
Exploring properties of  Long-
lived particle at colliders

Dong Woo Kang
(KIAS)

Dark Matter as a Portal to New Physics 12021-02-04

Based on
JHEP 03 (2020) 132

Zachary Flowers, Quinn Meier, Christopher Rogan,  DWK, Seong Chan Park, 

arXiv:2101.02503
DWK, P. Ko, Chih-Ting Lu



Contents

2

Introduction
LLP event reconstruction
Timing detector @ HL-LHC
Inelastic DM search @ Belle2
Conclusion

2021-02-04 Dark Matter as a Portal to New Physics



Long lived particle

Long-lived particles commonly appears as a natural prediction in many well-motivated 
frameworks of new physics beyond the SM
Searches for such LLPs is a very interesting and important research direction.
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The Standard Model

We have 𝜇, 𝜋±, 𝐾" , 𝐵±, 𝑛, …… .

Beyond the Standard Model

Approximate symmetry Small coupling
Heavy mediator              Lack of phase space

What makes particle long-lived?

𝑂(𝑚𝑚) 𝑐𝜏!

𝑚!

New Physics?

Most of the searches at LHC has 
been focused on prompt regime.

We have huge parameter space to investigate!



LLP signatures at collider
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Displaced vertex
Disappearing tracks
Non-pointing photon
Emerging jets
Stopped particles
Large dE/dx slow
Late decaying
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LLP is well motivated
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LLP searches at colliders and beyonds
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And more …..



LLP event topology
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𝐿𝐿𝑃 : Long-lived particle
𝑉 : Visible SM particle
𝐼 : Invisible particle

𝐿𝐿𝑃!

𝐿𝐿𝑃"

𝐼"

𝐼!

𝑉!

𝑉"

(A)

𝐿𝐿𝑃!

𝑉!

𝐼!

𝑉"

(C)

𝐿𝐿𝑃!

𝐼"

𝐼!

𝑉!

(B)

(A) Pair produced BSM LLPs

(B) Compressed neutralino, Inelastic DM, … 

(C) Long-lived right-handed neutrino, HNL, RPV SUSY, …



Neutral LLP search example (A)
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𝑝𝑝 → #𝜒)* #𝜒)* → #𝜒+* #𝜒+*𝑍𝑍
→ #𝜒+* #𝜒+*𝑙,𝑙-𝑙,𝑙-

𝐿𝐿𝑃!

𝐿𝐿𝑃"

𝐼"

𝐼!

𝑉!

𝑉"

(A)

And many BSM models ….. 



Neutral LLP search example (A)
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.𝜒#$

.𝜒#$

.𝜒%$

.𝜒%$

𝑙&𝑙'

𝑙&𝑙'

𝑝𝑝 → .𝜒#$ .𝜒#$ → .𝜒%$ .𝜒%$𝑍𝑍
→ .𝜒%$ .𝜒%$𝑙&𝑙'𝑙&𝑙'

It is impossible to fully reconstruct the 
system by conventional method. Why?

# of unknowns > # of knowns 
4 momenta = 16 2 momenta     = 8

𝑝%&'(( = 2



Neutral LLP search example (A)
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.𝜒#$

.𝜒#$

.𝜒%$

.𝜒%$

𝑙&𝑙'

𝑙&𝑙'

𝑝𝑝 → .𝜒#$ .𝜒#$ → .𝜒%$ .𝜒%$𝑍𝑍
→ .𝜒%$ .𝜒%$𝑙&𝑙'𝑙&𝑙'

It is impossible to fully reconstruct the 
system by conventional method. Why?

# of unknowns > # of knowns 
4 momenta = 16 2 momenta     = 8

𝑝%&'(( = 2
2 displaced vertices  = 4

How can we solve this kind of system?

�̂�()
�̂�()
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# of unknowns = # of knowns + # of constraints
𝑃))*#, 𝑃))*$, 𝑃+#, 𝑃+$
= 16

What if ?
𝑀&&'*=𝑀&&'+, 𝑀(*= 𝑀(+

2 assumptions

𝑃,#, 𝑃,$ = 8

𝑝%&'(( = 2
�̂�-, �̂�. = 4

�̂�,

�̂�-

Reconstruction with assumptions

𝐿𝐿𝑃,

𝐿𝐿𝑃 : Long-lived particle
𝑉 : Visible SM particle
𝐼 : Invisible particle

𝐿𝐿𝑃-

𝐼-

𝐼,

𝑉,

𝑉-

Now we can solve system !



Reconstruction with assumptions
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3-momenta of LLPs

3-momenta of invisible particles

6 d.o.f become two 3-momenta
�̂�", �̂�# 4 d.o.f
𝑝$%&'' 2 d.o.f

[M. Park and Y. Zhao, 1110.1403]
[G. Cottin, 1801.09671]

4-momentum conservation



Reconstruction with assumptions
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[M. Park and Y. Zhao, 1110.1403]
[G. Cottin, 1801.09671]4-momentum conservation

We can find 1 or 2 positive mass 
pairs with 2 assumptions

𝒎𝒂=𝒎𝒃, 𝒎𝑰𝒂= 𝒎𝑰𝒃

For each event we can find 
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# of unknowns = # of knowns + # of new inputs
𝑃))*#, 𝑃))*$, 𝑃+#, 𝑃+$
= 16

2 timing information
𝑇+, 𝑇,

𝑃,#, 𝑃,$ = 8

𝑝%&'(( = 2
�̂�-, �̂�. = 4

�̂�,

�̂�-

𝐿𝐿𝑃,

𝐿𝐿𝑃 : Long-lived particle
𝑉 : Visible SM particle
𝐼 : Invisible particle

𝐿𝐿𝑃-

𝐼-

𝐼,

𝑉,

𝑉-

𝑇,

𝑇-

Reconstruction with timing information

What if we can measure decay time 𝑻𝒂, 𝑻𝒃 ?



Reconstruction with timing information
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2 Timing information
𝜷" = �̂�"/𝑇" , 𝜷# = �̂�#/𝑇#

𝐿𝐿𝑃,

𝐼, 𝑉,

We can find unique mass pairs 
without assumptions

3-momenta of LLPs

6 d.o.f become two 3-momenta
�̂�", �̂�# 4 d.o.f
𝑝$%&'' 2 d.o.f

3-momenta of invisible particles



Timing detector @ HL-LHC
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ATLAS
High-Granularity Timing Detector at 
the endcap region
~30 ps resolution
Coverage 2.4 < 𝜂 < 4.0

CMS 
Minimum ionizing particles (MIPs) 
Timing Detector (MTD) between 
tracker and ECAL
~30 ps resolution for charged tracks
Coverage 𝜂 < 3.0

[ATL-LARG-PROC-2018-003]

[CERN-LHCC-2017-027/LHCC-P-009]



MIP Timing detector (MTD)
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Barrel Timing Layer (BTL)
A thin LYSO+SiPM layer 

Endcap Timing Layer (ETL)
Low-gain Avalanche Diode (LGAD) layer

Timing resolution 30ps & 99% efficiency



Time stamping
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[J. Liu, Z. Liu and L. Wang, 1805.05957]



(x0, T0)

(x1, T1)

(x, T)

Timing detector @ HL-LHC
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We can measure displaced vertex
+

We can measure time of flight (ToF)
↓

We can measure 𝜷 of long-lived particle !!!



Reconstruction Summary
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Using timing information at HL-LHC we can measure the 𝜷 of 
the long-lived particles.
w/o using timing information, we can find 3-momenta but we 
cannot find masses w/o any assumptions. 
Using timing information, we can fully reconstruct 4-momenta 
of the system even if the LLP decay to visible and invisible 
particles.

𝐿𝐿𝑃! ≠ 𝐿𝐿𝑃", 𝐼! ≠ 𝐼"

𝐿𝐿𝑃! = 𝐿𝐿𝑃", 𝐼! = 𝐼"



Case1: 𝐿𝐿𝑃! = 𝐿𝐿𝑃", 𝐼! = 𝐼"
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MC result: w/o timing
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𝑀""0! = 𝑀""0" = 400 GeV
𝑀1! = 𝑀1" = 200 GeV



MC result: w/ timing
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Without assuming
𝐿𝐿𝑃! = 𝐿𝐿𝑃!

𝑀""0! = 𝑀""0" = 400 GeV
𝑀1! = 𝑀1" = 200 GeV

Without assuming
𝐼! = 𝐼"



MC result: 
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𝑃 : 400 GeV
𝐼 : 200 GeV



Case2: 𝐿𝐿𝑃! ≠ 𝐿𝐿𝑃", 𝐼! ≠ 𝐼"
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MC result
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𝑀""0!: 300 GeV,  𝑀""0": 600 GeV
𝑀1! : 100 GeV,  𝑀1! : 300 GeV



MC result 
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𝑀""0!: 300 GeV,  𝑀""0": 600 GeV
𝑀1! : 100 GeV,  𝑀1! : 300 GeV



3
3

Impact of  timing resolution on mass resolution

With improved timing resolution we can better 
improve the mass resolution of LLPs



LLP decay angle
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Neutral LLP search example (B)
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𝐿𝐿𝑃!

𝐼"

𝐼!

𝑉!

(B) e+ e- > Z’ -> chi1 chi2 -> chi1 chi1 l+ l-
E+ e- > W’->nu N -> nu nu l+ l-
….

Therefore, we cannot get the unique solution for 8 unknown values. We need 
to find other way to determine the mass of DM and mass splitting!

# of unknowns > # of knowns + # of constraints
2 momenta = 8 1 momenta     = 4

1displaced vertices  = 2
𝐼, = 𝐼-

�̂�!



Inelastic dark matter model

We consider the inelastic (or excited) DM with extra 𝑈(1)( gauge symmetry. 
There are at least two states in the dark sectors and there is an inelastic 
transition between them via the new 𝑈(1)( gauge boson.
The small mass splitting between two states, arise the co-annihilation
channel to be the dominant one of DM relic density in early universe.
The co-annihilation production for light DM via thermal freeze out is still 
consistent with the CMB constraint for the amount of parameter space.
The constraint from DM and nuclear inelastic scattering is much weaker 
than the elastic one in the direct detection experiments.
The excited DM state can naturally become long-lived and leave displaced 
vertex inside detector after it has been produced such that we can search 
for such novel signatures!
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Inelastic dark matter model

Muon g-2 anomaly
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Xenon1T excess 

[G. Mohlabeng, 1902.05075]
[M. Duerr, T. Ferber, c. earty, F. Kahlhoefer, K. Schmidt-Hoberg, 1911.03176]

[K. Harigaya, Y.Nakai, M. Suzuki,, 2006.11938]
[H. M. Lee, 2006.13183]

[S. Baek,J.Kim, P.Ko , 2006.16876]



Inelastic dark matter models
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Search for LLPs in inelastic DM models at Belle2
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The tracking resolution of e/mu 
momenta in the drift chamber 
detector is given by 

The resolution of photon 
momenta in the calorimeter

The resolution for the displaced 
vertex of lepton pair



Displaced signature in Belle2 detector
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Production cross section

The cross sections for fermion and scalar pair productions are scale by 𝛽%/#
and 𝛽3/# respectively, where beta is the velocity of the final state particle in 
the CM frame
Hence, one can expect the production of the scalar pair is suppressed by an 
extra factor of 𝛽 compared with the fermionic case.
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Event selections
We only conservatively consider the following two background-free regions 
after event selections in our analysis
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Low 𝑅45 region (100% efficiency) : 
0.2 < 𝑅45 < 0.9 (17.0)
High 𝑅45 region (30% efficiency) : 
17.0 < 𝑅45 < 60.0

Benchmark points



Future sensitivity
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Scalar vs fermion: Angular distribution

In the CM frame, the normalized differential cross section can be written as
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1

�

d�

d cos ✓
=

3

4
(1� cos2 ✓)

<latexit sha1_base64="n8jXKFd6JoncnSEAcnnqtRtlTgA="></latexit>

Scalar 

Fermion

Where

Note 𝜃 is the direction of 𝜙%, 𝜒% relative to the positive beam direction

Massless limit

We need to know the direction of 
displaced vertex



Angular distribution w/o ISR

The differences are still 
obvious in the LAB 
frame!
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Angular distribution w/o ISR
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After event selection



Angular distribution w/ ISR

It’s difficult to determine the 
excited DM spin in this case 
except for the soft ISR!

2021-02-04 Dark Matter as a Portal to New Physics 47



Angular distribution w/ ISR
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After event selection



Mass & mass gap
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𝐿𝐿𝑃!

𝐼"

𝐼!

𝑉!

(B)

Therefore, we cannot get the unique solution for 
8 unknown values. We need to find other way to 
determine the mass of DM and mass splitting!

# of unknowns > # of knowns + # of constraints
2 momenta = 8 1 momenta     = 4

1displaced vertices  = 2
𝐼, = 𝐼-

For each event, we can find a relation between the mass of DM and mass 
splitting from the four-momentum conservation.

�̂�() is the direction of displaced vertex, 𝐸 is half of the CM energy, 
𝐸)6, �̂�)6 are visible energy and three-momentum in the final 
states, and 

�̂�!



Mass & mass gap

Assume we can have 100 signal events at the Belle2, then we will get 4950 
solutions from each two events!
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The crossing point from these events and kinematic endpoint measurement 
can help us to determine the mass of DM and mass splitting. 
This method is based on “Kinematic focus point” [D. Kim, K. Matchev, P. Shyamsundar, 1906.02821]
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Conclusion

52

BSM LLP search have potential to reveal new symmetries & scale
We need more dedicated, signature-based searches for LLP.
Lifetime era is coming!
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Timing detector @ HL-LHC
HL-LHC is very good environment to search the LLPs in both intensity and high energy frontier.
Using the timing information, we can fully reconstruct the events.
The timing detectors will flash the hidden/dark sector and LLP searches.

Inelastic DM @ Belle2
The inelastic DM with extra 𝑈(1)& gauge symmetry is an interesting dark sector models with light DM.
With the help of precise displaced vertex detection ability at Belle2, we can explore the DM spin, 
mass and mass splitting between DM excited and ground states
Furthermore, the allowed parameter space to explain the excess of muon (𝑔 − 2)µ is also studied and 
it can be covered in our displaced vertex analysis during the early stage of Belle2 experiment.

𝑂(𝑚𝑚) 𝑐𝜏%

𝑚%

New Physics?



backup
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Kinematic distributions w/o ISR
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Kinematic distributions w/ ISR
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Analysis results
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Without ISR With ISR



Timing detector resolution
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