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The prospects are examined for the detection of a slow decay of the lightest neutralino ~or any other
long-lived particles! at the CERN LHC and at the Very Large Hadron Collider ~VLHC!. We first point out that
such hadron colliders will become the ‘‘neutralino factory’’ producing 106– 109 neutralinos/yr, if gluinos
and/or squarks actually exist below O(1) TeV. The lightest neutralino ( x̃ 1

0), usually assumed to be stable, will
be unstable if lighter superparticles such as the gravitino (G̃) or axino ( ã ) exist, or R-parity is not conserved.
The decay signal would, however, be missed in usual collider experiments, particularly when the decay mostly
occurs outside the detector. In order to search for such a slow decay of x̃ 1

0, we propose a dedicated experiment
where the collision products are dumped by a thick shield, which is followed by a long decay tunnel. The decay
product of x̃ 1

0 can be detected by a detector located at the end of the tunnel. The slow arrival time and the large
off angle ~to the direction of the interaction point! of the decay product will provide a clear signature of slowly
decaying x̃ 1

0’s. One can explore the decay length (ct) in a wide range, i.e., 0.2 m to 13105 km for
m x̃1

0525 GeV and 1 m to 2 km for m x̃1
05200 GeV at the LHC. This corresponds to the range of the SUSY

breaking scale AF523105 to 23107 GeV in case of the x̃ 1
0!gG̃ decay predicted in gauge-mediated SUSY

breaking models. At VLHC, one can extend the explorable range of m x̃1
0 up to ;1000 GeV, and that of AF up

to ;13108 GeV. In the case of the x̃ 1
0!g ã decay, the Peccei-Quinn symmetry breaking scale Fa can be

explored up to ;531011 GeV. The mass of the decaying particle can be determined by using the correlation
between the energy and the arrival time of the decay product. With the setup we propose, one can also search
for ~i! other decay modes of x̃ 1

0 such as the R-parity violating one, ~ii! slow decays of any other long-lived
neutral or charged particles, and ~iii! heavy stable charged particles. @S0556-2821~98!02501-6#

PACS number~s!: 14.80.Ly, 12.60.Jv, 29.90.1r

I. INTRODUCTION

The search for supersymmetric particles is now an inte-
gral part of all current, as well as future, experimental pro-
grams at high-energy colliders. Aside from the many attrac-
tive features of supersymmetry ~SUSY! @1#, the driving force
for these searches comes from the recognition that weak-
scale SUSY, which is introduced to solve the gauge hierar-
chy problem, requires that the SUSY partners of the standard
model ~SM! particles must be accessible to experiments that
probe the TeV energy scale. If this is the case, a large num-
ber of gluinos and squarks will be produced at future hadron
colliders such as the CERN Large Hadron Collider ~LHC!
~operated at As514 TeV with luminosity L51034
cm22 s21! and the Very Large Hadron Collider ~VLHC; op-
erated at As5100–200 TeV with L51034– 1035 cm22 s21!.
Once produced, gluinos and squarks will subsequently decay
to the lightest neutralino ( x̃ 1

0). This means that such hadron
colliders will become a ‘‘neutralino factory,’’ which is ca-
pable of producing up to 109 x̃ 1

0’s per year.
The x̃ 1

0 is usually assumed to be the lightest supersym-
metric particle ~LSP! and thus stable if R-parity is conserved.

It will then escape the detector, resulting in the famous miss-
ing energy signature for SUSY @2#. However, the x̃ 1

0 might
not be altogether stable: If there exists another superparticle
lighter than x̃ 1

0, such as the gravitino (G̃) or axino ( ã ), the
x̃ 1
0 will decay into, e.g., gG̃ @3# or g ã @4#. Such a light
gravitino naturally exists in gauge-mediated SUSY breaking
~GMSB! models @5–12# as well as in a class of no-scale
supergravity ~SUGRA! models @13#. A light axino can also
exist in SUGRA models with Peccei-Quinn ~PQ! symmetry
@14#. As another possibility, the violation of R-parity leads to
the unstable x̃ 1

0 even if it is the LSP. The x̃ 1
0 will then decay

into such modes as q q̄ 8l6, q q̄ n and gn @15#.
If the x̃ 1

0 decay takes place inside the detector, the result-
ant event topology would be very different from that in case
of the stable x̃ 1

0. The experimental signatures have recently
been studied for the x̃ 1

0 decay into gG̃ @16–25# and g ã @26#,
motivated by the single eegg1E” T event observed in the
Collider Detector at Fermilab ~CDF! experiment at the Teva-
tron @27#. For the CDF event interpreted as the signal of the
x̃ 1
0 decay, the inferred decay length ct is much below 1 m.
However, subsequent reports on the diphoton E” T distribution
observed in the CDF @28# and D0” @29# experiments, as well
as the analysis of the CERN e1e2 collider LEP data at
As5161 GeV @30#, do not give any further evidence for the
x̃ 1
0 decay into photon~s! with such short ct . Therefore, the
possibility is still open for the x̃ 1

0 decay into gG̃ or g ã
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AF5106 and 107 GeV, respectively. Note that the gravitino
heavier than O(1) keV overcloses the Universe in the stan-
dard cosmology. Such a heavy gravitino, however, is still
allowed to be the dark matter if the reheating temperature
after the inflation is low enough @8,40#.
The longitudinal component of the gravitino, i.e., the

Goldstino, couples to matter with weak ~not gravitational!
interaction strength proportional to F21. Through this cou-
pling, the x̃ 1

0 will decay to a photon and a gravitino with a
partial width of @3#

G~ x̃ 1
0!gG̃ !5

k1gm x̃1
0
5

16pF2 , ~2!

where k1g is the square of the photino admixture of the x̃ 1
0.

If the x̃ 1
0 is a pure B-ino, k1g5cos2 uW.0.77. This partial

width is most likely to be the dominant one if the x̃ 1
0 is the

next-to-lightest supersymmetric particle ~NLSP! with not too
small k1g , resulting in the decay length

ct[
\c
G

580k1g
21S m x̃1

0

100 GeVD 25S AF
33106 GeVD 4 m.

~3!

For AF*33106 GeV and m x̃1
0&100 GeV, this decay length

is much longer than a typical detector size, leading that most
of the decays will occur outside the detector. It has recently
been pointed out @1,8# that such large AF (*107 GeV) is
expected in original GMSB models @5#. In addition, other
GMSB models @9–11# tend to predict that SUSY breaking
occurs at relatively high (*106 GeV) energies, although
AF5105– 106 GeV can naturally fit in with a very recent
model @12#. Equation ~3! also indicates that the measurement
of both m x̃1

0 and ct will give direct information on AF .

B. The decay into an axino

The Peccei-Quinn ~PQ! symmetry was introduced to
solve the strong CP problem @41#. This symmetry should be
explicitly broken, leading to a light pseudoscalar, the axion
(a), whose mass is related to the PQ symmetry breaking
scale Fa by

ma56.231023S Fa /N
109 GeVD 21

eV, ~4!

where N is the QCD anomaly factor of the PQ symmetry.
The axion is one of good candidates for dark matter owing to
its feeble interaction with matter. The allowed range of Fa is
confined to 109– 1012 GeV @31,32# from laboratory experi-
ments as well as from astrophysical and cosmological con-
siderations.
If both the PQ symmetry and SUSY hold in nature, there

should exist the fermionic superpartner of the axion, the
axino ( ã ). The axino can remain light even after the SUSY
breaking in SUGRA models @14#. In particular, the axino
with mass ;O(1) keV could serve as warm dark matter @42#
as is the case for the gravitino.

If such a light axino exists, the x̃ 1
0 can decay into g ã . In

case of the x̃ 1
0 being a pure B-ino, the decay width can be

written as @26#

G~ x̃ 1
0!g ã !5

25aem
2

1152p3 cos2 uW

m x̃1
0
3

~Fa /N !2
, ~5!

which corresponds to the decay length

ct53.6S m x̃1
0

100 GeVD 23S Fa /N
109 GeVD 2 km. ~6!

The lower limit on the PQ symmetry breaking scale,
Fa*109 GeV, implies ct*10 km for m x̃1

0&60 GeV.

IV. STRATEGY OF THE NEUTRALINO DECAY SEARCH

A. Dedicated experiment

We propose a completely new type of collider experi-
ment, denoted as ‘‘collision dump experiment,’’ whose con-
cept is schematically shown in Fig. 3. Gluinos and squarks
~and possibly gauginos! are produced in pp collisions at the
interaction point and promptly decay into x̃ 1

0’s. The x̃ 1
0’s

then enter the decay tunnel after going through a thick shield,
by which most of the collision products are dumped. If the
x̃ 1
0 decays in the tunnel to a photon and a light invisible
particle, the decay photon will reach the end of the tunnel
and enter a shower detector which has a spherical front face,
and initiate the electromagnetic shower. The incident posi-
tion, angle, and energy of the photon, as well as the arrival
time relative to the RF clock of the accelerator, are measured
by the detector.
As a simple example, we consider here a hermitic iron

shield of 10 m thickness, and take the tunnel length to be
L541.6 m, although a much longer tunnel is certainly pos-
sible. The acceptance of the tunnel is taken to be
u525°610° and an elevation angle of 610°.

FIG. 3. Schematic view of the setup. The lightest neutralino
( x̃ 1

0) is produced in pp collisions, goes through the iron shield, and
decays in the tunnel to a photon ~g! plus a light invisible particle.
The decay photon will then enter the shower detector, and be de-
tected. An ‘‘active’’ 4p-shield consisting of segmented calorim-
eters, magnetized iron plates and the muon trackers can also be used
instead of the bulk iron shield around the interaction point.
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Introduction (2/2)
●There is no clear evidence of new physics to date (but for some anomalies). 
●Therefore it is important to search any possibility of BSM using existing 
experimental setups. 

‣ Displaced vertex/long-lived particles search in ATLAS/CMS, FCC. 

‣ LHC + X facilities (Codex-b, MATHUSLA, MilliQan, SHiP, FASER) 

‣ Long-lived particles search in KOTO. 

‣ Dark sector search in Belle2 (B2TiP). 

‣ …… 

‣ MEG can do the similar thing! 

●We have started studying a search for μ+→e+X, X→γγ using the MEG full 
datasets.
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MC

μ+→e+X
X→γγ

Liquid Xe γ detector 

2.  decay                                        Mitsutaka Nakao ★ Page:      /42μ+ → e+X, X → γγ

Signal & Background
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γμ+e+

γ
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Background 
●one of γ is accidental 

●e+ is accidental 

●e+, γ, and γ is accidental 

●physics backgrounds are negligible
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