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There are many evidence of DM

And we know neutrino is 
too hot and too light to be

a DM candidate. New Physics 
is needed for DM. 
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If the coupling between SM and DM is very very small:
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For both model, relic density is fixed by CMB: ⌦h2 = 0.1199± 0.0022
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But the phase space distribution can be very different.
Freeze-out: thermal distribution 
Freeze-in: non-thermal distribution

1706.09909

If DM is 7keV, limits from Lyman-alpha:

hp/T i < 1.4
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Thus for FIDM, spectrum plays a key role. Q: can we measure it? 

Conclusion of this work: with the help of displace vertex (common
in FIDM), we can measure the spectrum of dark sector through 
limited signal events.

Compared with previous work (1110.1403 & 1801.09671), we 
clearly pointed out the solvability condition, and did a more 
realistic analysis(uncertainty+limited signal events).



• Motivation: WIMP v.s. FIDM

• Spectrum measurement at collider 

• More realistic analysis: Uncer. and limited events

• Clean up our data: filtering algorithm 



Spectrum measurement

m =
p
(p1 + p2)2
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2 Generic features of mT2

The kinematic variable ‘transverse mass’ (mT ) has been introduced to measure the W
boson mass from the decay W → lν [12], for which the transverse mass is given by

m2
T = m2

l + m2
ν + 2(El

T Eν
T − pl

T · pνT ), (1)

where ml, mν and pl
T ,pνT denote the mass and transverse momentum of the corresponding

particle, respectively, and the transverse energies are defined as

El
T =

√

|pl
T |2 + m2

l , Eν
T =

√

|pνT |2 + m2
ν . (2)

On the other hand, the physical W mass is given by

m2
W = m2

l + m2
ν + 2pl · pν

= m2
l + m2

ν + 2(El
T Eν

T cosh ∆η − pl
T · pνT ) ≥ m2

T , (3)

where ∆η = ηl − ην is the rapidity difference for a 4-momentum parameterized as

pµ = (ET cosh η,pT , ET sinh η).

Although the neutrino cannot be observed directly, its transverse momentum can be
inferred from the measured total missing transverse momentum in event-by-event basis.
Then, for each event, the transverse mass of W can be constructed from the observed
values of pl

T and pνT , and an endpoint measurement of the mT distribution determines
the mother particle mass mW :

mW = max
{all events}

[

mT

]

. (4)

More challenging situation for experimental measurement of unknown mother particle
mass would be the case when there are more than one final state particles escaping the
detection, so that the transverse momentum of each invisible particle can not be deter-
mined although the total missing transverse momentum is known. Additional difficulty
would arise if the mass of the invisible daughter particle were not known in advance.
Such situation is what one actually encounters in supersymmetric extension of the SM
with conserved R-parity, in which superparticles are pair produced in collider experiment
and each superparticle decay ends up with producing an invisible lightest supersymmetric
particle (LSP) with unknown mass.

The mT2 variable [13, 14] which is sometimes called the “stransverse mass” is a gen-
eralization of the transverse mass to the case that a pair of massive mother particles are
produced in hadron collider with a vanishing total transverse momentum in the laboratory
frame, and subsequently decay to daughter particles including two invisible particles in

2



Spectrum measurement
But what if there are 2 inv. particles?

the final state†. In this paper, we will concentrate on the case that each mother particle
decays into the same set of daughter particles, since such symmetric decay typically has
higher event rate while showing the non-trivial structure which will be discussed in the
following. Fig. 1 shows an example of such process in which mother superparticles were
pair-produced and each of them decays into one neutralino LSP (χ̃0

1) and some visible
particles. While the invisible part of each decay consists of only one particle (neutralino
LSP), the visible part might contain one or more visible particle(s) in general.

Figure 1: Kinematic situation for mT2 where pmiss
T denotes the total missing transverse

momentum.

With two invisible LSPs in the final state, each LSP momentum can not be determined
although the total missing transverse momentum pmiss

T can be measured experimentally.
Furthermore, the LSP mass might not be known in advance. In such situation, one can
introduce a trial LSP mass mχ, and define the mT2 variable as follows [13, 14]:

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, mχ) ≡ min
{pχ(1)

T +p
χ(2)
T =−p

vis(1)
T −p

vis(2)
T }

[

max{m(1)
T , m(2)

T }
]

, (5)

where the minimization is performed over trial LSP momenta p
χ(i)
T constrained as

p
χ(1)
T + p

χ(2)
T = pmiss

T ,

†In Ref.[14], mT2 has been further generalized to the case involving more missing particles than two.

3

the final state†. In this paper, we will concentrate on the case that each mother particle
decays into the same set of daughter particles, since such symmetric decay typically has
higher event rate while showing the non-trivial structure which will be discussed in the
following. Fig. 1 shows an example of such process in which mother superparticles were
pair-produced and each of them decays into one neutralino LSP (χ̃0

1) and some visible
particles. While the invisible part of each decay consists of only one particle (neutralino
LSP), the visible part might contain one or more visible particle(s) in general.

Figure 1: Kinematic situation for mT2 where pmiss
T denotes the total missing transverse

momentum.

With two invisible LSPs in the final state, each LSP momentum can not be determined
although the total missing transverse momentum pmiss

T can be measured experimentally.
Furthermore, the LSP mass might not be known in advance. In such situation, one can
introduce a trial LSP mass mχ, and define the mT2 variable as follows [13, 14]:

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, mχ) ≡ min
{pχ(1)

T +p
χ(2)
T =−p

vis(1)
T −p

vis(2)
T }

[

max{m(1)
T , m(2)

T }
]

, (5)

where the minimization is performed over trial LSP momenta p
χ(i)
T constrained as

p
χ(1)
T + p

χ(2)
T = pmiss

T ,

†In Ref.[14], mT2 has been further generalized to the case involving more missing particles than two.

3

and m(i)
T (i = 1, 2) denotes the transverse mass of the decay product of each initial mother

particle:

m(i)
T =

√

(m(i)
vis)

2 + m2
χ + 2( Evis(i)

T Eχ(i)
T − p

vis(i)
T · pχ(i)

T ), (6)

where m(i)
vis and p

vis(i)
T are the total invariant mass and the total transverse momentum

of the visible part of each decay product:

p
vis(i)
T =

∑

α

pαT ,

(m(i)
vis)

2 =
∑

α

m2
α + 2

∑

α>β

(EαEβ − pα · pβ), (7)

where Eα =
√

m2
α + |pα|2, pα, and pαT denote the energy, momentum, and transverse

momentum, respectively, of the α-th visible particle in the decay product of one mother
particle, which are measured in the laboratory frame. Here, we ignore the initial state
radiation effect, and then the total missing transverse momentum is given by

pmiss
T = −(pvis(1)

T + p
vis(2)
T ), (8)

and the transverse energies of the each visible system and of the LSP are defined as

Evis(i)
T ≡

√

|pvis(i)
T |2 + (m(i)

vis)
2, Eχ(i)

T ≡
√

|pχ(i)
T |2 + m2

χ. (9)

In fact, one can consider also an mT2 with m(i)
vis replaced by the transverse mass of the

visible part:

(

mvis(i)
T

)2
=
∑

α

m2
α + 2

∑

α>β

(EαT EβT − pαT · pβT ), (10)

where EαT =
√

m2
α + |pαT |2. Since p

vis(i)
T and m(i)

vis are treated as independent variables

in the definition (5), once one finds the functional form of mT2 in terms of p
vis(i)
T and m(i)

vis,

the other mT2 defined in terms of p
vis(i)
T and mvis(i)

T can be easily obtained by replacing

m(i)
vis with mvis(i)

T .
Even without knowing the transverse momentum of each LSP, one can ensure that

the true mother particle mass m̃ can not be smaller than mT2 when the trial LSP mass
mχ is chosen to be the true LSP mass mχ̃0

1
. This suggests that m̃ might be able to be

determined by the endpoint value of mT2 distribution:

mmax
T2 (mχ) ≡ max

{all events}

[

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, mχ)
]

(11)

4

which is a function of the trial LSP mass mχ, satisfying

mmax
T2 (mχ = mχ̃0

1
) = m̃ ≡ mother particle mass. (12)

In order to see how mT2 is determined for a given event, let us first consider the
minimization of mT over unconstrained trial LSP momentum pχT . Differentiating m2

T by
p
χ
T , one finds

∂m2
T

∂pχT
= 2

(

Evis
T

pχT
Eχ

T

− pvis
T

)

. (13)

This implies that mT has a stationary value when the trial LSP momentum satisfies

pχT =
Eχ

T

Evis
T

pvis
T =

mχ

mvis
pvis

T . (14)

This stationary point actually corresponds to the global minimum of mT for given values
of mvis and mχ:

(

mT

)

min
= mT

∣

∣

p
χ
T /mχ=pvis

T /mvis
= mvis + mχ, (15)

which is called the unconstrained minimum of the transverse mass [14].

Figure 2: A balanced mT2 solution.
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Spectrum measurement
Benchmark point:

You don’t know the real mass of LSP, you need to try:

Kink! 0711.4526



In “LHC friendly” FIDM model, mother particles are long-lived, can we
get something new? (“LHC friendly”,1811.05478)

F

F

A

A

Long-lived F ! displaced vertex ! direction of F
<latexit sha1_base64="MElv3ApKgJ/sw2XiUzuosnMx874="></latexit>

There are some new information!

I will show you: 
If there are two displaced vertex (DV)  
and initial state radiation (ISR), 
you can obtain the mass of F and DM 
by only one event.

1

�F
⇡ 50 cm⇥

✓
10�8

�

◆2 ✓
200 GeV

mF

◆
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This is the process we consider

~r2

~r1

~k1

~k2

p1

p2

ISR

, ~q1

, ~q2

Things we can directly measure:transverse momentum of all visible final states particles. In summary, kinematic quantities

we can measure directly are:

• 4-momentum of two visible daughter particles, p1 and p2.

• missing transverse momentum, ~/pT .

• position of 2 DVs, ~r1 and ~r2.

In the rest of this section we will prove that these 5 quantities are enough to find

out the value of mF and m�, provided F particles don’t propagate antiparallely in the

transverse plane. Firstly we prove that 3-momentum of � and F (noted as ~k1, ~k2, ~q1, ~q2),

can be determined by these 5 quantities. The direction of two DVs can be expressed by

their azimuth angle:

~̂r1 = ( sin ✓1 cos �1 , sin ✓1 sin �1 , cos ✓1 ) (2.2)

~̂r2 = ( sin ✓2 cos �2 , sin ✓2 sin �2 , cos ✓2 ) (2.3)

Here we select beam direction as z-axis. Thus 3-momentum of two F particles, ~q1 and ~q2,

can be expressed as:

~q1 = |~q1|~̂r1 , ~q2 = |~q2|~̂r2 (2.4)

~̂r1 and ~̂r2 are already known, thus we can determine ~q1 and ~q2 once we know their magnitude

|~q1| and |~q2|. Due to momentum conservation, 3-momentum of DM � can be expressed as:

~k1 = |~q1|~̂r1 � ~p1 , ~k2 = |~q2|~̂r2 � ~p2 (2.5)

If there is no other invisible particles in addition to DM � in the final state, missing

transverse momentum should come from DM pair exclusively:

~/pT =
n
~k1 + ~k2

o

T
=

n
|~q1|~̂r1 + |~q2|~̂r2 � ~p1 � ~p2

o

T
(2.6)

Thus we obtain two linear equations for two unknown variables |~q1| and |~q2|:
8
<

:
sin ✓1 cos �1|~q1| + sin ✓2 cos �2|~q2| =

⇣
~/pT + ~p1 + ~p2

⌘

x
,

sin ✓1 sin �1|~q1| + sin ✓2 sin �2|~q2| =
⇣
~/pT + ~p1 + ~p2

⌘

y

(2.7)

System of linear equations 2.7 has unique solution if and only if its determinant is non-zero.

If propagate direction of two F particles are back-to-back in transverse plane, then we have

�1 = �2 + ⇡. In this case, determinant of 2.7 is:

�����
sin ✓1 cos �1 sin ✓2 cos �2

sin ✓1 sin �1 sin ✓2 sin �2

����� =

�����
� sin ✓1 cos �2 sin ✓2 cos �2

� sin ✓1 sin �2 sin ✓2 sin �2

����� = 0 (2.8)

– 3 –

So we know the direction of F’s momentum:

transverse momentum of all visible final states particles. In summary, kinematic quantities

we can measure directly are:

• 4-momentum of two visible daughter particles, p1 and p2.

• missing transverse momentum, ~/pT .

• position of 2 DVs, ~r1 and ~r2.

In the rest of this section we will prove that these 5 quantities are enough to find

out the value of mF and m�, provided F particles don’t propagate antiparallely in the

transverse plane. Firstly we prove that 3-momentum of � and F (noted as ~k1, ~k2, ~q1, ~q2),

can be determined by these 5 quantities. The direction of two DVs can be expressed by

their azimuth angle:

~̂r1 = ( sin ✓1 cos �1 , sin ✓1 sin �1 , cos ✓1 ) (2.2)

~̂r2 = ( sin ✓2 cos �2 , sin ✓2 sin �2 , cos ✓2 ) (2.3)

Here we select beam direction as z-axis. Thus 3-momentum of two F particles, ~q1 and ~q2,

can be expressed as:

~q1 = |~q1|~̂r1 , ~q2 = |~q2|~̂r2 (2.4)

~̂r1 and ~̂r2 are already known, thus we can determine ~q1 and ~q2 once we know their magnitude

|~q1| and |~q2|. Due to momentum conservation, 3-momentum of DM � can be expressed as:

~k1 = |~q1|~̂r1 � ~p1 , ~k2 = |~q2|~̂r2 � ~p2 (2.5)

If there is no other invisible particles in addition to DM � in the final state, missing

transverse momentum should come from DM pair exclusively:

~/pT =
n
~k1 + ~k2

o

T
=

n
|~q1|~̂r1 + |~q2|~̂r2 � ~p1 � ~p2

o

T
(2.6)

Thus we obtain two linear equations for two unknown variables |~q1| and |~q2|:
8
<

:
sin ✓1 cos �1|~q1| + sin ✓2 cos �2|~q2| =

⇣
~/pT + ~p1 + ~p2

⌘

x
,

sin ✓1 sin �1|~q1| + sin ✓2 sin �2|~q2| =
⇣
~/pT + ~p1 + ~p2

⌘

y

(2.7)

System of linear equations 2.7 has unique solution if and only if its determinant is non-zero.

If propagate direction of two F particles are back-to-back in transverse plane, then we have

�1 = �2 + ⇡. In this case, determinant of 2.7 is:

�����
sin ✓1 cos �1 sin ✓2 cos �2

sin ✓1 sin �1 sin ✓2 sin �2

����� =

�����
� sin ✓1 cos �2 sin ✓2 cos �2

� sin ✓1 sin �2 sin ✓2 sin �2

����� = 0 (2.8)
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|~q1| and |~q2| are absolute values of F’s momentum.
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Direction of 2 DVs gives us a chance to obtain mother particles’ momentum.
But this equation system is not always solvable. If 2 F are back-to-back on 
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Then the determinant of this equations system is: 
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This is why we need an ISR! Because without ISR, 2 F are back-to-back 
 and we can get nothing. But for hadron collider it’s not a problem, ISR 
is always there.

Let’s continue.



By solving the equations system, we obtain 3-momentum of 2 DM and 2 F. 

But, we only got 3-momentums of F and DM, their mass are still unknown.  
We need more equations!

F

F

A

A

Long-lived mediator particles are on-shell!



By solving the equations system, we obtain 3-momentum of 2 DM and 2 F. 

But, we only got 3-momentums of F and DM, their mass are still unknown.  
We need more equations!

F

F

A

A

Long-lived mediator particles are on-shell!

This is the last thing we need, on-shell condition. 

Then we can not uniquely determine |~q1| and |~q2|. This is the reason why we require an

ISR in our process. When F pair is recoiled by an ISR and �1 6= �2 + ⇡, the solution of

equation set 2.7 can be simply expressed as:

8
><

>:

|~q1| =
sin�2(~/pT+~p1+~p2)x�cos�2(~/pT+~p1+~p2)y

sin ✓1 sin(�2��1)
,

|~q2| =
sin�1(~/pT+~p1+~p2)x�cos�1(~/pT+~p1+~p2)y

sin ✓2 sin(�1��2)

(2.9)

Thus from Eq. 2.4 and Eq. 2.5 we determine all 3-momentum ~q1, ~q2, ~k1, and ~k2.

This is not the end, because our goal is to determine mF and m�. F is long-lived, so

its decay width is very narrow and it propagates almost on-shell. One on-shell condition

reduce an unknown quantity. Luckily, F are pair produced, and each branch gives us one

on-shell condition. Thus mF and m� can be determined by two on-shell conditions from

two branches:

Branch 1: mF =

s✓
p01 +

q
|~k1|2 + m2

�

◆2

� |~q1|2, (2.10)

Branch 2: mF =

s✓
p02 +

q
|~k2|2 + m2

�

◆2

� |~q2|2 (2.11)

If we draw these two on-shell conditions in m� v.s. mF plane, there will be two lines.

And the crosspoint of these two lines corresponds to the real spectrum. See Fig. 2. So if

our position and momentum measurement is perfect, then even one event with two DVs is

enough to tell us the spectrum of dark sector.
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Figure 2. These 4 plots are from 4 di↵erent signal events. Two lines on these plots are mother
particle mass mF solved from branch 1 and branch 2, as a function of DM mass m�. Joint point
correspond to the correct DM mass. Here we don’t consider smearing, which means the detector is
perfect and the measurement is error free.

3 Consider the real environment: smearing and limited events

In a real experiment, we need to consider two issues. First, measurement of detector is not

perfect and there is an uncertainty which might make our method less e↵ective. Second,

signal with displaced vertex can be SM background free, but we might not be able to see

lots of signal events at a future experiment like HL-LHC. Because currently we haven’t
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F mass are functions of DM mass, and we have 2 such functions, so….
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(a) Graphs of two on-shell
conditions without smearing

on-shell condition 1

on-shell condition 2

True spectrum: m� = 50 GeV, mF = 200 GeV
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If there are two displaced vertex (DV)  
and initial state radiation (ISR), 
you can obtain the mass of F and DM 
by only one event.



• Motivation: WIMP v.s. FIDM

• Spectrum measurement at collider

• More realistic analysis: Uncer. and limited 
events 

• Clean up our data: filtering algorithm 



Looks perfect, but, in a real experiment, things can’t not be so good. 

First, uncertainty.

transverse momentum of all visible final states particles. In summary, kinematic quantities

we can measure directly are:

• 4-momentum of two visible daughter particles, p1 and p2.

• missing transverse momentum, ~/pT .

• position of 2 DVs, ~r1 and ~r2.

In the rest of this section we will prove that these 5 quantities are enough to find

out the value of mF and m�, provided F particles don’t propagate antiparallely in the

transverse plane. Firstly we prove that 3-momentum of � and F (noted as ~k1, ~k2, ~q1, ~q2),

can be determined by these 5 quantities. The direction of two DVs can be expressed by

their azimuth angle:

~̂r1 = ( sin ✓1 cos �1 , sin ✓1 sin �1 , cos ✓1 ) (2.2)

~̂r2 = ( sin ✓2 cos �2 , sin ✓2 sin �2 , cos ✓2 ) (2.3)

Here we select beam direction as z-axis. Thus 3-momentum of two F particles, ~q1 and ~q2,

can be expressed as:

~q1 = |~q1|~̂r1 , ~q2 = |~q2|~̂r2 (2.4)

~̂r1 and ~̂r2 are already known, thus we can determine ~q1 and ~q2 once we know their magnitude

|~q1| and |~q2|. Due to momentum conservation, 3-momentum of DM � can be expressed as:

~k1 = |~q1|~̂r1 � ~p1 , ~k2 = |~q2|~̂r2 � ~p2 (2.5)

If there is no other invisible particles in addition to DM � in the final state, missing

transverse momentum should come from DM pair exclusively:

~/pT =
n
~k1 + ~k2

o

T
=

n
|~q1|~̂r1 + |~q2|~̂r2 � ~p1 � ~p2

o

T
(2.6)

Thus we obtain two linear equations for two unknown variables |~q1| and |~q2|:
8
<

:
sin ✓1 cos �1|~q1| + sin ✓2 cos �2|~q2| =

⇣
~/pT + ~p1 + ~p2

⌘

x
,

sin ✓1 sin �1|~q1| + sin ✓2 sin �2|~q2| =
⇣
~/pT + ~p1 + ~p2

⌘

y

(2.7)

System of linear equations 2.7 has unique solution if and only if its determinant is non-zero.

If propagate direction of two F particles are back-to-back in transverse plane, then we have

�1 = �2 + ⇡. In this case, determinant of 2.7 is:

�����
sin ✓1 cos �1 sin ✓2 cos �2

sin ✓1 sin �1 sin ✓2 sin �2

����� =

�����
� sin ✓1 cos �2 sin ✓2 cos �2

� sin ✓1 sin �2 sin ✓2 sin �2

����� = 0 (2.8)
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Our input: Their uncertainty:

1~2%, for lepton

10%, if > 200GeV

0.2~0.5mm, inside 
inner detector

What will happen if we include uncertainty?
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(a) Graphs of two on-shell
conditions without smearing
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(b) Graphs of two on-shell
conditions with smearing

Deviation of input

Deviation of on-shell conditions

Deviation of cross-point

For some events, 
uncertainty can be amplified.



Some events could be very sensitive to Uncer.

Robust Fragile

Related to mediator boost and decay direction, out of my control.



For 10k events, the distribution is like:
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It’s fine, I can just choose the peak point.



For 10k events, the distribution is like:
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It’s fine, I can just choose the peak point.

No! You can’t observe so many events!



So at which collider you can observe 10k events?
HL-LHC? If you can observe 10k DV at HL-LHC, 

then we should have already seen it now!

If you consider limits from current DV search, at  
HL-LHC, you can only observe 20~30 single events.  

So the real distribution is like….
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(a) Measured masses in a pseudo-
experiment before filtering

Peak value is ill-defined.

Fitting? too little amount
of events.

Only mean value is well-
defined. But mean value is
far from true value.
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(a) Measured masses in a pseudo-
experiment before filtering

We need to “wash” our data.
We propose a “filtering algorithm” to do it. 

(similar to jet-clustering)
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(a) Measured masses in a pseudo-
experiment before filtering

We need to “wash” our data.
We propose a “filtering algorithm” to do it. 

(similar to jet-clustering)
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(a) Measured masses in a pseudo-
experiment before filtering
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(b) Measured masses in a pseudo-
experiment after filtering

We need to “wash” our data.
We propose a “filtering algorithm” to do it. 

(similar to jet-clustering)



It works well~

20 events for each pseudo-experiment



Due to a feeble interaction between DM and SM,  FIDM model
is naturally related to long-lived particle, and displaced object 
search at collider.

By using the position information of DV, we can measure the 
spectrum of dark sector easily. 

Uncertainty and limited signal events makes measurement 
difficult, we propose a “filtering algorithm” to deal with this issue. 

Conclusion



Backup



WIMP search at collider

Mono-X: Simple and Robust

From Freeze-out , we have: If WIMP is embedded in SUSY, 
we can consider :

FIDM search at collider

A simple idea:

Interaction is very small!!

F

F

A

A

BR(F ! A DM) = 1
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Very small coupling F is long-lived

“LHC friendly”1811.05478


