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Freeze-in mechanism provides robust dark matter production in the early Universe. Because of its feeble
interactions, freeze-in dark matter leaves signals at colliders which are often involved with long-lived
particle decays and consequent displaced vertices (DV). In this paper, we develop a method to read off mass
spectrum of particles being involved in the DVevents at the LHC. We demonstrate that our method neatly
works under limited statistics, detector resolution, and smearing effects. The signature of DV at the LHC
can come from either highly suppressed phase space or a feeble coupling of particle decay processes. By
measuring invisible particle mass spectrum, one can discriminate these two cases and thus extract
information of dominant freeze-in processes in the early Universe at the LHC.
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I. INTRODUCTION

Particle dark matter (DM) is strongly supported by a
plethora of cosmological and astrophysical evidences (for
reviews on particle dark matter see Refs. [1–3]). Since there
is no proper candidate of DM in the standard model (SM), it
is considered as one of the most prominent clues to go
beyond the SM. The freeze-in mechanism provides a
plausible answer to the origin of particle DM in the
primeval Universe [4], and also an intriguing set of DM
searches in a broad area (e.g., nonthermal distribution of
DM and its impacts [5–10], DM direct detection [11,12],
and the large hadron collider (LHC) searches [13–16])1
although it generically contains tiny interactions with
visible particles.
On the contrary to the conventional freeze-out dark

matter, freeze-in dark matter never reaches equilibration
with thermal plasma. Because of its tiny interaction strength,
instead, DM annihilation processes are always inefficient
and thus the produced DM particles are accumulated as the

Universe expands. Hence the correct DM abundance can be
achieved despite of the feeble interactions [4].Moreover, the
production processes involve dimensionless couplings, so
they become more important at low temperature and con-
sequently a dominant number of DM particles are produced
near the threshold mass scale of the production processes.
Below the threshold scale, the production processes are
highly suppressed by the Boltzmann factor. Therefore, the
DM abundance is independent of high temperature physics,
i.e., reheating after the primordial inflation, but is dependent
on details of the production processes which are determined
by the DM particle interactions.
The feeble nature of DM implies another observable

footprint if the DM mass is Oð1Þ keV. Since the DM
particles are not equilibrated after being produced, their
initial phase space distribution does not change but is
simply redshifted during the cosmic expansion. As pointed
out in the literature [9,10], phase space distribution of DM
depends on mass spectrum, relative interaction strengths,
and also its production channels such as two-body decay,
three-body decay, s-channel, and t-channel scattering. In
many cases, these production channels originate from the
same interaction, so the mass spectrum of particles
involved in the production processes determines which
process is the dominant one as well as how warm the phase
space distribution is. Such nonthermal distribution of DM
particles impacts on small scale structures and can be
probed by the Ly-α forest observation [18–25].
Along with the cosmology, collider study can provide a

possible probe of the freeze-in dark matter model. During
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the freeze-in processes, DM particles come out from
thermal plasma of nonfeeble particles via feeble inter-
actions between the dark sector and visible sector. It implies
the events at colliders where nonfeeble particles are
produced in pairs and decay into freeze-in DM particles
plus visible particles. These events are indeed a direct
reflection of the freeze-in dark matter production from
decay of particles in thermal equilibrium. For example,
Higgsino pairs are produced and decay into axinos and
Higgs bosons. In virtue of its tiny coupling, such decays
may show a signature of the displaced vertex (DV) at
hadron colliders.2 The DV searches at the LHC have been
considered to investigate various long-lived particles and
have increased the sensitivity. In addition, a possible
improvement at the high-luminosity (HL) LHC with
precision timing information would suppress SM back-
grounds leading to a better sensitivity of such long-lived
particle searches [27,28].
In order to examine genuine properties of the freeze-in

dark matter model at hadron colliders, we need to go one
step further. The DM abundance and distribution are
determined by the couplings and mass spectrum of the
dark sector including the DM component. Thus it is
essential to extract the mass information from DV events
at colliders. In the case of prompt decay events, kinematic
analyses require a large number of events to read off the
endpoint in the invariant mass distribution [29]. As pointed
out in the early study [30,31], on the other hand, DV
renders the mass reconstruction possible in an event-by-
event basis, so it allows us to extract the mass spectrum of
the dark sector although a handful of events are available.
In reality, however, a kinematic reconstruction in an event-
by-event basis highly depends on detector effects including
smearing of final state visible particles.
In this paper, we present a collider method to reconstruct

the mass spectrum related to the freeze-in processes with
only conventional track and calorimeter information. To
reduce uncertainties in mass measurement originating from
detector smearing effects, we develop a simple “filtering”
algorithm, which systematically discards the outliers in
mass measurement of DV events. For an illustration of our
method, we consider a pair production of mother particles
(F) and their subsequent decays into dark matter particles
(χ) and Z bosons, where Z boson decays into a lepton pair
for a precise reconstruction.
This paper is organized as follows. In Sec. II, a brief

review on freeze-in dark matter is given to argue why the
long-lived particle at the LHC is appropriate to examine
cosmological freeze-in dark matter scenarios. In Sec. III,
we explain kinematic relations in events with DV to
reconstruct masses of the decaying particle F and dark
matter particle χ. In Sec. IV, we demonstrate how much a

simple filtering algorithm enhances accuracy by removing
events that have strong smearing effects from a detector.
Finally, we present our result in mass reconstructions with
various benchmark points at the HL-LHC.

II. A BRIEF REVIEW ON FREEZE-IN
DARK MATTER

In freeze-in dark matter models, DM particles have tiny
renormalizable couplings with thermal plasma by which
the freeze-in processes are mediated. In the following, we
will explain the freeze-in mechanism with a toy example.
Suppose that DM particles are produced by decay of

particle A, which is in thermal equilibrium, i.e., A → Bþ χ.
Here we assume B is also in thermal equilibrium. In this
case, a dark matter production rate is determined by the
decay width of A, ΓA. The dominant production occurs
when the plasma temperature T is around mA. For T < mA,
the population of A is highly suppressed by the Boltzmann
factor, so the production process becomes ineffective. One
finds the yield of DM particles [4,32],

Yχ ≈
135g

4π4g3=2�

MPΓA

m2
A

Z
∞

0

z3K1ðzÞdz

≈ 10−3
MPΓA

m2
A

; ð2:1Þ

where g is the degrees of freedom of A, g� is the effective
degrees of freedom of thermal plasma, MP is the reduced
Planck mass, and K1ðzÞ is the first modified Bessel
function of the second kind. In the second line, we have
taken g� ¼ 100. For the decay of A via a renomarlizable
coupling λ, the decay width is given by

ΓA ∼
1

8π
λ2mA: ð2:2Þ

The yield becomes

Yχ ∼ 4 × 10−5λ2
MP

mA
; ð2:3Þ

and the DM density is given by

Ωχh2 ∼ 2.8 × 108Yχ

�
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�
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�
λ

10−8

�
2
�
200 GeV

mA

��
mχ

10 keV

�
: ð2:4Þ

Therefore, one can see that the freeze-in process provides
the correct DM abundance in a wide rage of couplings
and DM masses although the coupling is tiny. For a
coupling λ ∼ 10−8, a DM mass is of order keV, so it can
be warm dark matter (WDM) and may be probed by small
scale observables [5–10]. For an even smaller coupling,

2We refer readers to Ref. [26] for a recent review on long-lived
particle searches at the LHC.
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λ ∼ 10−12, on the other hand, a weak scale DM mass
(∼100 GeV) is possible so that the DM can be cold dark
matter (CDM).
In most of freeze-in DMmodels, scattering processes are

also accompanied by the decay processes. One can find a
process like Aþ C → χ þD (t-channel mediated by B)
where C and D are also in thermal equilibrium. The single
processes are normally less effective than the decay
processes due to the suppression in the kinematic phase
factor. In some cases, nonetheless, the scattering process
can be enhanced by large numbers of degrees of freedom of
accompanying particles C and D, so it can make sizable
contributions to the DM production (see Refs. [33,34] for
axino production cases). In addition, there may exist decay
processes with more than 2 final state particles. However,
this contribution is more suppressed than two-body decays
by the kinematic phase factor, so is typically subdominant.
In the case where decay and scattering processes are “co-

resident,” more interestingly, a mass difference between A
and B can determine a relative ratio between the decay and
scattering contributions as well as the phase space distri-
bution. In principle, if mA −mB ≪ mA, a kinetic energy of
the produced DM can be arbitrarily small. Under these
circumstances, a decay process become very inefficient.
Nevertheless, a scattering process does not alter dramati-
cally, so it dominates the phase space distribution and relic
abundance [10]. Extracting a mass spectrum at collider
experiments may enable us to infer which process is
dominant in the freeze-in DM production.
At colliders, the direct production of χ is impossible

since its couplings to SM particles are too small. However,
its mother particle (A, in the above example) can be
produced in the collision experiments. If A is the lightest
parity-odd particle in the visible sector (e.g., Higgsino in
the minimal supersymmetric standard model), it can decay
only to a DM particle with a decay width in Eq. (2.2). The
decay length at the collider is

1

ΓA
∼ ð1.7 ns or 50 cmÞ×

�
10−8

λ

�
2
�
200GeV

mA

�
: ð2:5Þ

For the freeze-in DM with mχ ∼ 10 keV and λ ∼ 10−8, a
DV length is of order 10 cm, and thus this gives nearly the
best sensitivity for DV searches at the LHC [35] while it
gives the dominant dark matter abundance.
For a larger dark matter mass, m ∼ 100 GeV, a smaller

coupling λ ∼ 10−12 is required to obtain the correct relic
abundance in the standard cosmology. If this is the case, the
decay length is too long to be covered by DV searches.
Such a region, instead, may be covered by an additional
long-lived particle detector outside of the LHC detectors
[36]. However, even in the case of large dark matter mass,
there are viable nonstandard cosmological scenarios lead-
ing to the correct relic abundance. If a dark matter mass
is around 100 GeV and a coupling is of order 10−8, the

freeze-in process overproduces DM particles. In such a
case, a large entropy dilution of a factor 107–108 is
necessary to suppress the freeze-in processes properly. In
a scenario where the DM freeze-in occurs during an early
matter dominated era (i.e., TR ≪ 100 GeV), a relatively
large coupling λ ∼ 10−8 still provides a viable DM scenario
with the correct relic DM abundance [37]. In a scenario in
the fast-expanding Universe [38], a similar dilution effect is
possible so that a viable freeze-in DM model is possible
withmχ ∼ 100 GeV and λ ∼ 10−8. In another freeze-in DM
model [5,6], DM particles can be produced by decays of
frozen-out particles rather than directly produced from
the thermal plasma. In such a case, DV searches at the
LHC cover the freeze-in DM in an indirect way by showing
the kinematic structure of particles decaying into the
DM particle.
In summary, the current and future DV searches for

decay length of order 10 cm will be good probes of the
freeze-in WDM region and part of heavy freeze-in DM
models. Once we observe an excess of DV signals above
the expected background in the future, analyses on mass
spectrum by using the kinematic techniques will be
essential to reflect the DM production process in the early
Universe. In the next section, we show kinematic relations
to reconstruct masses of the mother particle and dark matter
particle.

III. KINEMATICS OF DISPLACED VERTEX

We consider a case where the LHC produces pairs of
unstable particles F. Each particle decays into dark matter χ
and Z boson. To demonstrate this process, we consider an
effective Lagrangian,

L ∋
1

Λ2
F̄Fq̄qþ ðϵZμF̄γμPLχ þ H:c:Þ; ð3:1Þ

where F and χ are Majorana fermions, and q is a standard
model quark. It must be noted that F is the lightest neutral
component of two weak doublets while χ is a weak singlet.
Such an interaction is realized by a singlet-doublet mixing
that is encoded in the small coupling constant ϵ.3 There are
also a charged partner F� and a neutral partner F0. If F�
and F0 are slightly heavier than F by the mass difference
Δm¼mF�;F0 −mF≃Oð10ÞGeV,4 they promptly decay
into the lightest neutral component F plus soft leptons
or jets via a virtualW� or Z boson. While it is hard to detect

3In analogy, one can consider two Higgsino doublets and
an axino.

4The Oð10Þ GeV mass difference can be generated by a
mixing with another singlet (other than the DM particle) whose
mass is not much larger than the mass of F. In the case of
supersymmetric models, bino can play a role of the singlet
leading to a substantial mass splitting between Higgsino states. In
the absence of such a mixing with a singlet, the electroweak
correction generates an Oð100Þ MeV mass splitting [39].
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such heavy states due to the difficulty of tagging soft
particles,5 production of F� and F0 can inclusively con-
tribute to the pair production of the lightest neutral state F.
The inclusive production channels such as ðF�; F∓Þ and
ðF�; FÞ can enhance the number of signal events under our
consideration. These contributions are taken into account in
the coupling 1=Λ2 when recasting current ATLAS results
[35] in Sec. IV.
In our study, we focus on a method to identify the

mass spectrum of ðF; χÞ in the event-by-event basis. This
method is advantageous for extracting mass information
compared to traditional methods with invariant mass or
transverse mass variables which require large number of
signal events as they utilize the endpoint of differential
distributions.6 In virtue of the information from displaced
vertices, one can extract ðmF;mχÞ from a single event in an
ideal situation. In reality, however, Oð10Þ events are
required to reduce various systematics including detector
effects. In order to implement this method, we reconstruct
four-momenta of dark matter particles (χi, i ¼ 1, 2 for both
sides). As the number of unknowns from χi is eight in total,
we need to have the same number of constraints using
kinematics.
At the LHC detector, Fi leave a DV, denoted by r⃗i, when

it decays into Zið→ lþl−Þ and χi as in Fig. 1. Because of
the charge neutrality of Fi, a three-momentum vector p⃗Fi

is
proportional to r⃗i. This provides two constraints for the
direction of each p⃗ðFiÞ, resulting in four constraints in total.

If we specify a direction of DV in a spherical coordinate (r̂i:
unit vector directing r⃗i),

r̂i ¼ ðsin θi cosϕi; sin θi sinϕi; cos θiÞ; ð3:2Þ

we can express three-momentum p⃗ðFiÞ in terms of DV
position vector r̂i,

p⃗ðFiÞ ¼ jp⃗ðFiÞjr̂i: ð3:3Þ

In conventional searches for dark matter at the LHC, we
utilize a momentum conservation in the transverse plane as
we do not see the trace of dark matter directly. Thus, we
have two constraints:

=⃗PT ¼
X
i

p⃗TðχiÞ ¼ −
�
p⃗TðISRÞ þ

X
i

p⃗TðZiÞ

�
: ð3:4Þ

This can be simply translated into a condition for p⃗ðFiÞ:

X
i

p⃗TðFiÞ ¼ −p⃗TðISRÞ: ð3:5Þ

The existence of ISR jets is important to identify
dark matter at the LHC. For example, ISR jets are required
for the most conventional dark matter searches [43,44]
and for utilizing information from a timing layer [27,28].
For the case of Oð100–1000Þ GeV mass scale of F,
there are non-negligible numbers of events with pTðISRÞ ≃
Oð10–100Þ GeV [45,46] and we can utilize this informa-
tion to extract properties of dark matter at the LHC [47,48].
In our case, we use pTðISRÞ to reconstruct three-momenta
p⃗TðFiÞ by combining Eqs. (3.3) and (3.5),

X
i

ðjp⃗TðFiÞjr̂iTÞ ¼ −p⃗TðISRÞ: ð3:6Þ

In a more specific way, the above equation can be expressed
by a 2 × 2 matrix equation,

�
sin θ1 cosϕ1 sin θ2 cosϕ2

sin θ1 sinϕ1 sin θ2 sinϕ2

�� jp⃗TðF1Þj
jp⃗TðF2Þj

�

¼ −
� jp⃗TðISRÞj cosϕ
jp⃗TðISRÞj sinϕ

�
; ð3:7Þ

where ϕ is the azimuthal angle of p⃗TðISRÞ in the transverse
plane. This provides a solution for jp⃗TðFiÞj in terms of
directional angles ðϕi; θiÞ of DVs,

jp⃗ðF1Þj ¼ −
jp⃗TðISRÞj sinðϕ − ϕ2Þ
sin θ1 sinðϕ1 − ϕ2Þ

;

jp⃗ðF2Þj ¼
jp⃗TðISRÞj sinðϕ − ϕ1Þ
sin θ2 sinðϕ1 − ϕ2Þ

: ð3:8Þ

FIG. 1. Positions of two DVs are denoted by r⃗1 and r⃗2 (dashed
arrows). Visible (reconstructable) particles are marked with solid
lines while invisible particles with dashed ones. Dotted circles
represents inner and outer boundary of “inner tracking detector
(ID)” with cylindrical radius of Oð10Þ −Oð103Þ mm; primary
vertex (PV).

5For these heavy states, a few search strategies and bounds are
summarized in a recent review [40].

6For more general reviews on traditional methods, we refer
readers to Refs. [41,42].
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When the ISR jet becomes soft, Eq. (3.7) turns into an
indeterminate system. In the limit of pTðISRÞ ≪

ffiffiffî
s

p
, whereffiffiffî

s
p

is the hard scale of an event, the difference ϕ1 − ϕ2 can
be approximately expressed by

ϕ1 − ϕ2 ≃ π −
2pTðISRÞffiffiffî

s
p

�
1 −

4m2
F

ŝ

�−1
2

→ π: ð3:9Þ

As Eq. (3.7) has a factor sin ðϕ1 − ϕ2Þ in its determinant, it
is required to have non-negligible pTðISRÞ to have a numeri-
cally stable solution for jp⃗ðFiÞj.
To extract information on masses of invisible particles,

we convert the solution of momenta into the masses using
the energy conservation as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Fi
þ jp⃗ðFiÞj2

q
¼ EZi

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

χi þ jp⃗ðχiÞj2
q

: ð3:10Þ

From this, we have a functional dependence of mFi

on mχi as

mFi
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEZi

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jp⃗ðχiÞj2 þm2

χi

q
Þ2 − jp⃗ðFiÞj2

r
: ð3:11Þ

Here the three-momentum of χi is given by p⃗ðχiÞ ¼
jp⃗ðFiÞjr̂i − p⃗ðZiÞ. So far we have used only six constraints
to reconstruct three-momenta of p⃗ðFiÞ. We can have two
more constraints from our physics motivation where
we assume the symmetric condition of mF1

¼ mF2
and

mχ1 ¼ mχ2 . Thus we have eight constraints which suffice to
measure ðmF;mχÞ even with one event. To illustrate how
one can use Eq. (3.11), we take an event with
ðmF;mχÞ ¼ ð200; 50Þ GeV. In Fig. 2, each function for

mFi
in Eq. (3.11) is presented either as a blue or orange line

with a crossing point as the solution for ðmF;mχÞ.

IV. THE HL-LHC STUDY

A. Detector effects with a limited number of events

We consider a channel where DVs can be marked by
tracing leptonically decaying Z bosons, i.e., Z → lþl−

This channel is superior to hadronically decaying Z due
to the clean lepton tracks. At the LHC, however, uncer-
tainties still remain in (i) the measurements of lepton
momenta, which can be modeled with 2% uncertainty
[49,50], (ii) the DV position resolution with a conservative
value of 0.5 mm [51], and (iii) the missing transverse
energy =ET resolution of 10% in the region of =ET >
200 GeV [52]. These smearing effects will result in
incorrect solutions to Eq. (3.11).
To numerically show the effects of the above uncertain-

ties, we simulate events with the study point of ðmF;mχÞ ¼
ð200; 50Þ GeV usingMonte Carlo simulations by modeling
the smearing effects with Gaussian functions. As we
discussed earlier, pTðISRÞ can enhance the numerical sta-
bility against the smearing effects. We can observe this
clearly in Fig. 3 where we divide Monte Carlo events
according to the range of pTðISRÞ. In reality, however, we
have onlyOð10Þ events after cuts at the HL-LHC and most
of the events are located at low pTðISRÞ, so we are not able to
rely on the high pTðISRÞ configurations. For this reason, we
need to develop another method to reduce the smearing
effects.
For this goal, we develop a simple “filtering” algorithm.

Basically we rely on the fact that events are independent of
one another. Thus we focus on the clustering structure of
the solutions near the true mass point in ðmF;mχÞ sol-
ution space;

(i) Each solution is treated as a vector v⃗i at themF −mχ

plane with v⃗i ¼ ðmFi; mχiÞ.
(ii) For each v⃗i, we measure an “average distance” di,

di ¼
1

N

XN
j¼1

jv⃗i − v⃗jj; ð4:1Þ

where N is the total number of solution vectors,
(iii) remove the v⃗i with largest di from our vector list,
(iv) calculate all di again (only use the remaining

vectors), and remove the vector with largest average
distance. Repeat this process until only half of the
vectors remain.

This filtering algorithm is neatly dropping bad solutions in
a simple and systematic way as in Fig. 4.

B. Numerical studies with benchmark points

In order to examine our method with realistic data at
the HL-LHC, we consider four benchmark points for

FIG. 2. The functional dependence of mFi
on mχi in a specific

event is presented as blue and magenta lines according to
Eq. (3.11). The event is generated at the parton level with a
study point of ðmF;mχÞ ¼ ð200; 50Þ GeV. For mF1

¼ mF2
and

mχ1 ¼ mχ2 , the crossing point of two equations gives the solution
for mF and mχ .
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different scales of mF and mass gaps, which are listed in
Table I. For benchmark points B and D, the mass gaps
are highly suppressed, i.e., fmF − ðmχ þmZÞg=mF ≤
Oð1Þ% while the mass gaps are more than 50% for
A and C. Thus if we measure the mass spectrum
ðmF;mχÞ precisely, we can learn the origin of long
lifetime of F: either a suppressed phase space of small
mass gap or a tiny coupling of F − χ − Z. We consider
the same lifetime of F (cτ ¼ 100 mm) for all benchmark
points to focus on the kinematic differences and the
performance of our method, which relies only on the
reconstruction of p⃗ðFiÞ, By recasting the current long-
lived particle search of ATLAS [35], we expect 30,
20, 12, and 24 events, respectively, for benchmark
point A, B, C, and D at the HL-LHC. We describe
detailed information of the recasting procedure in
Appendix A.

For the parton-level Monte Carlo simulations, we use
MadGraph5 [53] to generate events with the “MLM” jet
matching algorithm [54] implemented in PYTHIA8 [55] for
ISR jets. To cluster ISR jets, we use FASTJET [56] with the
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FIG. 4. We show the result of 5000 pseudoexperiments (a) without and (b) with the filtering algorithm. We have only 20 events per one
pseudoexperiment. For each experiment, we take the mean values for mass measurement. The mass spectrum is the same as in Fig. 3.

(a) (b)

FIG. 3. Distribution of solutions in Eq. (3.11) for a mass spectrum ðmF;mχÞ ¼ ð200; 50ÞGeV with (a) 0 < pTðISRÞ < 20GeV and
(b) 20GeV < pTðISRÞ < 270GeV. We use 2000 events for each pTðISRÞ region using standard parton-level Monte Carlo simulations with
Gaussian smearing for detector effects.

TABLE I. Four benchmark points (B.P.) are illustrated. As the
LHC detector is not sensitive to probe a mass scale less than
Oð1Þ GeV, we fixmχ ¼ 0 for the mass scale ofOð1 − 100Þ keV.
Nevents is determined by recasting current LHC searches. These
numbers are after baseline selection cuts.

B. P. mF [GeV] mχ [GeV] cτ (mm) Nevents @ HL-LHC

A 200 0 100 30
B 200 108 100 20
C 800 0 100 12
D 800 708 100 24
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anti-kt algorithm [57]. For the detector effects, we consider
detector geometries and smearing effects as we described
above. Finally, we choose 14 TeV collision energy and
3 ab−1 luminosity for the HL-LHC. As we need to enhance
precision for DV, we focus only on the leptonic decay of Z
bosons. For the baseline selection cuts, we require

(i) missing transverse energy =ET > 200 GeV to im-
prove the =ET resolution [52],

(ii) 4 electrons or muons with pT > 10 GeV in the
final state,

(iii) 2 DVs to be reconstructed inside the inner detector
(4 mm < Lxy < 1 m and jLzj < 1 m) where DVs
are reconstructed by displaced tracks with an impact
parameter larger than 2 mm and pT > 1 GeV, two
tracks of each DV to be matched to 2 leptons, and
both DV mass mDV to be larger than 80 GeV.7

Since we require a moderate =ET , it is worth checking the
corresponding cut efficiency. In our Monte Carlo simu-
lations, we have ϵA ≃ 38%, ϵB ≃ 13%, ϵC ≃ 87%, and
ϵD ≃ 15%, respectively, for benchmark cases A, B, C,
and D. To understand this, we add =ET distributions and
corresponding explanations in the Appendix B.
Because of the detector effects and limited statistics,

the mass measurement based on track information
has large uncertainties. In order to improve the precision,
we apply the filtering algorithm. It is worth mentioning a
subtlety in solving Eq. (3.11) especially when dark matter
is very light. There are cases where two lines in Fig. 2
do not cross due to the smearing effects. As mFi

ðmχiÞ is
an increasing function, we take mχ ¼ 0 and mF ¼
ðmF1

ðmχ1 ¼ 0Þ þmF2
ðmχ2 ¼ 0ÞÞ=2 for a solution.

For benchmark points in Table I, we perform 5000
pseudoexperiments to reduce statistical fluctuations. In
Table II, we tabulate the most probable mass values for
each benchmark point and also estimated statistical errors
of pseudoexperiments which are defined by the root mean
square (rms) value with respect to the most probable values

rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
i¼1ðmi −mpeakÞ2=N

q
, where mpeak is the most

probable value and N is the number of pseudoexperiments.
For benchmark points A, B, and D, the results show good
precisions, where the errors are around 10% of the mother
particle masses. For benchmark point C, on the other hand,
the rms error is around 30%–45% of the mother particle
mass. This mainly comes from small statistics as C has only
12 events after cuts which has factor 1=2–1=3 reduction
compared to other benchmark points.
In the following, we discuss a more direct implication of

the above analyses in the freeze-in dark matter scenarios.
As argued in Ref. [10], if the phase space of a mother
particle decay is highly suppressed, the distribution of
DM produced from this decay process becomes colder.

Meanwhile, the distribution of DM produced by two-to-
two scattering processes remains almost the same. This
feature can be probed by observations such as Ly-α forest
data if the DM mass is of order keV. Therefore, by
observing the mass spectrum of the DM sector at the
LHC, we can infer the relative “warmness” of the DM
distribution. In order to illustrate such a situation, we
introduce an additional benchmark point E, on which
ðmF;mχÞ ¼ ð100; 0Þ GeV, cτ ¼ 100 mm. The expected
number of events after the baseline selection cuts at the
HL-LHC is 10. At the LHC, we measure ðmF;mχÞpeak ¼
ð101; 0Þ GeV with statistical deviation rms¼ð81;47ÞGeV
from 5K pseudoexperiments. Thus, even though we have
uncertainties in determining the mass spectrum due to the
limited statistics, we will have hints of the dark matter
temperature of our Universe from the HL-LHC.

V. CONCLUSIONS

We consider a pure kinematic method to determine the
mass spectrum involving DVs at the LHC by locating
visible particle tracks inside the inner tracking detector.
To measure the mass spectrum, we assume conditions
ðmF1

¼ mF2
Þ and ðmχ1 ¼ mχ2Þ for both decay chains. We

also require ISR jets not to have a back-to-back configu-
ration between F’s which results in a null solution in
reconstructing three-momentum vectors of F’s. Large ISR
can enhance the numerical stability when determining the
mass spectrum, but we would not have enough statistics to
focus on the large pTðISRÞ region at the HL-LHC.
In this study, our analyses contain only Oð10Þ events

with the detector smearing effects. The performance of the
mass measurements gets degraded due to imprecise infor-
mation on =ET and four-momenta of the leptons. To achieve
satisfactory performance with small number of events, we
propose a simple and systematic method which removes
solutions with large errors in the mass reconstruction.
We have demonstrated that one can achieve mass

measurements within Oð10Þ%-level precision at the
HL-LHC. This result enables us to understand the origin
of DV signals, either due to the suppressed phase space or

TABLE II. Peak measured values and root mean squares for
four benchmark points. Numbers are in units of GeV.

B. P.

ðmF;mχÞtrue

rmsðmF;mχÞpeak

A
(200, 0)

(7.3,13)
(208, 14)

B
(200, 108)

(14,15)
(199,105)

C
(800, 0)

(250,360)
(835, 0)

D
(800, 708)

(79,80)
(792, 694)

7It is not likely that background processes have mDV >
80 GeV [35], so this cut leads background-free analyses.
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due to the feeble coupling of the decaying particle. In this
respect, we can see a relationship between the freeze-in
mechanism in the early universe and the DV signature at
the LHC.
Finally, as we do not rely on any new features of

upcoming detector upgrades, our proposed method is
orthogonal to other studies utilizing timing information
[27,28]. One can enhance the precision in mass measure-
ments by combining results from both methods once the
LHC identifies DV signals from new physics.
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APPENDIX A: RECASTING OF CURRENT
LONG-LIVED PARTICLE SEARCHES

We recast the ATLAS long-lived massive particles search
report [35] to estimate the upper limit of σðpp → FFÞ.8
There are other long-lived particle searches, for example,
searches with displaced jets in the ATLAS [61], which are
insensitive to our scenario as they need information of
calorimeters.
Here we briefly describe the cut flow used in the ATLAS

report [35].
(i) Transverse missing energy =ET ≥ 250 GeV.
(ii) 75% of events need to have at least one trackless jet

with pT > 70 GeV or at least two trackless jets with
pT > 25 GeV. For the other 25% of events there is
no requirement on the trackless jet. Trackless jet is
defined to be a jet with

P
ptrack
T < 5 GeV.

(iii) At least one DV needs to be reconstructed in the
fiducial region of the inner detector within a trans-
verse position 4 mm < Lxy < 300 mm and longi-
tudinal position jLzj < 300 mm.DVis reconstructed
by displaced tracks with impact parameters larger
than 2 mm and pT > 1 GeV. More than five dis-
placed tracks (Ntracks) from a DV are required, and
reconstructedmass with tracks fromDV (mDV) needs
to be larger than 10 GeV.

(iv) 42% fiducial volume needs to be discarded due to
huge backgrounds from hadronic interactions in a
material rich region.

In order to simulate the ATLAS detector’s response to
long-lived particles, we utilize parametrized DV tagging
efficiency grids in the auxiliary material9 of Ref. [35]
as suggested in the contribution 22 of Ref. [62]. With
this grid, we obtain tagging efficiencies based on the
generator level (truth level) information about position,
track multiplicity Ntracks, and invariant mass mDV of
DV. This method has been proven to be reliable in
Ref. [62]. Acceptances of our 4 benchmark points
after performing above selection criteria are listed in
Table III. Acceptances for compressed spectra B and D
are much smaller than spectra with large mass gaps
A and C since compressed spectra do not provide large
enough =ET which is shown in Fig 5.

APPENDIX B: THE BEHAVIOR OF =ET

Let us explain the behavior of =ET distributions in Fig. 5
based on the kinematics. We consider four benchmark
cases based on (i) mass gap Δm≡mF − ðmZ þmχÞ and
(ii) scale ofmF as summarized in Table IV. A mass gap Δm
affects the magnitude of momentum p⃗χi at the rest frame of
Fi while a scale mF controls the ISR distributions [48]. For
compressed spectra of B and D, the jp⃗χi j at the rest frame of
Fi is Oð10Þ GeV. Thus events with large ISR can have
corresponding large =ET by a boost on the ðF1; F2Þ system
from ISR. As the hard scale in D is larger than the hard
scale in B, we have a slightly larger =ET distribution in D
than the one in B. In the cases of A and C where Δm is

TABLE III. Acceptance, upper limits on production cross
section at 13 TeV, and recasted cross section at 14 TeV LHC.
Values are in units of fb.

B. P. Acceptance σðpp→FFÞmax
13TeV σðpp→FFÞmax

14 TeV

A 0.63% 14.43 17.56
B 0.14% 64.41 78.41
C 6.76% 1.35 1.87
D 0.52% 17.62 24.34

TABLE IV. Benchmark points by features of kinematics.

Category Δm=mF < 1% Δm=mF > 50%

Small mF B A
Large mF D C

8For our benchmark model, ATLAS DV search report [35]
provides the best sensitivity. CMS neutral long-lived particle
search reports [58–60] are sensitive to different signal categories
of displaced jets and decay length around 1 m, which provide
weaker constraints compared to the ATLAS study.

9We refer readers to Tables 25–36 of HEP Data, (https://doi
.org/10.17182/hepdata.78697.v2). This is also summarized in the
document, Auxiliary information for paper SUSY-2016-08.
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more than 50% of mF, we have enough statistics with
=ET ≳Oð100Þ GeV. At the rest frame of Fi, χi has jp⃗χi j ∼
80 GeV for A and jp⃗χi j ∼ 400 GeV for C. =ET is determined
by the vector sum of p⃗Tðχ1Þ and p⃗Tðχ2Þ which are

independent. Thus the peak value of the =ET distribution
is around jp⃗χi j at the rest frame of Fi. With a boost from
ISR, the peak value of the =ET distribution becomes slightly
larger than jp⃗χi j as shown in Fig. 5.
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