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The axino, the supersymmetric partner of the axion, is a well-motivated warm/hot dark/cold matter
candidate and provides a natural solution to the relic density problem for the binolike neutralino if it is the
lightest supersymmetric particle (LSP). With the generalized minimal supergravity, we study such kind of
the viable parameter space where the binolike neutralino is the next-to-LSP (NLSP) and the axino is the
LSP. In addition, we consider a scenario where the bino is a long-lived NLSP with the lifetime varying from
10−6 to 10−4 s and then propose a new signal searching scheme involving one displaced photon together
with the large missing transverse momentum at the HL-LHC. The binolike lightest neutralino lies under or
around 100 GeV and is produced as a decay product of the right-handed sleptons. The relevant axion
coupling fa can be probed up toOð109Þ GeV at 2σ level for the right-handed slepton mass under 800 GeV.

DOI: 10.1103/PhysRevD.110.055006

I. INTRODUCTION

The Peccei-Quinn (PQ) solution [1,2] stands out among
a variety of solutions to the strong CP problem due to its
simplicity and elegance. The theory proposed the existence
of a global Uð1Þ symmetry that is spontaneously broken at
the PQ scale fa. A new Goldstone particle, the axion, is
therefore predicted. In the low-energy supersymmetry
(SUSY) theory relevant to the PQ solution, the axino,
as the supersymmetric partners of the axion [3–8], is

considered as an alternative lightest supersymmetric par-
ticle (LSP) and thus a dark matter (DM) candidate [9,10].
Meanwhile, a long-held paradigm in searching for DM
components is that DM is mostly composed of cold DM. In
the theory of SUSY, this translates into the weakly
interacting massive particles, e.g., the lightest neutralino.
If binolike neutralino is the LSP, which was the most
favored scenario in SUSY models with gaugino mass
unification at the scale of grand unified theory (GUT),
one typically obtains an extremely small annihilation cross
section and hence exceedingly large values of the DM relic
density, which usually lies 2–4 orders of magnitude above
the measured value [10,11]. Such scenario inspires phys-
icists to consider nonthermally produced (NTP) axinos, the
LSP [12–30], that inherit the binolike neutralino number
density via decay of B̃ → ãγ [10,11,31,32]. Therefore, the
overwhelming binolike DM relic density is suppressed by a
factor of mã=mχ̃0

1
[31–33].

On the other hand, the current Large Hadron Collider
(LHC) sets strong constraints on the mass of SUSY

*Contact author: zhangwenxing@sjtu.edu.cn
†Contact author: waqasmit@hbpu.edu.cn
‡Contact author: ikhan@itp.ac.cn
§Contact author: tli@itp.ac.cn
∥Contact author: shabbar.raza@fuuast.edu.pk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 110, 055006 (2024)

2470-0010=2024=110(5)=055006(11) 055006-1 Published by the American Physical Society

https://orcid.org/0000-0002-5973-3693
https://ror.org/01p884a79
https://ror.org/0220qvk04
https://ror.org/01z07eq06
https://ror.org/02xtbq882
https://ror.org/05qbk4x57
https://ror.org/02b52th27
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.055006&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1103/PhysRevD.110.055006
https://doi.org/10.1103/PhysRevD.110.055006
https://doi.org/10.1103/PhysRevD.110.055006
https://doi.org/10.1103/PhysRevD.110.055006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


particles. For instance, the gluino and squarks are excluded
around 2 TeV [34,35], and the electroweakinos and
sleptons are beyond about a few hundred GeV depending
on the assumptions [36]. Moreover, SUSY models inspired
by new measurements involving gμ − 2 [37] indicate the
slepton mass around a few hundred GeV to TeV scale (for
example, see [38] and references therein).
Among the available scenarios where one can avoid the

stringent SUSY search constraints and still remain con-
sistent with ongoing searches is the electroweak super-
symmetry (EWSUSY) [39–41], where the squarks and/or
gluinos are around a few TeV, while the sleptons, sneu-
trinos, binos, and winos are within 1 TeV. The Higgsinos
(or, say, the Higgs bilinear μ term) can be either heavy or
light. In particular, the EWSUSY can be realized in the
generalized minimal supergravity (GmSUGRA) [42,43].
Among current slepton searches with bino as the LSP, most
experiments constrain the mass of the mixed state of left-
and right-handed sleptons. Only a few experiments set
constraints on the “pure” right-handed slepton mass due to
the weak interaction between binos and the right-handed
sleptons. Constraints from LHC indicate that the mass of
left- and right-handed slepton mixtures lies between 400
and 800 GeV given different preconditions [44–49].
However, experiments on the pure right-handed slepton
only exclude its mass region lower than about 100 GeV at
95% confidence level (CL) [50–54]. This paper focuses on
the pure right-handed slepton search with negligible mixing
angle between left- and right-handed sleptons. This article
is the continuation of our studies of the supersymmetric
standard models under the light of current and future SUSY
searches [38,55]. In particular, in Ref. [55] we proposed a
search for the relatively heavier right-handed selectron at
future lepton colliders with the center-of-mass energyffiffiffi
s

p ¼ 240 GeV and integrated luminosity 3000 fb−1 via
monophoton channel: ẽþR ẽ

−
R → χ̃01ðbinoÞ þ χ̃01ðbinoÞ þ γ. It

was shown that, for the Z-pole case where the neutralino
mass lies around half Z-boson mass, the right-handed
selectron is excluded up to 180 and 210 GeV, respectively,
at 3σ and 2σ, while in the case of Higgs-pole solutions,
where the neutralino mass lies around half Higgs mass, the
right-handed selectron is excluded up to 140 and 180 GeV,
respectively, at 3σ and 2σ. In this study we consider those
solutions that have cold dark matter relic density larger than
the Planck2018 5σ bounds [56]. Furthermore, we assume
that the lightest neutralino (relatively long-lived) serves as
the next-to-LSP (NLSP) that decays to the LSP axino and a
photon.
SUSY particle searching schemes involving long-lived

NLSP decay are usually implemented through reconstruct-
ing a displaced vertex via hard jets [57–60], and a few
detection signals involving nonpointing photons, light
sleptons, and large missing ET without hard jets induced
by decay of light sleptons have not been widely inves-
tigated [61–63]. Hence there still exists possibilities that the

binolike neutralino lies under 100 GeV and the slepton
mass is around a few hundred GeV [55].
In contrast with other SUSY particles, the mass of the

axino is model dependent and remains unconstrained both
experimentally and theoretically. For example, in a straight-
forward SUSY version of the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model, the axino mass is typically
rather small and around ∼MeV. Depending on the model
and SUSY breaking scale, the axino mass varies from eV to
GeV [64–67]. The NTP axino is produced as a decay
product of the NLSP, and it would typically become a
relativistic particle when produced unless their masses are
degenerated. The axino can then become a warm/hot/cold
DM candidate due to the redshift of the Universe depending
on the axino mass, reheating temperature, and the type of
model [68]. In this paper, we study the case of a cold NTP
axino dark matter candidate, which makes up most of the
DM relic density in the Universe. We consider the axino
mass around Oð1Þ GeV with a given proper value of
fa ∼ 109

1 that makes the NTP axino a possible dominant
DM candidate [68,70–72]. In addition, since the axino
coupling to the normal matter is strongly suppressed by a
coupling of 1=fa [73], all heavier SUSY particles cascade
decay to the NLSP instead of the axino LSP. Hence it is
reasonable to consider the case that the bino decays to
axino and a photon (χ̃10 → ãγ) at colliders with the bino
being the NLSP whose mass lies under 100 GeV. In this
paper, we focus on the case of a cold axino dark matter
candidate, where the NTP axino makes up most of the cold
DM in the Universe. Depending on the magnitude of the
PQ symmetry breaking scale fa, such scenario offers a new
avenue for exploring SUSY and DM physics:

(i) For fa ≳ 1012 GeV, the axinos are produced one
second later than the big bang. The injection of high-
energy hadronic and electromagnetic particles
[19,74] can affect the abundance of light elements
produced during big bang nucleosynthesis (BBN)
[75,76], such that the BBN constraint can be severe,
as discussed in Refs. [16,33,72,77].

(ii) For 109–10 ≲ fa ≲ 1012 GeV, there exists possibil-
ities that the bino NLSP becomes a long-lived
particle [59,78,79]. The photon would trigger a
delayed timing signal and leave energy depositions
in the electromagnetic calorimeter. The signal has a
very clean background [61] and therefore deserves
to simulate before the running of the HL-LHC. We
focus on this scenario in this work.

(iii) For fa ≲ 107–8 GeV, the binolike neutralino
prompts decays to axino and gamma rays, leaving
a signal of two photons plus large missing energy,

1The axion properties are related to the PQ symmetry breaking
scale with ma ≃ 5.7 μeVð1012 GeV

fa
Þ [69] and its relic density

Ωa ¼ 0.12ð28 μeV
ma

Þ7=6. In the case of fa ∼ 109 [69], the axion
relic density composes no more than 1% of the DM.
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for which the background is very clean at the
lepton colliders and is widely investigated in
Refs. [16,80–82]. By the way, to evade the cooling
constraints from the stars and supernovae, we can
assume that the axion has flavor-violating couplings
to the Standard Model (SM) fermions, for example,
the axion mainly couples to the third generation of
the SM fermions. Because the temperatures in the
stars and supernovae are not high enough to produce
the third generation of the SM fermions, the axions
cannot be produced effectively and then the cooling
constraints from the stars and supernovae are
evaded. Of course, binos can still decay into axinos
and photons in this scenario as well.

It is well known that there are two kinds of the viable
invisible axion models that can satisfy the experimental
bounds: (1) the Kim-Shifman-Vainshtein-Zakharov (KSVZ)
axion model, which introduces a SM singlet and a pair of
extra vectorlike quarks that are charged underUð1ÞPQ, while
the SM fermions and Higgs fields are neutral [5,6]; (2) the
DFSZ axion model, in which a SM singlet and one pair of
Higgs doublets are introduced, and the SM fermions and
Higgs fields are all charged under Uð1ÞPQ symmetry [7,8].
In this paper, we shall consider the DFSZ axion model and a
SUSY scenario, where the bino is a long-lived NLSP with
the lifetime varying from 10−6 to 10−4 s, and then propose a
new signal searching scheme involving one displaced photon
together with the large missing transverse momentum at the
High Luminosity LHC (HL-LHC). The binolike lightest
neutralino lies under or around 100 GeVand is produced as a
decay product of the right-handed sleptons. The relevant
axion coupling fa can be probed up to Oð109Þ GeV at 2σ
level for the right-handed slepton mass under 300 GeV and
the lightest neutralino mass under 100 GeV. Also, the KSVZ
model can be discussed similarly.
This paper is organized as follows. Section II introduce

the framework of the GmSUGRA model. Section IV
presents the variable scanning parameter space. In Sec. V,
we discuss the related collider analysis and the kinetic
variables. At the end of this section, numerical results are
presented. Conclusions are presented in the last section.

II. THE GMSUGRA MODEL

In this study we consider the simple GmSUGRA where
the GUT gauge group is SUð5Þ and the Higgs field Φ for
the GUT symmetry breaking is in the SUð5Þ adjoint
representation [42,43]. The scalar masses and trilinear soft
terms will be modified as well due to the relevant high-
dimensional operators [43]. It should be noted that, sinceΦ
can couple to the gauge field kinetic terms via high-
dimensional operators, the gauge coupling relation and
gaugino mass relation at the GUT scale will be modified
after Φ acquires a vacuum expectation value [42,83]. The
gauge coupling relation and gaugino mass relation at the
GUT scale are given as [42,83]

1

α2
−

1

α3
¼ k

�
1

α1
−

1

α3

�
; ð1Þ

M2

α2
−
M3

α3
¼ k

�
M1

α1
−
M3

α3

�
; ð2Þ

where k is the index of these relations and is equal to
5=3 [42] in our simple GmSUGRA. Such gauge coupling
relation and gaugino mass relation at the GUT scale can be
realized in the F-theory SUð5Þ models, where the gauge
symmetry is broken down to the SM gauge symmetry by
turning on the Uð1ÞY flux, and the F-theory SOð10Þ
models, where the gauge symmetry is broken down to
the SUð3ÞC × SUð2ÞL × SUð2ÞR ×Uð1ÞB−L gauge sym-
metry by turning on the Uð1ÞB−L flux [84]. The point is
that the Uð1ÞY and Uð1ÞB−L fluxes can give extra con-
tributions to the gauge kinetic terms of the SM gauge fields.
We assume for simplicity that at the GUT scale α1 ¼

α2 ¼ α3 and then the gaugino mass relation becomes

M2 −M3 ¼
5

3
ðM1 −M3Þ: ð3Þ

The expression for M3 may be written in terms of M1 and
M2 as follows:

M3 ¼
5

2
M1 −

3

2
M2: ð4Þ

So there are two free parameters in gaugino masses. To
realize the electroweak supersymmetry, we require thatM3

be larger than M1 and M2.
In addition, the supersymmetry breaking scalar masses at

the GUT scale are [39,43]

m2
Q̃i

¼ ðmU
0 Þ2 þ

ffiffiffi
3

5

r
β010

1

6
ðmN

0 Þ2; ð5Þ

m2
Ũc

i
¼ ðmU

0 Þ2 −
ffiffiffi
3

5

r
β010

2

3
ðmN

0 Þ2; ð6Þ

m2
Ẽc
i
¼ ðmU

0 Þ2 þ
ffiffiffi
3

5

r
β010ðmN

0 Þ2; ð7Þ

m2
D̃c

i
¼ ðmU

0 Þ2 þ
ffiffiffi
3

5

r
β0̄5

1

3
ðmN

0 Þ2; ð8Þ

m2
L̃i
¼ ðmU

0 Þ2 −
ffiffiffi
3

5

r
β0̄5

1

2
ðmN

0 Þ2; ð9Þ

m2
H̃u

¼ ðmU
0 Þ2 þ

ffiffiffi
3

5

r
β0Hu

1

2
ðmN

0 Þ2; ð10Þ

m2
H̃d

¼ ðmU
0 Þ2 −

ffiffiffi
3

5

r
β0Hd

1

2
ðmN

0 Þ2; ð11Þ
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where i is the generation index, β010, β
0̄
5, β

0
Hu, and β0Hd are

coupling constants, and mU
0 and mN

0 are the scalar masses
related to the universal and nonuniversal parts, respectively.
In particular, the squark masses can be much larger than the
slepton masses since the cancellations between the two
terms in the slepton massesm2

Ẽc
i
andm2

L̃c
i
can be realized by

a little bit of fine-tuning of β010 and β0̄5, respectively. Also,
the supersymmetry breaking soft masses m2

H̃u
and m2

H̃d
can

be free parameters as well.
Interestingly, we can derive the scalar mass relations at

the GUT scale

3m2
D̃c

i
þ 2m2

L̃i
¼ 4m2

Q̃i
þm2

Ũc
i
¼ 6m2

Q̃i
−m2

Ẽc
i

¼ 2m2
Ẽc
i
þ 3m2

Ũc
i
: ð12Þ

Choosing slepton masses as input parameters, we can
parametrize the squark masses as follows:

m2
Q̃i

¼ 5

6
ðmU

0 Þ2 þ
1

6
m2

Ẽc
i
; ð13Þ

m2
Ũc

i
¼ 5

3
ðmU

0 Þ2 −
2

3
m2

Ẽi
; ð14Þ

m2
D̃c

i
¼ 5

3
ðmU

0 Þ2 −
2

3
m2

L̃i
: ð15Þ

In short, the squark masses can be parametrized by the
slepton masses and the universal scalar mass. If the slepton
masses are much smaller than the universal scalar mass, we
obtain 2m2

Q̃i
∼m2

Ũc
i
∼m2

D̃c
i
.

Moreover, we can calculate the supersymmetry breaking
trilinear soft A terms AU, AD, and AE, respectively, for the
SM fermion Yukawa superpotential terms of the up-type
quarks, down-type quarks, and charged leptons at the GUT
scale [43]

AU ¼ AU
0 þ ð2γU þ γ0UÞAN

0 ; ð16Þ

AD ¼ AU
0 þ 1

6
γDAN

0 ; ð17Þ

AE ¼ AU
0 þ γDAN

0 ; ð18Þ

where γU, γ0U, and γD are coupling constants, and AU
0 and

AN
0 are the corresponding trilinear soft A terms related to the

universal and nonuniversal parts, respectively. Therefore,
AU, AD, and AE can be free parameters, in general, in the
GmSUGRA.
In short, we can parametrize the generic supersymmetry

breaking soft mass terms at the GUT scale in our simple
GmSUGRA as following: two parameters in the gaugino
masses, three parameters for the squark and slepton soft
masses, three parameters in the trilinear soft A terms, and

two parameters for the Higgs soft masses. The μ and its soft
term Bμ are determined by the MZ and tan β from
electroweak symmetry breaking. Thus, including tan β
we have 11 parameters in the most general case. Since
we assume AU ¼ AD, we have ten input parameters.
As shown in Ref. [39] and can also be seen in this study

for the electroweak supersymmetry in GmSUGRA: the
squarks and/or gluinos are heavy around a few TeV, while
the sleptons, binos, and winos are light and within 1 TeV.
The Higgsinos (or μ term) can be either heavy or light.
Thus, both the gaugino massesM1 andM2 and the slepton/
sneutrino soft masses are smaller than or around 1 TeV.

III. SCANNING PROCESS

In order to carry out random scans over the parameter
space described below, we make use of the ISAJET 7.84

software package. Through the use of the Minimal
Supersymmetric Standard Model (MSSM) renormalization
group equations in the DR regularization scheme, the weak
scale values of the gauge and third generation Yukawa
couplings are evolved in this package to the value MGUT.
We do not strictly enforce the unification condition g3 ¼
g1 ¼ g2 at MGUT since a few percent departure from
unification may be allocated to the unknown GUT scale
threshold corrections. All of the soft susy breaking param-
eters (SSB) parameters, together with the gauge and
Yukawa couplings, are evolved back to the weak scale
MZ when the boundary conditions are specified as MGUT.
See [85] for more details on the workings of ISAJET.
Using parameters given in Sec. II, we perform the

random scans for the following parameter ranges:

100 ≤ mU
0 ≤ 5000 GeV;

80 ≤ M1 ≤ 400 GeV;

600 ≤ M2 ≤ 1200 GeV;

600 ≤ mL̃ ≤ 1200 GeV;

100 ≤ mẼc ≤ 350 GeV;

100 ≤ mH̃u;d
≤ 5000 GeV;

−6000 ≤ AU ¼ AD ≤ 6000 GeV;

−600 ≤ AE ≤ 600 GeV;

2 ≤ tan β ≤ 60: ð19Þ

We have also considered μ ≥ 0 and used mt ¼ 173.3 GeV.
All the data gathered are Radiative Electroweak Symmetry
Breaking (REWSB) compatible, with the neutralino
serving as the LSP. To properly interpret the results, we
need the following constraints (motivated by the LEP2
experiment) on sparticle masses.
LEP constraints: We impose the bounds that the

LEP2 experiments set on charged sparticle masses
(≳100 GeV) [86].
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Higgs boson mass: The experimental combination for
the Higgs mass reported by the ATLAS and CMS
Collaborations is [87]

mh ¼ 125.09� 0.21ðstatÞ � 0.11ðsystÞ GeV: ð20Þ
Because of the theoretical uncertainty in the Higgs mass
calculations in the MSSM—see, e.g., [88,89]—we apply
the constraint from the Higgs boson mass to our results as

122 ≤ mh ≤ 128 GeV: ð21Þ
Rare B-meson decays: Since the SM predictions are in

good agreement with the experimental results for the rare
decays of B mesons such as the Bs → μþμ−, Bs → Xsγ,
where Xs is an appropriate state including a strange quark,
the results of our analyses are required to be consistent with
the measurements for such processes. Thus, we employ the
following constraints from B physics [90,91]:

1.6 × 10−9 ≤ BRðBs → μþμ−Þ ≤ 4.2 × 10−9; ð22Þ

2.99 × 10−4 ≤ BRðb → sγÞ ≤ 3.87 × 10−4; ð23Þ

0.70 × 10−4 ≤ BRðBu → τντÞ ≤ 1.5 × 10−4: ð24Þ

Current LHC searches: Based on [92–97], we consider
the following constraints on gluino and first/second gen-
eration squark masses

mg̃ ≳ 2.2; mq̃ ≳ 2; mt̃1 ≳ 1.2 TeV: ð25Þ
DM searches and relic density: We apply the following

limit for the neutralino relic density in order to facilitate the
discussion on the phenomenology of the axino DM in our
scenario:

Ωχ̃0
1
h2 ≳ 0.126: ð26Þ

IV. SCANS RESULTS

In this section we show results of our scans only for the
relevant parameters. In Fig. 1, the plot in the left panel
shows neutralino relic density (Ωχ̃0

1
h2) as a function of

NLSP neutralino mass. Here we have made sure that
Ωχ̃0

1
h2 ≳ 0.126 (greater than the Planck2018 5σ bounds).

It is evident from the plot that in our scans Ωχ̃0
1
h2 can be as

large as 1000, whilemχ̃0
1
is between 20 and 170 GeV. In the

right panel, we show the plot in the mχ̃0
1
–mã plane. As we

stated above, in this study we consider nonthermally
produced axinos that dominate the dark matter relic density.
In that case, we assume the case in which the NLSP
neutralino decays to the LSP axino and a photon such that
ΩNTP

ã h2 ≈ 0.11. Thus, in such a scenario we calculate axino

mass as mã ≈
ΩNTP

ã h2

Ω
χ̃0
1

h2 mχ̃0
1
[77]. We see that, in our scans,

axino mass can be very light, but can be as heavy as
90 GeV. We then use the mχ̃0

1
and mã to calculate the width

Γðχ̃01 → ãγÞ as shown in the next section.

V. LONG-LIVED AXINO SEARCHES AT THE LHC

As the LSP, the axino can be produced by the decay of
the unstable NLSP, the lightest neutralino. The width
Γðχ̃01 → ãγÞ has been calculated in Refs. [72,77] and is
given by

Γðχ̃01 → ãγÞ ¼ α2emC2
aYYv

ð1Þ2
4

128π3cos2θW

m3
χ̃0
1

ðfa=NÞ2
�
1 −

m2
ã

m2
χ̃0
1

�
; ð27Þ

where vð1Þ4 denotes the bino fraction of neutralino of χ̃01,N is
the model-dependent anomaly factor of order Oð1Þ, and
CaYY (e.g., CaYY ¼ 8=3 in the DFSZ model) is a model-
dependent coupling factor. In the following text, without
loss of generality, we consider the DFSZ model as an

FIG. 1. Plots in mχ̃0
1
− Ωχ̃0

1
h2 (left) and mχ̃0

1
–mã planes. All the points satisfy REWSB bounds, particle mass bounds, B-physics

bounds, and Ωχ̃0
1
≳ 0.126 as described in Sec. IV.
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example. One can check the average decay length of the
lightest neutralino lies within 1 m when fa=N ≲ 107 GeV.
However, even if the fa=N ∼ 108 and 109 GeV, there still
exists the possibility that the lightest neutralinos decay
within the electromagnetic calorimeter (ECAL) and thus is
able to be detected. On the other hand, in the case of
fa=N ≳ 108 and 109 GeV, events would be more likely to
escape from the current constraints of LHC. Hence, the
parameter space with fa=N ∼ 108 and 109 GeV is essential
in searching for the long-lived neutralino signal. In fact, our
simulation has shown the parameter region with fa=N ≲
107 GeV has been excluded by the LHC searches. In Fig. 2,
we plot the χ̃01 lifetime in seconds versusmχ̃0

1
for six choices

of fa=N and taking CaYY ¼ 8=3 in the DFSZ model.
The NLSP decay length depends on the PQ symmetry

breaking scale fa and then provides important information
about the Uð1Þ symmetry breaking mechanism. The very
weak coupling of the NLSP to the axino could lead to the
displaced vertices (DVs) of the NLSP. In this case, photons
are generated in the point of DVs, and they reach the ECAL
up to Oð1Þ ns later than particles generated in the primary
vertex. Thus, measuring the photon time of arrival delay
with respect to a photon produced at the primary vertex and
traveling at the speed of light helps to discriminate between
signal and background. Since the best time resolution for
the ECAL is measured to be between 70 and 100 ps [98],
the ECAL is able to detect the delayed arrived photons.
In our model, at the LHC, the axino can be generated by

the cascade decay of the right-handed (RH) sleptons, and
the concomitant decay product, the photon, is able to be
distinguished by the ECAL due to the delayed arrival time.
At the HL-LHC, a characteristic signal process associ-

ated with the generation of the long-lived neutralino is
pp → l̃−Rl̃

þ
R → lþR l

−
Rχ̃

0
1χ̃

0
1 with the slepton being an on-shell

particle, see Fig. 3. In the simulation, we generate the signal
process and calculate the possibility for the NLSP χ̃01 to
decay inside the ECAL.
The geometrical acceptance probability for the LSP with

a decay length d as it traverses the detector is given by

p ¼ 1

4π

Z
ΔΩ

dΩ
Z

L2

L1

1

d
e−L=d; ð28Þ

where L1 and L2 are the distances between the interaction
point to the point where the long-lived particle (LLP) enters
and exits the decay volume, andΔΩ is the solid angle of the
active detector volume [99,100]. In our simulation, L1 is
chosen to be the interaction point, L2 is the point for χ̃01 to
exit the ECAL, and ΔΩ is the solid angle covered by the
ECAL barrel.
As for the photons, they can be detected by the barrel

region of the ECAL detector (jηj < 1.444) with its mother
particle pT > 70 GeV labeled as tight photons [98]. On the
other hand, the photons, which can be detected by the
whole region of the ECAL detector (jηj < 2.37) with its
mother particle pT > 50 GeV, are labeled as loose photons
[62]. Both photons are required to be isolated, by requiring

FIG. 2. Lifetimes in seconds of the lightest neutralino versus its
mass for fa=N ¼ 107; 108; 109; 1010; 1011, and 1012 GeV from
the bottom to the top.

FIG. 3. A characteristic signal process associated with the gen-
eration of the long-lived neutralino.

FIG. 4. The RH slepton associated with ã production cross
section at the HL-LHC with the collision energy

ffiffiffi
s

p ¼ 14 TeV
and the integrated luminosity of 3000 fb−1.
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that the transverse energy be deposited in the calorimeter in
a cone of radius ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
¼ 0.4.

The Monte Carlo samples of signal events are generated
by using the MadGraph5 [101] for hard scattering processes,
PYTHIA 8.2 [102] for parton showering and hadronization,
and DELPHES 3 [103] for jet clustering and detector
simulation. We generate signal events with collider colli-
sion energy being 14 TeV and the luminosity set to be
3000 fb−1. In Fig. 4, we plot the axino production cross
section in picobarn versus ml̃R

at the HL-LHC with the
lightest neutralino set to be mχ̃0

1
¼ 50 GeV. Since the

slepton decays to χ̃01 by 100%, the axino production cross
section is independent of mχ̃0

1
at tree level. In addition, the

signal processes with mχ̃0
1
> 500 GeV generate event

number less than Oð1Þ by 3000 fb−1 luminosity and thus
induce a considerable statistical error. Hence, in simulation,
we consider the LSP mass ranging from 50 to 130 GeV in
steps of 10 GeV, and the right-handed slepton mass from
150 to 500 GeV in steps of 20 GeV. The signal events with
two tight photons are selected out. With the above
calculation of LLP decay possibility, we can then estimate

95% CL exclusion limits under the assumption of zero
background in the RH slepton and neutralino mass planes.
As indicated in Eq. (27), the decay length of χ̃01 becomes

larger as the PQ scale fa grows. For larger fa=N, the
neutralino χ̃01 is more likely to decay outside the ECAL. In
Fig. 5, the PQ breaking scale is chosen to be between
fa=N ¼ 8.0 × 108 and 4.0 × 109 GeV. The solid black line
is the expected exclusion limit on the right-handed slepton
searches at the HL-LHC, which is obtained by extrapola-
tion from the left- and right-handed slepton limit at the
LHC [49] to the right-handed slepton limit with 14 TeV,
3000 fb−1. Points under the line are excluded. Each point
requires a complete simulation, discussed in Sec. V.
Searching for the long-lived neutralino improves the
right-handed slepton detection efficiency significantly.
For fa=N ∼ 109 GeV, the l�R is excluded around
800 GeV and the χ̃01 excluded up to about 600 GeV at
95% CL. As we pointed out above, we consider the DFSZ
model as an example. For the KSVZ model with C0

aYY ≠ 8
3
,

the lower limit on fa=N will be rescaled by a factor of

vð1Þ4 C0
aYY=CaYY .

FIG. 5. The signal significance for the axino ã to be detected by the ECAL.
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Before concluding our paper we also display five bench-
mark points inTable I as examples of binoNLSP. Points 1 and
2 represent a scenario forfa ¼ 108 GeV.Herewe see that the
bino NLSP lifetime is on the order of 10−8 and 10−9 s,
respectively. This means that the bino NLSP will decay just
beyond or within the ECAL. In rest of the benchmark points,
the bino NLSP will decay well beyond the ECAL.

VI. CONCLUSION

The supersymmetric PQ models, which solve the
strong CP problem and provide viable DM candidates
simultaneously, are also compelling from the collider phe-
nomenological point of view. On the one hand, the inclusion
of the axino LSP provides a natural solution to the density
problem for the binolike lightest neutralino. On the other
hand, the axino is hard to be produced directly by the SM

particle collision due to the coupling suppression 1=fa, and
the axino is, therefore, usually produced via the SUSY
particle decays at colliders. If the axion coupling lies between
109–10 GeV≲ fa ≲ 1012, the lightest neutralinomay become
a long-lived particle and hence provide a unique signal with
very clean background at hadron colliders. However, the
analysis scheme to search for production of the axino LSP via
light slepton decay at hadron colliders is inadequately
investigated, whose final states include hard leptons, dis-
placed photons, and large missing energy. The lack of hard
jetsmakes the displaced vertex difficult to be reconstructed. In
this paper, we concentrated on the scenario where the slepton
is a fewhundredGeVand thebinolike lightest neutralinomass
is under or around 100 GeV, as well as proposed a new
analysis method to search for the signal of the long-lived
neutralino. In the analyses, we considered theDFSZmodel as
an example and calculated the possibility that the binolike

TABLE I. The PQ symmetry breaking scales (fa), decay width (Γ), sparticle and Higgs masses in GeV, as well as lifetimes (LT)
in seconds.

Point 1 Point 2 Point 3 Point 4 Point 5

mU
0

1927 1285 2496 2111 1502
M1 116.1 238.5 153.9 186.9 220.3
M2 −814.6 −635.5 −1148 −1014 −872.9
M3 1512.1 1549.5 2106.8 1988.2 1860.1
mEc ;mL 292.6, 1121 154.1, 883.8 114.8, 670.5 207.5, 1041 294.9, 713.2
mQ 1763.2 1174.7 2279 1928.9 1376.4
mUc 2476.2 1654.1 3221 2720 1924.1
mDc 2487.7 1658.9 3222.3 2725.3 1939.1
mHu

; mHd
1025, 1286 183.7, 1442 2653, 1551 2325, 1566 3807, 3069

At ¼ Ab; Aτ −5974, 61.96 −5944;−365.3 −2459;−126.8 −5380, 260.7 −2787, 559.5
tan β 6.77 44.1 41.7 11.8 22

mh 123 125 122 122 125
mH 3437 2133 3414 3839 4096
mA 3415 2120 3392 3814 4069
mH� 3438 2135 3415 3840 4097

mχ̃0
1;2

44, 725 98, 569 55, 1015 71, 905 87, 775

mχ̃0
3;4

3234, −3234 2895, 2896 −3009, 3010 3101, 3101 2108, 2108

mχ̃�
1;2

729, 3247 571, 2900 1017, 3009 910, 3106 779, 2113

mg̃ 3320 3344 4517 4262 3966

mũL;R 3349, 3685 3125, 3297 4481, 4903 4129, 4448 3852, 3701
mt̃1;2 2230, 2705 1781, 2226 3786, 4028 3324, 3617 2212, 2877

md̃L;R
3450, 3773 3127, 3335 4481, 5013 4130, 4550 3701, 3940

mb̃1;2
2672, 3730 2174, 2837 3828, 4700 3579, 4487 2870, 3708

mν̃1 1098 907 645 1021 700
mν̃3 1096 924 391 1006 549

mẽL;R 1106, 816 914, 492 635, 1032 1029 724, 810
mτ̃1;2 814, 1102 454, 947 240, 740 900, 1020 485, 616

fa 108 108 109 1010 1011

mã 0.055 1.995 1.993 0.09 0.652
Ωχ̃h2 86.855 5.38 3.044 87.25 14.69
Γðχ̃01 → ãγÞ 2.22 × 10−17 2.49 × 10−16 4.46 × 10−19 9.65 × 10−21 1.8 × 10−22

LT 2.97 × 10−8 2.65 × 10−9 1.47 × 10−6 6.82 × 10−5 3.74 × 10−3
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NLSP decays inside the ECAL, assuming zero background.
We found that, for fa=N ∼ 109 GeV, the right-handed
slepton l�R can be excluded around 200 GeV, and the binolike
lightest neutralino χ̃10 can excluded up to about 80GeVwithin
2σ deviation.
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