He
av

y L
LP

Talk by Swagata Mukherjee LLP workshop 2018 CERN 

Effect will be more prominent in case of stopped R-hadrons  

https://indico.cern.ch/event/702612/contributions/2993825/attachments/1651070/2640716/Swagata_LLP.pdf


LLP searches @ HL-LHC 
The signatures of LLP not only depends on the decay products but also where it decays 

Various ways to identify the signature
Example	:		Counting	the	number	of		
prompt	tracks	inside	the	narrow	jets		

Example	:		Using	ECAL	Timing		

Some references:  
LLP	Trigger:		1705.04321	,	2008.06918,	2211.05720,	2103.08620	,	CMS	MTD	TDR	:	CMS-TDR-020,	CMS	upgrade	TDR:	CMS-TDR-021,	
ML	for	LLP:		2307.05152,	2308.13611	LLP	reinterpretation:	2304.06109,	LLP	Working	group	reports	on	Trigger	:	2110.14675,		Displaced	
vertex	search	:	2403.15332,	2409.10806

Example	:		MTD	Detector	

QCD

LLP

BB	and	Prabhat	Solanki	
			arXiv:2308.05804,	JHEP	23/24

BB,	Swagata	Mukherjee,	Rhitaja	Sengupta,	Prabhat	Solanki	
 													e-Print: 2003.03943,	JHEP	2020												

BB,	Tapasi	Ghosh	,	Rhitaja	Sengupta	,	Prabhat	Solanki	
 													e-Print: 2112.04518,	JHEP	2022												

+ displaced vertices,   tracks with high impact parameters, Trackless jets ….

https://arxiv.org/abs/2304.06109
https://arxiv.org/abs/2112.04518
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Amit	Adhikary,	Rahool	Kumar	Barman,	BB,	
Amandip	De,	Rohini	M.	Godbole,	Suchita	Kulkarni										

e-Print: 2207.00600,	PRD	2023

Simple	idea:	trigger	the	event	with	prompt	
leptons,	identify	secondary	vertex	offline.

Apply	cuts	on	the	number	of	tracks	and	invariant	
mass	of	the	secondary	vertex	to	kill	Instrumental	
background	

BB	and	Prabhat	Solanki	
			arXiv:2308.05804,	JHEP	23/24

Significance	grid	at	the	HL-LHC

Combining	displaced	tracking,	timing	and	prompt	lepton	trigger	
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LLP searches @ HL-LHC 



Complementarity between experiments  

• Muon spectrometer is least affected by the increased PU rate (farthest from 
the IP) ,Large decay volume, suitable for LLPs. MS has the capability to detect 
various final states from the mediator decay other than muons

LLP searches using MS by CMS/ATLAS collaborations:  
1811.07370, 1911.12575, CMS PAS EXO-20-015, 2107.04833, 2203.00587

Complementarity	of	the	CMS	analyses	using	the		
muon	spectrometer	and	the	MATHUSLA	LLP		
detector	at	14	TeV	with	an	integrated	luminosity	of	3000	fb-1		

Light	Dark	Higgs	can	also	be	produced	from	the	decay	of	hadrons.	

B± → ϕK±

Various	dump	experiments,	FASER,	LHCb,	
MATHUSLA,	are	sensitive	

FASER: ForwArd Search ExpeRiment at the LHC  J. L. Feng, I. Galon, F. Kling, and S. Trojanowski arXiv: 1708.09389 
  Long-Lived Particles at the Energy Frontier: The MATHUSLA Physics Case, Curtin et. Al., 1806.07396 

Search for Higgs-like bosons decaying into long-lived exotic particles LHCb collaboration , arXiv: 1609.03124 

BB,	Shigeki	Matsumoto,	Rhitaja	Sengupta													
e-Print: 2111.02437,	PRD	2022												



From obstacle to opportunity: uncovering the silver lining of pileup

Obstacle  

Pile up (PU) : mostly soft proton-proton (pp) collision 
In BSM searches, PU is viewed as a nuisance due to its detrimental impact on trigger rate and 
performance of object reconstruction in experiments. 

Pile up can significantly impact LLP search (Jet timing, displaced vertex search..)  

Qsjnbsz!
wfsufy!

Tfdpoebsz!
wfsufy!

Pile	up	vertex	

Current Runs of LHC operated with average PU of ~ 40 -60  
HL-LHC : average PU of ~ 140-200 
FCC-hh@100 TeV:   average PU of ~ 500-1000 ! 



From obstacle to opportunity: uncovering the silver lining of pileup

Obstacle  

Pile up (PU) : multiple proton-proton (pp) collision occur simultaneously 

In BSM searches, PU is viewed as a nuisance due to its detrimental impact on trigger rate and 
performance of object reconstruction in experiments. 

Current Runs of LHC operated with average PU of ~ 40 -60  
HL-LHC : average PU of ~ 140-200 
FCC-hh@100 TeV:   average PU of ~ 500-1000 !  

Opportunity 
HL-LHC with PU = 200, in HL-LHC approximately 2-4 B hadrons and ∼40 D hadrons will be produced 
per pp bunch-crossing 
With PU = 500, in FCC-hh : ∼40 B hadrons and ∼200 D hadrons to be produced per pp bunch-crossing.

Light LLPs produced from meson decay will get huge boost in the production per bunch crossing  !!  

BB,	Abhinav	Kumar,	Swagata	Mukherjee,	Rhitaja	
Sengupta,	Anand	Sharma		e-Print: 2503.11760							



Pileup and LLP

LLPs produced from hadron decays will get huge boost
LLPs are mostly in the forward direction: FASER will be capable of identifying LLPs 
FCC-hh: Forward Muon spectrometer and dedicated LLP detector like FOREHUNT will be sensitive 
Current LHC run: One should carefully analyse B-parking data

FOREHUNT Detector for Fcc-hh 
BB, Herbi Dreiner, Nivedita Ghosh, Shigeki 

Matsumoto,, Rhitaja Sengupta , Prabhat 
Solanki               

 e-Print: 2306.11803 , PRD 2024

BB,	Abhinav	Kumar,	Swagata	Mukherjee,	Rhitaja	
Sengupta,	Anand	Sharma		e-Print: 2503.11760							



Pileup and LLP
LLPs produced from hadron decay will get huge boost  

LLPs are mostly in the forward direction: FASER will be capable of identifying LLPs  

FCC-hh: Forward Muon spectrometer and dedicated LLP detector like FOREHUNT(Forward 
experiment for hundred TeV will be sensitive  

Current LHC run: One should carefully analyse B-parking data 

Modified CMS or ATLAS Zero-degree calorimeter may be sensitive to LLPs and it may outperform 
existing FASER configuration in the low lifetime region. => More study required 

FOREHUNT Detector for Fcc-hh 
BB, Herbi Dreiner, Nivedita Ghosh, Shigeki 

Matsumoto,, Rhitaja Sengupta , Prabhat 
Solanki               

 e-Print: 2306.11803 , PRD 2024

BB,	Abhinav	Kumar,	Swagata	Mukherjee,	Rhitaja	
Sengupta,	Anand	Sharma		e-Print: 2503.11760							



Long-lived Particles in Future experiments 

HL-LHC :  expected significant improvements: new trigger strategy, timing layers.. 

                                                High pile up will be a major challenge  

Proposal for new circular collider:  

FCC-ee : electron positron collider  

FCC-hh : hadron collider at the highest available energy  
                     

Open Symposium on the European Strategy for Particle Physics
                                   (23-27 June 2025) 

https://agenda.infn.it/event/44943/


Long-lived Particles: @FCC-ee 

Can we use the particle identification capabilities of the FCC-ee to identify decay 
products like pions and kaons, where LHC or other hadron colliders lose sensitivity?

Can FCC-ee be sensitive to any region that lies outside the coverage of any proposed experiment?

B± → ϕK±

Consider light dark scalar model: LLP production from meson decay  



Long-lived Particles: @FCC-ee 

Can we use the particle identification capabilities of the FCC-ee to identify decay 
products like pions and kaons, where LHC or other hadron colliders lose sensitivity?

Can FCC-ee be sensitive to any region that lies outside the coverage of any proposed experiment?

Fcc-ee	study	:	BB,	Camellia	Bose,	Herbi	Dreiner,	
Nivedita	Ghosh,	Shigeki	Matsumoto,,	Rhitaja	

Sengupta-Print: 2503.08780



 FCC-ee analysis will not be background free  
The dominant backgrounds for light, long-lived  
particles are the SM long-lived mesons and 
 baryons. 
  Backgrounds: SM 

long-lived particles

KL
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Long-lived Particles: @FCC-ee 

Fcc-ee	study	:	BB,	Camellia	Bose,	Herbi	Dreiner,	Nivedita	Ghosh,	
Shigeki	Matsumoto,,	Rhitaja	Sengupta-Print: 2503.08780


