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Particles at the TeV scale with lifetimes of a year or longer could have been abundantly produced at the
LHC yet escaped detection because of backgrounds, and could still be trapped within detector materials.
With gluinos in split supersymmetry as a working example, we show that these trapped particles can be
recovered from detector materials once prepared in liquid form, for example, by melting silicon detectors,
extracting liquid argon from the electromagnetic calorimeter, or constructing a large water pool near
ATLAS or CMS. These liquid samples can then be processed using iterative centrifugation followed by
mass spectrometry, enabling single-particle sensitivity in macroscopic samples. This method can
potentially discover gluinos up to 3 TeV in mass at the HL-LHC. It can also improve upon existing
limits for other long-lived particles. For example, it can discover the stop up to 2 TeV, and will also be
sensitive to integer-charged particles in the TeV range.
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I. INTRODUCTION

Long-lived particles (LLPs) arise naturally in many
theories beyond the standard model (SM). Their long
lifetimes could result from large mediator masses, small
couplings to their decay products, suppressed phase space
due to nearly degenerate mass spectra, or exact symmetries
that render them stable. Various models predict the exist-
ence of LLPs at the TeV scale, and the exciting prospect of
producing them at the Large Hadron Collider (LHC) has
driven substantial work to extend the LHC’s sensitivity to
macroscopic decay length, τ ≫ 1 μm ∼ 1 fs [1–6].
LLPs can be classified by whether they decay on collider

timescales. Particles with lifetimes τ < 1 ns may produce
displaced vertices, prompting dedicated searches by
ATLAS, CMS, and LHCb [7–17]. The proposed
MATHUSLA detector could extend lifetime sensitivity
to τ ∼ 0.1 s [3,18]. For much longer lifetimes, τ ≫ 0.1 s,

decay-based signatures become increasingly suppressed,
vanishing altogether for stable particles. In such cases, if
these stable (or quasistable) particles are charged or
hadronize into charged states, they are referred to as heavy
stable charged particles (HSCPs).
Such HSCPs could be identified through their anoma-

lously large ionization energy losses (dE=dx) in the silicon
trackers in ATLAS and CMS [19–21]. This method relies
on the fact that HSCPs are typically produced with lower
velocities than standard model particles and consequently
have higher dE=dx, according to the Bethe-Bloch equation.
By reconstructing dE=dx profiles from the measured
charge deposition along tracks with high transverse
momentum in the silicon pixel detectors, and cross-check-
ing with other time-of-flight observables, the experiments
could identify an excess of events consistent with slow,
heavy particles beyond the expected standard model back-
ground [22].
Despite setting the most stringent constraints on much of

HSCPs parameter space, the dE=dx method is limited
by backgrounds due to pile-up. Particles originating
from simultaneous proton-proton (pp) collisions may
produce overlapping detector hits, which degrade track
reconstruction and increase the rate of false-positive tracks
[23]. In ATLAS Run 2, the mean pile-up, defined as the
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number of simultaneous pp collisions per bunch crossing,
was hμi ¼ 34 [19,20].
Furthermore, this problem may be exacerbated at the

High-Luminosity LHC (HL-LHC), which aims to achieve
an integrated luminosity of Lint ¼ 3000 fb−1, roughly 20–
30 times the Run 2 value. This higher luminosity will
proportionally enhance the expected number of signal
events; at the same time, the pile-up is expected to rise
to hμi ¼ 200 [24–26]. It is currently unknown how much
the dE=dx search can improve with increased pile-up. As
the HL-LHC era approaches, it is important to develop new
strategies that maximize the discovery potential afforded by
the higher luminosity while mitigating the accompanying
rise in background noise [27].
In this context, we introduce a new class of background-

free signals of HSCPs that can fully take advantage of the
luminosity reach of the HL-LHC: the recovery of trapped
particles in detector material. As HSCPs traverse detector
components, they lose kinetic energy through ionization
and eventually come to rest, provided their initial velocities
are sufficiently low. Their electric or color charges then
cause them to bind to atomic nuclei or electrons, forming
anomalously heavy atoms. Searches for decays of such
stopped particles have been carried out in ATLAS [28,29],
but, again, these strategies are not sensitive to lifetimes
much longer than a year. For this regime, an irreducible
signal of interest here is the presence of a tiny concentration
of such heavy atoms embedded within the detector
material. Since all normal atoms are much lighter than
the TeV scale, this enables a background-free search.
We propose a precision measurement experiment to

search for such heavy atoms. Our method requires the
detector material to be first converted into liquid form after
the full run of the collider. The liquid sample will then be
placed in a high-speed centrifuge, which separates com-
ponents of the liquid by density through centrifugation.
Iterative application of centrifugation, retaining only the
heaviest portion at each step, rapidly reduces the liquid
volume. The resulting highly enriched, microliter-scale
sample can then be analyzed using mass spectrometry to
identify trace concentrations of heavy particles. With state-
of-the-art instrumentation, this procedure is, in principle,
sensitive to a single anomalously heavy atom in the original
sample.
Although the ideas introduced here apply to any region

surrounding an interaction point, such as ATLAS, CMS, or
even future hadron colliders, here we focus on ATLAS and
consider three target materials within or near it. First, the
silicon detectors [30,31], located closest to the collision
point and subject to the highest exposure, are periodically
replaced due to radiation damage [32]. These retired
detectors could be melted and chemically converted into
a liquid before undergoing our analysis. Second, the
electromagnetic (EM) calorimeter [33] contains a large
volume of liquid argon, conveniently already in liquid

phase, which could be extracted during detector upgrades
or at the end of the detector’s operational lifetime. For our
purposes, these are passive detectors, requiring no active
monitoring instrumentation, much like the MoEDAL
experiment [2], and are already collecting possible
HSCPs during LHC operations, without requiring new
infrastructure.
We also consider a more ambitious target: a hypothetical,

custom-built volume of water placed outside ATLAS,
which has the advantage of a much larger target volume.
While it requires some investment in infrastructure, the cost
is almost entirely limited to excavation, with no ongoing
maintenance required.
Similar “heavy isotope” searches in terrestrial materials

were conducted in the past [34–50] and reviewed in
Refs. [51–53]. Those studies targeted, among others,
HSCPs hypothesized to originate as early universe relics,
which persist in small abundances within ordinary terres-
trial matter such as seawater. This work pursues a variation
of that research program, with the production mechanism
instead being the pp collisions at the LHC, which have
lower energy reach than cosmological processes but whose
occurrence is certain and localized.1 Notably, the use of
centrifuges to enrich seawater as a means to search for
heavy particles was performed in Refs. [45,46], and the
time-of-flight mass spectrometry procedure we outline here
is based on the experiment conducted in Refs. [38,39].
We study the potential physics reach of our method by

focusing on the long-lived gluino in split supersymmetry as
our benchmark particle, reviewed in Sec. II. Section III
details our simulation of gluino production and its sub-
sequent stopping in the LHC. The proposed search for
heavy particles in liquid samples is described in Sec. IV,
and the projected reach for gluino detection is presented
in Sec. V.

II. LONG-LIVED GLUINO

In this paper, we focus on the long-lived gluino in split
supersymmetry (SUSY) [54–56] as a well-motivated HSCP
benchmark, though our experimental technique applies
more generally. In split SUSY, the Higgs mass is fine-
tuned, and the SUSY-breaking scale is essentially a free
parameter assumed to be far above the weak scale,
mS ≫ 1 TeV, driving up the masses of all scalar sparticles.
The gauginos and Higgsinos remain at the TeV scale,
motivated by gauge coupling unification [57–63] and
the identification of the lightest neutralino, stabilized by
R-parity, as a candidate for the weakly interacting massive
particle (WIMP) dark matter [64–68].

1In the review Ref. [53], it was mentioned that “Somewhat
surprisingly, no searches have been made for electrically charged
[stable massive particles] trapped in matter at high-energy
colliders.”
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In this model, the gluino (g̃) is the only new TeV-scale
colored particle and hence the only sparticle copiously
produced at the LHC. A distinctive feature of split SUSY
is the longevity of the gluino [54]. Due to R-parity, it must
decay through a virtual squark exchange [69], and its lifetime
is thus suppressed by the large squark masses at scale mS,

τg̃ ¼ 0.4 year

�
1

N

��
mS

1011 GeV

�
4
�
2 TeV
mg̃

�
5

; ð1Þ

where N is an order-one function [70]. Due to the steep
scaling in this formula, the gluino lifetime could easily range
from collider to cosmological timescales.
The current limit on stable or long-lived gluino mass,

mg̃ > 2.20 TeV, is set by the ATLAS dE=dx search [19].
However, gluino masses as high as 3 TeV would be
produced in significant numbers (∼60 pairs at the HL-
LHC). We thus focus on the mass rangemg̃ ¼ 2–3 TeV and
lifetimes longer than roughly a year, corresponding to
probing a SUSY-breaking scale of approximately
mS > 1011 GeV. In the model with minimal field contents
[71,72], the observed Higgs mass favors a smaller mS, but
this need not be the case for more generic models [54].
For mg̃ ¼ 2–3 TeV explored here, gluino lifetimes

shorter than 3 × 104 years or longer than 1015 years are
consistent2,3 with cosmological constraints [76]. Note that
if the reheating temperature was below ∼TeV [77], gluinos
would not have been produced, and these cosmological
limits would not apply at all [54].
The gluino lifetime can be longer than the age of the

universe because the null results of the heavy isotope
searches [34–50] cannot be interpreted as limits on gluino
lifetime, as also pointed out in Ref. [78]. While these
searches offered promising discovery potential, setting an
actual bound on the gluino lifetime would require a detailed
model of how gluinos are mixed with normal matter and
transported throughout cosmological, galactic, Solar
System, and planetary evolution to end up in terrestrial
matter. Any claim of a limit is therefore premature until
such modeling becomes possible; even then, it remains
subject to the reheating temperature caveat. These consid-
erations reveal a viable region of gluino parameter space
that can be probed by the method introduced in this work.

III. TRAPPING GLUINOS AT THE LHC

A. Gluino production

We simulated gluino pair production, pp → g̃ g̃, at the
LHC with a center-of-mass energy of

ffiffiffi
s

p ¼ 13.6 TeV [79],

at tree level. The simulation used the MadGraph5_aMC
event generator with the MSSM_SLHA2 model in the
decoupled-squark limit [80,81]. For each gluino mass in
the range mg̃ ¼ 2–3 TeV, varied in steps of 100 GeV, we
generated 5 × 105 events, corresponding to 106 produced
gluinos. The simulation provides the shapes of the gluino
momentum distributions but we take the total production
cross section from Refs. [82,83].
Gluinos with low lab-frame velocity, vlab ≲ 0.1, are of

particular interest because they can stop in detector
material. Because vlab correlates with the center-of-mass
(CM) velocity vCM, our result is sensitive to the production
cross section for gluino pairs with low vCM. This cross
section is enhanced by resumming Sommerfeld ladder
diagrams arising from virtual gluons exchange in the final
state [84–86]. The Sommerfeld enhancement factor is

ESðvCMÞ ¼
Cπαs
vCM

�
1 − exp

�
−
Cπαs
vCM

��
−1
; ð2Þ

where vCM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

g̃=ŝ
q

[87] with ŝ the partonic

Mandelstam variable. We provide further details on this
formula and its numerical treatment in Appendix A.
Soft gluon emission also generates a threshold enhance-

ment, a low velocity effect that scales as αs log2ðv2CMÞ at
next-to-leading order (NLO) [88]. Resumming these log-
arithms is more involved and is usually not carried out in
position space [89], so we conservatively omit them here.4

However, we checked that the NLO correction incorporat-
ing both soft gluon emission and virtual gluon exchange is
subdominant to the Sommerfeld resummation considered
here [90].
We modified the simulated gluino distributions from

MadGraph5 to account for Sommerfeld enhancement. For a
population of Nsim simulated gluinos with a normalized
velocity distribution fðvCMÞ, we define the augmented
number N̄sim and the integrated enhancement factor
ES½f� by

N̄sim ≡ Nsim ×
Z

1

0

dvCMESðvCMÞfðvCMÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
≡ES½f�

: ð3Þ

As shown in Fig. 1, the distribution of 3 TeV gluinos is
enhanced predominantly in the low velocity region. With
the additional cut vlab < 0.1, roughly the population that
would stop in the detector, the enhancement increases by a
factor ES½fvlab<0.1�=ES½f� ≈ 2.
The kinetic energy distribution in the mg̃ ¼ 2–3 TeV

mass rangewas found to be independent of the gluino mass,
with a peak at E −mg̃ ≈ 140 GeV, as shown in Fig. 2. The

2An earlier treatment [73] neglected nonperturbative postcon-
finement annihilation and therefore overestimated the gluino relic
density.

3TeV-scale leptons with lifetimes in the 10–100 year range are
constrained by the CMB [74,75]; a similar bound might apply to
the gluino.

4However, the total cross section considered here does include
threshold resummation [82,83].
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peak velocity is about vlab ∼ 0.4–0.5, in the semirelativistic
regime. Parton showers after production may further slow
the gluinos, potentially increasing the stopping fraction
and improve our results; we conservatively neglect this
effect [91].

B. Hadronization and charge oscillation

Upon production, gluinos bind with gluons or light
quarks to form color-singlet hadrons (R-hadrons). These
states span a range of isospin multiplets, approximately half
of which are electrically charged (�e) and half neutral [28];
we conservatively neglect the possibility of a doubly
charged R-baryon state (g̃uuu).
As R-hadrons traverse detector materials, they undergo

nuclear collisions about once every nuclear interaction
length λint (typical values: λint ¼ 47 cm for silicon and
λint ¼ 18 cm for lead) [92]. These interactions have min-
imal effect on their momenta but can alter their quark
contents, inducing transitions between charged and neutral
states. Consequently, an R-hadron spends roughly half of
its time in a charged state while propagating through matter.
An R-hadron loses energy via ionization and

atomic excitation while charged [28,93]. For simplicity,

we approximate the stopping power experienced by the
R-hadron as half that of a charged particle. Although
the mass spectrum of R-hadrons is difficult to calculate
from first principles, Ref. [28] enumerates possible
hierarchies and argues that this average charge fraction
is largely insensitive to the specific spectrum. We also
conservatively neglect the possibility that, before stop-
ping, an R-hadron binds to a nucleus and forms a
multiply charged state, which would only increase its
stopping power.
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FIG. 1. (a) Velocity distribution fðvCMÞ of a 3 TeV gluino in
the CM frame and its Sommerfeld-enhanced distribution
ESðvCMÞfðvCMÞ, in arbitrary units (a.u.). (b) The distribution
for the subset of gluinos whose lab-frame velocity satisfies
vlab < 0.1, roughly the population stopping within the detector.
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FIG. 2. (a) The distributions of the lab-frame energy E for
various gluino massesmg̃ have the same shape and only shifted in
the energy axis. (b) The kinetic energy distributions E −mg̃ for
the three masses are identical. (c) The distributions of the lab-
frame velocity.
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C. Electromagnetic energy loss

The electromagnetic energy loss per unit length of a
charged particle is given by the Bethe-Bloch equation
[28,94]

dE
dx

¼ −
4πα2ρZz2

Ampme|fflfflfflfflfflffl{zfflfflfflfflfflffl}
≡C

1

v2

�
log

�
2mev2

Ið1 − v2Þ
�
− v2

�
; ð4Þ

where v≡ vlab is the lab-frame velocity of the charged
particle, z is its electric charge in units of e, ρ is the material
density, I is the material-dependent mean excitation energy
(Table I), and, assuming a single-element material, Z and A
are its atomic and mass number, respectively.5

For the gluino,6 we take z ¼ 1 but multiply dE=dx by a
factor of ξ ¼ 1=2 to take into account its charge oscillation
(Ref. [29] also assumes ξ ≈ 1=2). Note this is different from
having an effective charge of z ¼ 1=2 since the stopping
power is proportional to z2.
We rewrite the Bethe-Bloch equation as

dv
dx

¼ ð1 − v2Þ3=2
mg̃v

dE
dx

: ð5Þ

In the nonrelativistic limit, this becomes [28]

dv
dx

≈ −
ξ

x0v3

�
1þ log v

κ

�
; ð6Þ

where the parameters are defined as

κ ≡ 1

2
log

�
2me

I

�
; ð7Þ

1

x0
≡ 2Cκ

mg̃
; ð8Þ

ξ≡
� 1

2
; charge oscillation;

1; no charge oscillation:
ð9Þ

Equation (6) is only applicable for velocities above
v ¼ vionmax, where the ionization reaches its maximum
and the particle becomes an adiabatic perturbation on the
atomic electrons [28]. The point at which this breakdown
occurs is given by the condition

d2v
dx2

				
v¼vionmax

¼ 0; ð10Þ

whose solution is given by7

vionmax ¼ e−κþ
1
3 ¼ e

1
3

ffiffiffiffiffiffiffiffi
I

2me

s
≈ 0.014

�
I

100 eV

�
1=2

: ð11Þ

In fact, if we take the ionization energy in the hydrogen
model, I ∼meα

2=2, we get vionmax ∼OðαÞ [28].
Deceleration beneath this velocity is described by the

Fermi-Teller theory, which states that dv=dx is a constant
[28,96],

dv
dx

				
v¼vionmax

¼ −
2ξCe3κ−1

3mg̃
; ð12Þ

such that dv=dx is continuous, and Eq. (10) guarantees
d2v=dx2 is also continuous.
In Appendix B, we describe our numerical solution of

the dv=dx equation as a charged particle traverses multiple
layers of material. We show an example of such numerical
solutions in Fig. 3 by plotting the velocity vðxÞ of a 2.5 TeV
gluino with initial velocity v0 ¼ 0.06 traversing through
20 cm of silicon. The point at which the Bethe-Bloch
regime transitions to the Fermi-Teller regime is labeled
“ionmax.”Notice that the deceleration becomes much more
efficient toward the end of the Bethe-Bloch regime, because
dv=dx ∝ v−3 in the nonrelativistic limit [Eq. (6)].
As another example, in Fig. 4, we plot the kinetic energy

KðxÞ ¼ 1
2
mg̃v2ðxÞ of a gluino traversing through 30 meters

of water, for various gluino masses. Since gluinos are
produced with mass-independent kinetic energy distribu-
tion [Fig. 2(b)], we initialize each mass at the same kinetic
energy K0 ¼ 50 GeV. The dependence of the stopping

TABLE I. Mean excitation energy I and parameter κ for various
materials used in stopping calculations [95].

Material I [eV] κ

Water 75 4.76
Carbon 78 4.74
Aluminum 166 4.36
Silicon 173 4.34
Argon 188 4.30
Iron 286 4.09
Copper 322 4.03
Lead 823 3.56

5For a compound material, Bragg additivity dictates that
the stopping power is a weighted sum by mass fraction,
dE
dx ¼

P
j wj

dE
dx jj, where wj is the fractional mass of the jth

element of the material [94]. Other constants in Eq. (4): α, mp,
and me denote the fine structure constant and the proton and
electron masses, respectively.

6In what follows, we use the terms gluinos and R-hadrons
interchangeably, wherever the context permits.

7Note that Eq. (6) implies dv=dx vanishes at the velocity
e−κ < vionmax, but this is unphysical because the velocity exceeds
the regime of validity of Bethe-Bloch.
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distance xstopped on gluino mass mg̃ can be understood by
dropping the log term in Eq. (6) and integrating, which
gives

xstopped ≈
1

mg̃

K2
0

2ξCκ
: ð13Þ

Heavier gluinos therefore stop in a shorter distance,
inversely proportional to their masses.
Appendix B presents an algorithm that rapidly deter-

mines, for any material layer, the stopping region
δvstoppedlab in velocity space; we then identify the stopped
gluino population by selecting simulated gluinos with
vlab ∈ δvstoppedlab . The simulated stopped fraction is aug-
mented by the ratio of the Sommerfeld enhancement factors
of the stopped versus total population:

Fstopped ≡ N̄sim;stopped

N̄sim;total
¼ Estopped

Nsim;stopped

Nsim;total
; ð14Þ

with

Estopped ≡ ES½fstopped�
ES½f�

; ð15Þ

where ES½f� is defined in Eq. (3), fstoppedðvCMÞ is the CM
velocity distribution of the gluino population which sat-
isfies vlab ∈ δvstoppedlab . The stopped fraction Fstopped is ulti-
mately used to set a limit in Eq. (35).
In Fig. 5we show sample Sommerfeld ratiosEstopped versus

mg̃ for the primary ATLAS targets, using velocity ranges
that roughly correspond to stopping in silicon detectors
(v < 0.06), the EM calorimeter (0.08 < v < 0.10), and the
external water pool (0.11 < v < 0.24).8 In all cases, Estopped

shows little dependence on mg̃.

D. Nuclear capture

Sufficiently slow R-hadrons are likely to be captured by
nuclei through their couplings with pions. The threshold
velocity for stopping depends on the mass number A of the
surrounding nuclei and is given by [28]

vthr ¼ A−2=3vF; ð16Þ

where vF ≈ ΛQCD=mN ≈ 0.25 is the Fermi velocity of
nucleons within the nucleus [97].9 Due to the low rate
of nuclear scattering, it is very likely that the particle stops
completely due to electromagnetic deceleration before
binding to a nucleus, as was assumed previously in
Sec. III C. The possibility of an abrupt, premature stopping
due to nuclear binding only makes a negligible correction
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FIG. 3. The velocity vðxÞ of a 2.5 TeV gluino with initial
velocity v0 ¼ 0.06 traversing through silicon as a function of
distance x. The point at which ionization reaches its maximum is
labeled “ionmax.” The threshold for nuclear stopping is labeled
“thr.”.

FIG. 4. Kinetic energy KðxÞ of a gluino propagating through
water as a function of distance x with initial kinetic energy
K0 ¼ 50 GeV, for various gluino masses.
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FIG. 5. Sommerfeld ratio Estopped as a function of gluino mass
mg̃ for various velocity ranges that roughly correspond to
stopping in the primary ATLAS targets.

8As a proxy for the more complex simulation in Sec. III E, we
apply speed-only cuts and omit angular cuts.

9References [28,93] both use vF ¼ 0.15 because they relate
the velocity to the nucleon binding energy∼8 MeV, rather than to
their kinetic energy ∼33 MeV, though the latter is the more
physically relevant quantity.
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to the stopping length,10 as we demonstrate in Appendix C.
Once captured, the R-hadron and the host atom form a

TeV-scale, anomalously heavy atom. The resultant heavy
atom could behave like an isotope of the original atom if the
R-hadron is neutral or could behave like a neighboring
atom with Zeff ¼ Z � 1. The chemistry of this atom is
primarily determined by the valence electrons of this new
atom and we expect them to be near identical to a standard
model atom with Z ¼ Zeff . Owing to this similarity to
known atoms, it is unlikely that the heavy atom precipitates
out of the liquid or sticks to the walls of the container. The
key experimental signature is thus a small concentration of
anomalously heavy atoms11 embedded within the stopping
material. More generally, any HSCP would result in the
same class of final states; gluinos are merely considered
here as a particularly well-motivated example in the context
of split SUSY.

E. Target materials

We consider various target materials within or near
ATLAS, particularly the silicon detectors, the liquid argon
in the EM calorimeter, and a hypothetical, custom-built
external water volume. These targets differ in their sensi-
tivity per unit volume, total sensitivity, and accessibility.
While we focus on ATLAS, most of the discussion applies
to CMS as well, except that CMS does not use liquid
argon [98].
We begin by identifying the relevant angular region.

Heavy gluinos are typically produced in the transverse
direction at low pseudorapidity12 η, as opposed to the
forward direction of light particles [6]. Figure 6 shows that
the η distribution has a full width at half maximum near
jηj ≈ 1.5, which is well covered by the barrels of both the
EM calorimeter [99] and the silicon detectors [30,31].
Therefore, we conservatively restrict our analysis to the
barrels and neglect the small contributions from the forward
endcaps.
To a good approximation, all the detector materials in the

ATLAS barrels are concentric cylinders with the cylindrical
axis z coinciding with the beam line. The numerical
simulation can thus be simplified by exploiting the

azimuthal symmetry around φ, in addition to the reflection
symmetry across the plane z ¼ 0. We apply the stopping
algorithm described in Appendix B but only need to make
cuts in the polar angle θ, effectively integrating over all φ.
For each cylinder, we identify its inner radius R, radial
thickness ΔR, and axial half length ΔZ (extending from
z ¼ −ΔZ to z ¼ þΔZ), as well as its density and other
material properties. The detector materials used in the
simulation are tabulated in Table IV.
For each polar-angle bin θ, we trace a straight line from

the origin through all cylinders whose axial half length ΔZ
intersects the trajectory. The path length through each
cylinder is then given by

xfðθÞ ¼
ΔR
sin θ

; ð17Þ

where smaller values of θ correspond to trajectories more
parallel to the cylindrical axis, resulting in a longer traversal
along the cylinder. An angular resolution of δðcos θÞ ¼ 0.1
was used in the barrel simulation, which is sufficiently
small for the result to converge.

1. Silicon detectors

We now describe the simulated detector components.
The silicon detectors used in Runs 2=3, also known as the
inner detector (ID), differ from the design planned for the
HL-LHC, also known as the inner tracker (ITk); we will
start with the ID and discuss the HL-LHC changes below.
In order of increasing radius from the interaction point,

beginning with the ID system [30], two silicon subsystems
are most relevant: the pixel detector and the semiconductor
tracker (SCT). The barrel pixel detector comprises 4 layers,
each with radial thickness ΔR ≈ 20 mm. The SCT also
consists of 4 layers, each with thickness ΔR ≈ 30 mm.
Between the pixel detector and the SCT is the pixel support
frame (PSF), and just beyond the SCT is the transition
radiation tracker (TRT) [30], both primarily made of
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FIG. 6. Distribution of pseudorapidity η for various gluino
masses. The concentration of events at low pseudorapidity
(jηj ≲ 1.5) motivates the restriction of the analysis to the barrel
region.

10In contrast, the simulation by ATLAS [93] assumed the
gluino stops abruptly when its velocity drops below the nuclear
stopping threshold; this underestimates the stopping length, as
shown in Fig. 3. In particular, the stopped particles decay
searches [29] rely on the simulation in Ref. [93], and their
stopping condition could overestimate the number of stopped
particles.

11In what follows, we use the terms anomalously heavy atoms,
gluinos, and R-hadrons interchangeably, wherever the context
permits.

12We adopt ATLAS coordinates with the z axis along the beam
line and the interaction point at the origin. The polar and
azimuthal angles are θ and φ, respectively. Directions are also
expressed using pseudorapidity η, defined in terms of the polar
angle θ as η ¼ − logðtanðθ=2ÞÞ.
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carbon. We refer to the pixel detector and the SCT
collectively as the “silicon detectors,” one of our primary
targets.
The silicon detectors receive the highest gluino flux

because of their proximity to the collision point, resulting in
high sensitivity per unit volume. The total silicon volume is
approximately V ≈ 480 L. An additional practical advan-
tage is that the large radiation damage requires these
detectors to be periodically replaced [32], conveniently
allowing for our experimental analysis. A drawback is that
silicon is solid at room temperature and must be liquefied
and chemically processed before it can be subjected to our
experimental analysis (Sec. IVA). Nevertheless, analyzing
retired silicon detectors is likely the most immediately
accessible option.
Beyond the ID lies the central solenoid, within the barrel

cryostat, whose main subcomponents are the warm and
cold vessels, a support cylinder, and a thermal radiation
shield [100]. These components are mostly made of metals
such as aluminum, iron, and copper, along with carbon-
based compounds. The total radial thickness of these
support structures in our simulation is ΔR ≈ 147 mm.
We included these support materials in the simulation
wherever we could find their documentation, though addi-
tional components may exist that are not easily found in
published reports. For simplicity, all materials are modeled
as concentric cylinders; in cases such as the TRT, which
comprises many small straw tubes, we approximate it as an
effective cylindrical shell that preserves the original total
solid volume. Additional coarse-grained approximations
are employed. Further details are provided in Appendix I.
In the HL-LHC, the ID system will be replaced by the

all-silicon ITk system [31], which disposes of the TRT in
favor of more silicon. The ITk consists of five layers of
silicon pixel detectors, with ΔR ¼ 10–15 mm, and four
layers of silicon strip detectors, with ΔR ¼ 25 mm. It has a
significantly larger total silicon volume, V ≈ 1200 L, than
the ID. Naively, this suggests greater sensitivity as there is
more silicon to trap gluinos. However, the additional silicon
is predominantly axial rather than radial, meaning the
layers are longer rather than thicker. Because heavy
particles such as TeV-scale gluinos are produced largely
in the transverse direction (or low pseudorapidity; see
Fig. 6), the radial path length through silicon at small jηj
is not significantly increased compared to Run 2. For
completeness, we distinguished between the ID and the ITk
in the simulations, using the appropriate configuration for
Run 2=3 and the HL-LHC, respectively.

2. Liquid argon

Our second target is the liquid argon in the EM
calorimeter, which lies just beyond the central solenoid.
Its main advantage is that it is already in a liquid phase,
provided the cryogenic temperature is maintained, making
it straightforward to prepare for our experimental analysis.

The main drawback is access: the argon is rarely removed,
so a study would likely have to wait for a major detector
upgrade or the end of the detector’s operational lifetime.
The active region of the EM calorimeter barrel

has dimensions R ¼ 1500 mm, ΔR ¼ 470 mm, and
ΔZ ¼ 3200 mm, covering pseudorapidity up to jηj <
1.475 [101]. It consists of alternating layers of liquid argon
(each ∼4 mm thick) and lead (each ∼2 mm thick) arranged
in an accordion geometry [99]. Thus liquid argon con-
stitutes about 2=3 of its volume, corresponding to13 V ≈
2 × 104 L.
In our simulations we ignored the accordion structure for

simplicity and instead modeled the layers as parallel to the
cylindrical axis, while preserving the total volume and
overall dimensions. Since the slanted geometry of the
accordion structure does not significantly alter the relative
path lengths through argon and lead, we do not expect it to
affect the stopping power or the distribution of stopped
gluinos between the two materials. Finally, rather than
simulating the ∼80 alternating layers of the actual geometry,
we use 10 effective layers; this is sufficient for the ratio of
their stopped fractions to converge to FAr

stopped=F
Pb
stopped ≈ 2.4,

consistent with their relative volumes.
In Fig. 7, we show the escape velocity vesc, the maximum

initial velocity for which the gluino still stops within a
given layer, as a function of pseudorapidity for 2.5 TeV
gluinos in the ATLAS barrel. The silicon and the liquid
argon layers are highlighted. The fact that the layers tend to
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FIG. 7. Escape velocity vesc vs pseudorapidity η for 2.5 TeV
gluinos in the ATLAS barrel for LHC Run 2=3. Here vesc is the
maximum initial velocity for which the gluino still stops within a
given layer. Black curves show vesc for each simulated cylindrical
layer. Silicon layers in the ID and liquid argon layers in the EM
calorimeter are highlighted. The liquid argon layers are separated
by lead layers. See Fig. 15 for corresponding result for HL-LHC.

13The experiment contains 4.5 × 104 L of liquid argon [102],
including liquid outside the active region; the value quoted here is
for the active barrel volume relevant to trapping stopped particles.
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have higher vesc at larger jηj reflects the path length
dependence on angle xfðθÞ [Eq. (17)].
Notice that the inner layers cover disproportionately

larger phase space than the outer layers, reflecting a
diminishing gluino capture efficiency per unit radial thick-
ness. This behavior follows from Eq. (13), which implies
the escape velocity scales with the path length as
vescðxfÞ ∝ x1=4f ; since v00escðxfÞ < 0, each additional radial
layer increases the escape speed by a smaller amount than
the previous one.
Figure 8 shows the stopped fraction for each simulated

cylindrical layer in the ATLAS barrel for mg̃ ¼ 2.5 TeV,
with the silicon and argon layers highlighted. These values
vary only mildly across the mass range considered, as
explained in Sec. V. The total stopped fraction in silicon
and liquid argon are both roughly ∼4 × 10−3 at
mg̃ ¼ 2.5 TeV; see Table II. Since the sensitivity to gluino
production cross section is directly proportional to the total
stopped fraction, it is clear that analyzing both the silicon
and the liquid argon improves the result by a factor of 2.

3. Intervening materials

Apart from the primary targets, a significant fraction of
gluinos also stops in neighboring materials, as is evident
from Fig. 8. In this paper, we collectively refer to all
components from the collision point out to the end of the
EM calorimeter, excluding silicon and liquid argon, as
“intervening material” (IM). This category includes the
cryostat, the central solenoid, and the lead absorber plates
of the EM calorimeter.

While the radiation-damaged silicon detectors could be
studied during operation, and the liquid argon could
be extracted during long upgrades, the extraction of the
intervening materials might have to wait for the end of the
entire HL-LHC run; at that stage, these detector materials
would have little use beyond this study. We thus consider
an optimistic sensitivity scenario in which all intervening
material, together with silicon and liquid argon, is liquefied
and analyzed, leading to a total stopped fraction of ∼1.2%
at mg̃ ¼ 2.5 TeV; see Table II.
This corresponds to a threefold increase in sensitivity

relative to silicon or argon alone. The total volume is V ∼
4 × 104 L, approximately twice that of the liquid argon.
Since the IM consists of a wider variety of solids than
silicon, chemically processing all of them would likely be
more challenging, so we regard this as an optimistic target.
Detector materials at even larger radii could also be
considered, but a custom-built external target is likely
more convenient and effective, as discussed next.

4. Water pool

Finally, we consider a hypothetical, custom-built volume
of water outside ATLAS.14 An external target offers
maximal accessibility and flexibility not afforded by the
internal detector targets, since the material can be analyzed
at any time without interrupting collider operations.
Furthermore, using water at room temperature avoids the
need for liquefaction required by solids such as silicon
and the need for cryogenic temperature required by
liquid argon.
The main drawback of an external target is that its

distance from the collision point is necessarily much
greater, which reduces the gluino flux. In addition, the
aforementioned diminishing gluino-capture efficiency per
unit radial thickness due to the dv=dx ∝ v−3 scaling gets
worse as the stopping velocity increases. Of course, theseFIG. 8. Stopped fraction for 2.5 TeV gluinos in each cylindrical

layer in the ATLAS barrel in Run 2=3. Silicon layers in the ID and
liquid argon layers in the EM calorimeter are highlighted; all
other materials in this region are labeled as “intervening.”
Abbreviated layer names are shown on the horizontal axis
(Table IV). The total stopped fraction of all layers shown is
about 1.4%. See Fig. 16 for corresponding result for HL-LHC.

TABLE II. Gluino stopped fraction in each target at the HL-
LHC for various gluino masses. “Siþ Ar þ IM” denotes com-
bining the silicon detectors, liquid argon, and the intervening
materials between them.

Target

mg̃ 2 TeV 2.5 TeV 3 TeV

Water 1.4 1.6 1.8
Silicon 0.26 0.37 0.36
Argon 0.30 0.37 0.45
Siþ Ar þ IM 0.92 1.2 1.3

14A conceptually related proposal involving water tanks near a
collider to trap sleptons for subsequent decay monitoring was
explored in Ref. [103], though our method does not rely on decay
signatures.
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shortcomings can be mitigated by pursuing a larger water
volume.
The primary constraint is the shortest available distance

between the water pool and the interaction point. Along the
shorter of the transverse directions to the beam line, the
ATLAS cavern has a half-width of 15 m [104]; we will
assume this minimal distance in the calculation below. If a
substantial layer of overburdenmust remain intact, itmay still
be feasible to melt and analyze that layer of rock afterward.
As a benchmark, we assume a cylindrical pool with

radius and height r ¼ h ¼ 30 m, centered at η ¼ 0, with its
nearest face a distance d ¼ 15 m from the collision point.
This geometry corresponds to pseudorapidity coverage
jηj < 1.4 and a volume V ≈ 108 L. At this scale, the water
target provides the largest total sensitivity among our three
options. Of course, one could choose to construct a smaller
water tank and reduce the sensitivity to a value closer to the
other options, which might still have advantages in terms of
ease of processing. Although some infrastructure is
required, the cost is largely limited to excavation, with
no requirement on water purity and no ongoing main-
tenance required as it is a passive detector. Note that the
geometry considered here is far from ideal in favor of
practicality: the pool is assumed to be a distance d next to
the experiment cavern instead of surrounding it; the chosen
shape of a cylinder is also just a convenient benchmark.
A detailed account of all the materials gluinos encounter

in the experiment cavern prior to reaching the water pool is
quite complicated. Instead, we make a coarse-grained
approximation in which this entire volume is modeled as
a single material (dubbed “ATLAS material”) with a
uniform density ρATLAS given by the average value; the
ATLAS detector is a 7000-ton cylinder with a length of
44 m and a diameter of 25 m [104], resulting in an average
density of ρATLAS ¼ 0.32 g=cm3. This relatively low value
arises from large regions with negligible density within the
detector volume [105]. Since the elemental composition of
the dense regions of the detector is dominated by iron
[106], the ATLAS material is assumed to have the same
mean excitation energy I as iron. We detail the simulation
of the gluino traversal through the ATLAS cavern and water
pool in Appendix D.
Figure 9 shows that the fraction of gluinos that stop in the

water pool Fwater
stopped decreases as a function of the distance d

from the collision point. This is not obvious a priori
because the relevant gluino velocity range v ∼ 0.1–0.2 lies
on the rising part of the gluino lab-frame velocity distri-
bution [Fig. 2(c)]. Our result indicates that the gain from
larger solid-angle coverage at smaller d outweighs the
modest benefit of sampling higher-velocity gluinos at
larger d. As a rule of thumb, “closer is better” for gluino
trapping, though this need not hold for particles with
different velocity distributions.
For the actual ATLAS distance d ¼ 15 m (red point in

Fig 9), the stopped fraction is ∼1.8% for mg̃ ¼ 3 TeV; see

Table II. Since ATLAS is about 100 m underground [107],
a distance of d ∼ 70–80 m would place the pool at the
ground surface. This could substantially reduce construc-
tion cost and even enable use of possible existing surface
water pools located above the experiments. Unfortunately,
for gluinos the stopped fraction at such distances is an order
of magnitude smaller. We leave to future work whether
other hypothetical particles with velocity distributions
concentrated at higher velocities could benefit from such
a configuration.
With the water-pool volume and distance fixed, we

checked that, within practical ranges, the dependence
on the aspect ratio a≡ r=h is weak and the choice
a ¼ 1 is near optimal. Under the volume-preserving
rescaling r → s1=3r, h → s−2=3h, and a → sa, we find
for mg̃ ¼ 3 TeV that doubling the aspect ratio to a ¼ 2

mildly increases the stopped fraction Fwater
stopped →

1.08Fwater
stopped, whereas reducing it to a ¼ 1=2 decreases

Fwater
stopped → 0.72Fwater

stopped.

F. Thermal suspension

An important question is how stopped gluinos are
distributed in matter. If the gluinos come to rest in a solid
target, such as the silicon detectors, the resulting heavy
atoms will be embedded within the atomic lattice. The
weight of their TeV-scale mass is insufficient to break
chemical bonds (see Appendix E). Therefore, gluinos are
expected to remain relatively uniformly distributed in solid.
On the other hand, if gluinos are brought to rest in a

liquid target like water or liquid argon, thermal agitation
ensures that the gluinos follow a Maxwell-Boltzmann
distribution in height h [108],

ρðhÞ ∝ e−mg̃gh=T ≡ e−h=h0 ; ð18Þ

where, at room temperature T ¼ 300 K, the scale height h0
is given by

FIG. 9. Stopped fraction Fwater
stopped as a function of the distance d

from the collision point for a cylindrical water pool with radius
and height r ¼ h ¼ 30 m for 3 TeV gluinos. The red point is the
actual distance used, d ¼ 15 m.
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h0 ≡ T
mg̃g

¼ 77 m

�
3 TeV
mg̃

��
T

300 K

�
: ð19Þ

In other words, particles at the TeV scale are not heavy
enough to settle at the bottom of normal-sized liquid
containers, even at the colder temperature of T ¼ 87 K
for the liquid argon.
Because the gluinos remain roughly uniformly distrib-

uted, achieving the target sensitivity requires processing a
substantial volume of liquid, up to ∼108 L of water.
Remarkably, the efficient processing of such enormous
volumes is made possible by modern centrifuge technol-
ogy, as detailed in the following section.

IV. HEAVY PARTICLE SEARCH IN LIQUID

We describe a background-free technique to search for
anomalously heavy atoms within materials from the LHC,
borrowing techniques developed for heavy isotope searches
[39,45]. The procedure consists of the following steps:
(A) liquefaction (for solid samples),
(B) iterative centrifugation,
(C) mass spectrometry.

Since this method requires the sample to be in liquid form,
for solid samples such as silicon, liquefaction is performed
as a preliminary step. The sample is then subjected to
iterative centrifugation, progressively reducing its volume
while retaining the heaviest constituents. Once the sample
has been concentrated to a manageable volume, mass
spectrometry is employed to identify trace concentrations
of heavy particles. With state-of-the-art instrumentation,
this procedure is, in principle, sensitive to a single anoma-
lously heavy atom in the original sample. In what follows,
we describe each step in detail and estimate achievable
processing rates.

A. Liquefaction

The liquid-phase requirement poses no difficulty for
water and liquid argon, but silicon must first be chemically
transformed into a compound that is liquid at room
temperature. A variety of silicon-based compounds meet
this criterion and can be synthesized via relatively straight-
forward methods. Examples include members of the silane
(e.g., Si3H8), chlorosilane (e.g., HCl3Si), and silicone
polymer families [109]. Among these, polydimethylsilox-
ane (PDMS) is widely employed in silicone oils due to its
inertness, nontoxicity, and nonflammability [110]. Care
must be taken during the chemical processing to ensure
maximal retention of the starting materials, and compound
selection should account for this fabrication constraint.
Since any losses during the chemical preparation step
would reduce the final reach, we emphasize that our final
silicon reach is conditional on this retention efficiency,
which is assumed to be lossless here. Details of the

chemistry is beyond the scope of this work and left for
future investigation.
Additionally, maintaining argon in liquid form requires

temperatures below its boiling point of 87 K, which is
colder than typical centrifuges designed for biological
applications, but still above liquid nitrogen temperature
of 77 K. Centrifuges maintained at liquid nitrogen temper-
ature are used in commercial settings [111]; even centri-
fuges at liquid helium temperature (∼1 K) have been
demonstrated [112]. Hence we do not regard this as an
insurmountable difficulty.
The discussion below focuses on water at room temper-

ature, but similar results should apply to liquid argon and
silicone oil. Indeed, the much larger target volume for the
water pool implies that most of the optimization constraints
considered for processing time can be relaxed for targets of
smaller volume.

B. Iterative centrifugation

The next step in the process is the enrichment of the
liquid. In the specific example of water, we describe the
procedure to reduce ∼108 L of water down to microliter
scale. Such large concentrations have been achieved in the
1970s using electrolysis for heavy water [38,39]; that
method relies on differences in chemical properties which
might work for our case. However, we propose a more
conservative, chemistry-agnostic alternative that depends
only on the mass difference.
Therefore, we propose to enrich the liquid sample

through iterative centrifugation [45]. A centrifuge separates
fluid components based on their density by applying a large
centrifugal force. Since our goal is to isolate TeV-scale
particles from a background of normal atoms, typically
Oð10Þ GeV, we focus on liquid-phase laboratory centri-
fuges optimized for separating particles with large mass
differences, as opposed to gas centrifuges, which are used
for isotope separation and rely on the low viscosity of gases
to resolve small mass differences [113]. The most powerful
class of these devices is known as ultracentrifuges.
To estimate the processing rate, consider a centrifuge

with a maximum angular velocity ω ¼ 2πf and a total
processing volume Vcen (i.e., the combined volume of
all its test tubes). Let r denote the radial distance from the
axis of rotation, and rmax the maximum radial distance of
the test tubes. A centrifuge’s performance is typically
characterized by its maximum rotational frequency f and
its maximum relative centrifugal field (RCF), defined as
RCF ¼ ω2rmax=g, where g is the acceleration due to
gravity. For concreteness, we adopt a commercially avail-
able ultracentrifuge as a benchmark (Eppendorf CR30NX
[114]), whose parameters are listed in Table III.
This centrifuge requires an acceleration time of ta ≈ 40 s

to spin up to its maximum angular velocity [115].
Following this, the system reaches sedimentation equilib-
rium after some additional equilibration time teq, where we
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conservatively ignore the equilibration that started during
the acceleration.
In Appendix F, we estimate teq using the Drude model: to

a first approximation, the gluino is diffusing through the
water tube at thermal velocity, vth ≈ 10−7, a motion that is
random in direction and whose mean distance grows only
as ∼t1=2, requiring a long diffusion time tdiff ¼ 5700 s to
diffuse across the tube. Meanwhile, the centrifugal
acceleration gives it a small drift velocity, vdrift ≈ 3×
10−12 ≪ vth, in between diffusive scattering, but which
is directed consistently in the outward direction; the
resulting distance grows linearly in time. Modeling the
scattering between the anomalously heavy atom and
surrounding normal atoms as hard sphere scattering with
angstrom size, and taking into account the ballistic motion
of the heavy particle using its momentum-transfer cross
section, we find that the equilibration time is given by the
time it takes to drift across the tube,

teq ¼ tdrift ≈ 100 s

�
3 TeV
mg̃

�
3=2

: ð20Þ

At equilibrium, the centrifugal acceleration balances
diffusion, and the radial distribution of gluinos follows
the Maxwell-Boltzmann form with a potential energy
UðrÞ ¼ −mg̃ω

2r2=2 (see Appendix G for derivation):

ρðrÞ ∝ exp

�
mg̃ω

2r2=2

T

�
≡ exp

�
r2

r20

�
; ð21Þ

where T ¼ 300 K is the room temperature. The positive
exponent reflects the outward-pointing centrifugal force,
leading to gluino accumulation at larger radii. The char-
acteristic radius r0 is given by

r0¼
1

ω

ffiffiffiffiffiffi
2T
mg̃

s
¼ 1.2 cm

�
3×104 rpm

f

��
3 TeV
mg̃

�
1=2

: ð22Þ

To analyze the density profile near the far end of the test
tube where the gluinos accumulate, we define the coor-
dinate l ¼ rmax − r, whose distribution is a decaying
exponential, ρðlÞ ∝ expð−l=l0Þ, where the effective “scale
height” is

l0 ¼
r20

2rmax
¼ 0.07 cm

�
3 × 104 rpm

f

�
2
�
3 TeV
mg̃

�
: ð23Þ

As discussed in Appendix E, the gluinos are not fast or
heavy enough to penetrate the container walls.
To enrich the sample, we discard the fluid from the inner

region of the test tube and retain only the outermost portion,
defined by the retention length l ¼ l̃ × rmax, where l̃ ≪ 1
denotes a small fractional cut. This requires a setup capable
of isolating the liquid at the tube’s end, a procedure we refer
to as a “cut,” without inducing mixing or loss of the target
liquid. One possibility is to introduce a small amount of
high viscosity solution at the end of the tube [45]; we leave
the exact implementation for future work. Gluino redis-
tribution after stopping the centrifuge is not a concern due
to its long diffusion timescale tdiff ≈ 5700 s (Appendix F).
We envision Ncen identical centrifuges operating in

parallel, each processing a portion of the total material.
The isolated fractions from each centrifuge are then
combined into an enriched sample. Once the entire original
sample has been processed and its volume reduced by a
factor of l̃, the procedure is repeated, exponentially
enriching the sample. We refer to each iteration of this
procedure as a cycle.
The time required to complete the first cycle is given by

t1 ¼
Vsample

NcenVcen
ðta þ teqÞ: ð24Þ

Since the second cycle has less volume to process, it costs
correspondingly less time t2 ¼ l̃t1. More generally, the ith
cycle takes time

ti ¼ l̃i−1t1: ð25Þ

The total amount of time required for Ncycle cycles is

tNcycle
¼

XNcycle

i¼1

ti ¼ t1
1 − l̃Ncycle

1 − l̃
≈ t1: ð26Þ

For l̃ ≪ 1, the time is completely dominated by the first
cycle. Hence, as long as we have enough resources (time
and number of centrifuges) to process the sample once, we
can almost arbitrarily enrich the sample using this method,
with the limit being the smallest volume that we can

TABLE III. Commercial centrifuge parameters for the Eppen-
dorf CR30NX [114] as a benchmark, assuming 3 TeV gluinos
and room temperature water. RCF ¼ relative centrifugal field, in
units of gravitational acceleration g; rmax ¼ maximum radial
distance; r0 ¼ characteristic gluino radius; l0 ¼ gluino scale
height; Vcen ¼ total centrifuge tube volume; ta ¼ acceleration
time to reach max speed; teq ¼ equilibration time.

RCF 1.1 × 105

f (rpm) 3 × 104

rmax (cm) 11
r0 (cm) 1.2
l0 (cm) 0.07
Vcen (L) 6
ta (s) 40 [115]
teq (s) 100
Cost (USD) 5 × 104 [115]
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process. Using our benchmark centrifuge parameters,
if we have Ncen ¼ 50 identical centrifuges working in
parallel, we can target the water pool volume of Vsample ¼
0.8 × 108 L in about a year:

tcentrifuge ≈ t1

¼ 430 days

�
50

Ncen

��
6L
Vcen

��
Vsample

0.8 × 108 L

�

×

�
ta þ teq
140 s

�
: ð27Þ

Once the sample volume falls below Vcen ¼ 6 L, we can
transition to using successively smaller, more precise test
tubes in the final stages of the procedure. The ultimate limit
is set by the smallest cut that can be made from the smallest
available tube volume. We find commercially available test
tubes with volumes of order ∼100 μL [116] and conserva-
tively take the minimum final volume to be Vfinal ∼ 1 μL.
This corresponds to a millimeter-scale length, which we
consider a manageable resolution for experimental control.
To minimize accumulated gluino loss over multiple

cycles, the fractional retention length l̃ must be chosen
carefully. The number of required cycles Ncycle is given by

l̃Ncycle ¼ Vfinal

Vsample
: ð28Þ

The total probability of gluino loss after Ncycle cycles is

Plossðl̃Þ ¼ 1−

"
1−

R ð1−l̃Þrmax
0 drexp½ðr=r0Þ2�R rmax

0 drexp½ðr=r0Þ2�

#Ncycleðl̃Þ
; ð29Þ

where r̃max ≡ rmax=r0 ¼ 9.2 for our benchmark parame-
ters. This loss function is highly sensitive to the choice of l̃.
For example, to reduce our target water volume from
Vsample ∼ 108 L to Vfinal ∼ 1 μL, an appropriate choice
would be l̃ ¼ 0.1, for which Ncycle ¼ 14 and
Ploss ≈ 10−6. While this may seem overly conservative,
since the retention length l is more than 10 times larger than
the scale height l0, a more aggressive choice such as l̃ ¼
0.01 would increase the loss probability to 77%. It is
therefore preferable to err on the side of more cycles, as the
overall time cost is dominated by the first cycle anyway.

C. Mass spectrometry

After obtaining an enriched sample with a volume
Vfinal ∼ 1 μL, the final step of the experiment is to identify
trace concentration of TeV-scale particles with single-
particle sensitivity. Many experiments of this kind using
mass spectrometry (MS) or accelerator mass spectrometry
(AMS) have been conducted in the context of heavy-
isotope searches (reviewed in Refs. [51–53]).

In MS, the sample is ionized and accelerated by an
electric field to ∼100 keV energy. The resulting ion beam
can be mass-selected magnetically to filter out low-mass
components and any remaining heavy ions can be detected
as a potential signal. A measurement of the heavy ion’s
time-of-flight and hence mass-to-charge ratio further sup-
presses background [53].
A key issue here is molecular background: it is crucial to

break the bonds of possible large molecules present in the
liquid sample, so that any detected TeV-scale particle can
be interpreted as evidence for physics beyond the standard
model. Molecular fragmentation can occur during ioniza-
tion (Appendix H) or by passage through a thin foil [39].
AMS is an extension of the MS method by further
accelerating the magnetically mass-selected ions to
∼MeV energy using a tandem accelerator before detection,
allowing for more control over molecular fragmenta-
tion [52].
The sensitivity of a mass spectrometry experiment is

reported in minimum detectable concentration,15

cmin ¼
Nsignal;min

Nsample
≈

1

ϵNsample
; ð30Þ

where Nsignal;min is the minimum number of signal particles
present in the starting sample, which contains Nsample

particles in total. The efficiency ϵ is the fraction of
sample that survives the entire analysis. For the 1 μL of
enriched water considered here, Nsample ≈ 3 × 1019.
With near-perfect efficiency ϵ ∼ 1, this corresponds to
cmin ∼ N−1

sample ≈ 3 × 10−20.
A classic experiment that achieved high sensitivity is

Ref. [39] from the 1980s, which searched for a heavy
hydrogen-like particle with charge þe in an enriched
sample of heavy water using MS. This experiment ionized
the heavy water sample into a current of
I ¼ 8 μA ¼ 5 × 1013 ions=s, which is sufficiently fast
for our need: processing our Nsample ≈ 3 × 1019 of water
molecules at this rate would take approximately a week.
Reference [39] reached a sensitivity of cmin ≈ 2 × 10−18

and an efficiency of ϵ ≈ 10−3. This is close but still falls
short of the single-particle sensitivity ϵ ∼ 1 desired here.
In Appendix H, we revisit the setup of that experiment in

more detail, identify the dominant limitations, and describe
available improvement strategies with the goal of adapting
it to our need here. Our focus on Ref. [39] serves only as a
case study, and the final optimal design could draw on
many other MS or AMS methods. In view of the various
options discussed there (e.g., recycling unionized gas,
efficient molecular fragmentation, magnetic mass selection

15Any enrichment factor attained prior to the mass spectrom-
etry experiment (e.g., the centrifuge enrichment) is not included
here.
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that filters out all standard model atoms), achieving ϵ ∼ 1
appears plausible; a complete experimental design is left for
future work.
As discussed in Appendix H, a nondestructive ion

detector could be used in the final step to allow capture
of an anomalously heavy ion if a positive signal is
observed; the captured particle can then be studied in
detail, with the signal confirmed by arbitrarily increasing its
statistical significance. This implies that our method has the
unique property of having a 5σ discovery reach comparable
to its projected limits. In addition, we would expect a
similar signal in other detector components.

V. PROJECTION

The simulated gluino stopped fraction in a given target is

Fg̃;stopped ¼
Ng̃;stopped

Ng̃
; ð31Þ

where the number of gluinos from pair production is
given by

Ng̃ ¼ 2σg̃Lint: ð32Þ

In a more general model (denoted without the subscript g̃)
with identical kinematics as the gluino but an arbitrary
production cross section, we have

σ

Nstopped
¼ σg̃

Ng̃;stopped
: ð33Þ

In a background-free experiment, a null observation in a
Poisson process sets an upper limit [117]:

Ndetect ¼ ϵtotalNstopped ¼ − logð1 − CLÞ; ð34Þ

where ϵtotal is the fraction of sample that survives the entire
experimental processing pipeline. At CL ¼ 95% confi-
dence level, this yields Ndetect ¼ 3. Substituting this into
Eq. (33) and using Eqs. (31) and (32), we obtain the
95% CL cross section limit

σ ¼ 3

2ϵtotalLintFg̃;stopped
: ð35Þ

In the following, we assume ϵtotal ¼ 1, given the protocol
for achieving lossless centrifugation discussed in Sec. IV B
and the various methods for achieving lossless mass-
spectrometry discussed in Appendix H and Sec. IV C.
Note that the detection of even a single trapped heavy atom
translates to a discovery of an extremely high confidence
level due to no backgrounds and the ability to run further
tests to confirm the identity of the isolated heavy particle.
Hence our discovery reach and our exclusion reach are
comparable. This is in contrast to conventional observables
at colliders where the 5σ discovery reach lags the 95% CL
exclusion reach.
The resulting projection on the σ −m plane is shown in

Fig. 10. Figures 10(a) and 10(b) correspond to the Run 2
conditions (Lint ¼ 140 fb−1 at

ffiffiffi
s

p ¼ 13 TeV [19]) and the
HL-LHC conditions (Lint ¼ 3000 fb−1 at

ffiffiffi
s

p ¼ 13.6 TeV
[79]), respectively. The theoretical gluino production cross
sections are shown in black lines with surrounding gray
shaded bands representing the theoretical uncertainties
(which are large at the highest gluino masses); they are
extracted from Refs. [82,83,118]. The intersection between
this line and an experimental projection curve sets the
corresponding projected limit on gluino mass mg̃. These
limits apply for gluino lifetimes longer than the time
between major collider upgrades, roughly a few years; if
we continuously analyze the water or periodically extract
the liquid argon, the lifetime sensitivity could be shorten to
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FIG. 10. Projected 95% CL limits on gluino pair-production cross section σ versus mass m for ATLAS assuming null results in
(a) LHC Run 2, Lint ¼ 140 fb−1 at

ffiffiffi
s

p ¼ 13 TeV, and (b) HL-LHC, Lint ¼ 3000 fb−1 at
ffiffiffi
s

p ¼ 13.6 TeV. Black: prediction for the
gluino proper in the decoupled squarks limit, with the surrounding gray bands representing the theoretical uncertainties [82,83]. Orange:
silicon in the ID barrel (Run 2) or ITk barrel (HL-LHC). Red: the liquid argon in the EM calorimeter barrel. Blue: an external cylinder of
water (r ¼ h ¼ 30 meters) outside the ATLAS cavern. Green: silicon, argon, and the intervening materials combined. Purple shaded
regions: CMS dE=dx limit (Lint ¼ 101 fb−1) [21] and ATLAS dE=dx limit [19].
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months or weeks. On the other hand, if the liquid argon or
silicon need to wait until the end of the HL-LHC for
processing, then the projected reach only applies to lifetime
much greater than the ∼10 year run time.
The ATLAS dE=dx search using Run 2 data with an

integrated luminosity of Lint ¼ 140 fb−1 sets the best
current limit of mg̃ ¼ 2.20 TeV at 95% confidence level
[19]. Since its constraint on the rest of the σ −m parameter
space was not reported, we make the minimal interpretation
by excluding the region satisfying both m ≤ 2.20 TeV and
σ ≥ σg̃ in Fig. 10(a), shaded in red-purple. The constraint
from CMS dE=dx search using Run 2 data with a lower
luminosity at Lint ¼ 101 fb−1 is shown in the light purple
curve (with the excluded region above shaded) with a limit
of mg̃ ¼ 2.1 TeV [21].16

Though our method only stands out at high luminosity,
for comparison, we also show our experimental projections
assuming an identical Lint as ATLAS Run 2. Had we built
the water pool near ATLAS before Run 2, our reach would
have rivaled that of CMS and been slightly worse than that
of ATLAS.
Interestingly, even in this low luminosity scenario, our

method has an advantage compared to the dE=dx method
in the higher mass part of the parameter space. The dE=dx
method requires the use of the muon detector at the outer
radius to double-check the velocity of a purported slow,
heavy particle tagged earlier as a muon in the inner silicon
detector. At higher mass, the velocity becomes sufficiently
slow that the particle misses the muon-trigger time window,
yielding a diminishing trigger efficiency at higher gluino
mass and a cutoff near 2.6 TeV [21], as shown by the
truncated purple curve in the figure. In contrast, our method
has sensitivity so long as the slow gluinos are produced.
By the end of Run 3 (Lint ¼ 300 fb−1 at

ffiffiffi
s

p ¼ 13.6 TeV
[79]), the projected reach of the silicon and liquid argon
would each be about mg̃ ¼ 2.0 TeV, whereas the water
would reach mg̃ ¼ 2.35 TeV (not shown in the plot).
The main advantage of our method over dE=dx search is

apparent at the HL-LHC in Fig. 10(b). The silicon detectors
and the liquid argon each independently have a sensitivity
of mg̃ ¼ 2.55 TeV. The external, custom-built 108 L-water
pool 15 meters away from the collision point reaches
mg̃ ¼ 2.9 TeV. An idea appropriate for the end of the
experiment lifetime is to combine silicon, argon, along with
all the intervening materials (IM) between them in the
barrels up to the end of the EM calorimeter, which reaches
mg̃ ¼ 2.8 TeV; hence even if no water pool were built by
the end of the HL-LHC, it is still not “too late” to pursue

this idea, albeit at the cost of more complicated material
treatment than water. Combining ATLAS with CMS would
further improve these limits.
We emphasize that our method is background-free and

does not suffer from larger pile-up, hence fully realizing the
benefit of an improvement in Lint at the HL-LHC. The
existing dE=dx search already has a lot of background
[19,20], and there is currently no projection of its perfor-
mance at higher luminosity.
A notable feature of our projection curves is their weak

dependence on mass. This can be understood by inverting
Eq. (13) and solving for the initial kinetic energy K0

required to stop in a material at fixed stopping length
xstopped, which yields K0 ∝

ffiffiffiffiffiffimg̃
p . Because the distribution

of K0 is independent of mg̃ (Fig. 2), the expected ratio
between the two endpoints of the mass range shown in the
plot is only

ffiffiffiffiffiffiffiffi
3=2

p
≈ 1.22. Small corrections to this expect-

ation arise from the nontrivial shape of the K0 distribution
and from its modification by the polar angle cut, but these
effects are numerically small.

A. Other particles

Although we have focused on the long-lived gluino as a
benchmark, this approach likely extends the reach to
other long-lived particles with a momentum distribution
similar to that of the gluino. For example, we verified the
stop squark (t̃) has a similar kinetic energy distribution
[Fig. 11(a)]. Since the stop also forms R-hadrons, it would
undergo a similar energy loss and produce a comparable
trapped population. For the water target, a production cross
section sensitivity of σ ∼ 0.027 fb [Fig. 10(b)] would
translate to a mass of mt̃ ∼ 2.0 TeV for the stop squark
in the decoupled limit [82], improving upon the current
bound mt̃ > 1.47 TeV from the CMS dE=dx search [21].
A detailed study of this and other particles is left for
future work.
Color-neutral particles are produced with much smaller

cross sections. Furthermore, they do not hadronize, but can
still efficiently stop if they are electrically charged. A
doubly charged lepton17 (τ2e) could also be probed by this
method with the caveat that its tremendous stopping power
results in the particles stopping at much higher fraction in
silicon, with smaller fractions in argon and water. Our
projected limit on the τ2e from silicon detector is 1.2 TeV,
improving over current bounds of 1.06 TeV by ATLAS
dE=dx search [119]. The advantages of our method is
likely even more pronounced for higher integer-charged
leptons.
Our method is most sensitive to particles with low kinetic

energy and efficient stopping. We find that a stau (τ̃) with a
mass near its current limit [21], mτ̃ ∼ 700 GeV, has a

16We repeated these constrained regions in the projection plot
in Fig. 10(b) for the HL-LHC for comparison. Note that these
constraints only used the Run 2 data at

ffiffiffi
s

p ¼ 13 TeV, and thus
the intersection with the somewhat larger gluino cross section
curve at

ffiffiffi
s

p ¼ 13.6 TeV in Fig. 10(b) cannot be interpreted as
constraints on gluino mass.

17We do not find much improvement over the current bounds
for singly charged leptons.
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kinetic energy distribution peaked at E −mτ̃ ∼ 250 GeV,
much higher than that of a gluino, the stop, and the τ2e

lepton at the same mass, which peak around E −mg̃ ∼
100 GeV [Fig. 11(b)].18 Accordingly, our simulation shows
that our reach for the stau is worse than that of the dE=dx
search.

VI. CONCLUSION

We have proposed a novel, background-free approach to
probe long-lived, TeV-scale particles, using the gluino of
split supersymmetry as a representative example. In this
scenario, gluinos produced at the HL-LHC could get
stopped in the surroundings, and bind to standard model
nuclei in detector materials or a custom-built water target.
The resulting anomalously heavy atoms can later be
identified through liquefaction of the material, followed
by iterative centrifugation and high-sensitivity mass
spectrometry.
Our simulations show that a significant fraction of

gluinos produced at the HL-LHC can be stopped in existing
detector materials such as silicon and liquid argon, with
additional sensitivity achievable through the inclusion of
intervening components or an external water target. These
complementary targets can extend the discovery reach for
gluino masses up to about 3 TeV, surpassing the current
capabilities of conventional dE=dx or time-of-flight
searches while remaining insensitive to pile-up and other
collider backgrounds. A similar analysis should be sensi-
tive to stop squarks at the 2 TeV range and a doubly
charged lepton up to 1.2 TeV.

While currently there are no projections for dE/dx
searches at the HL-LHC for gluinos and stops, it is
interesting to note that the projected reach for our method
is comparable to even searches for prompt decays at the
HL-LHC [123]. Furthermore, as noted earlier, the 5σ
discovery reach of our method exceeds conventional
searches due to the salient features of this detection method.
Thus, this pushes the boundaries for the heaviest particle
discoverable at the LHC.
Although our analysis focuses on the long-lived gluino

as a benchmark, the same experimental strategy applies
broadly to any heavy, stable or quasistable particle (e.g., the
stop squark), produced copiously in collider or beam-dump
environments and subsequently trapped in surrounding
materials. Our method is sensitive to lifetimes longer than
a few years; with continuous sampling, this could even be
shorten to months or weeks. The scalability of centrifuga-
tion and mass-spectrometric analysis to macroscopic sam-
ples, combined with the unique background-free signature,
makes this a powerful and cost-effective addition to the
LHC’s physics program. More broadly, it opens a new
avenue for repurposing retired detector components into
precision instruments for discovering new physics long
after collider operations have concluded.
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FIG. 11. Comparison of kinetic energy distribution between (a) stop squarks and gluino at m ¼ 2.0 TeV; (b) stau and gluino and stop
and doubly charged lepton at m ¼ 700 GeV.
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APPENDIX A: SOMMERFELD ENHANCEMENT

The Sommerfeld enhancement factor is given by

ESðvCMÞ ¼
Cπαs
vCM

�
1 − exp

�
−
Cπαs
vCM

��
−1
; ðA1Þ

where vCM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

g̃=ŝ
q

[87], with ŝ being the partonic

Mandelstam variable. Since the typical momentum transfer
of the soft gluon exchanges is Q ∼mg̃vCM [87], we take
αsðQÞ ∼ αsð0.1mg̃Þ ≈ 0.1 for mg̃ ∈ ½2; 3� TeV [124]. The
process-dependent factor C is given by

C ¼
(

3
2
; qq̄ → g̃ g̃

1
2
; gg → g̃ g̃ :

ðA2Þ

The C-value of the gg → g̃ g̃ process arises from a color
averaging over both attractive and repulsive color final
states, whereas qq̄ → g̃ g̃ always proceed through the
s-channel and the final gluino pair is always in an attractive
color octet state [125]. Due to the parton distribution
functions, the qq̄ contribution increases with mg̃ and starts
dominating over gg at the higher end of our mass range,
as shown in Fig. 12(a), in contrast to earlier analyses at
lower mg̃ [28].
Despite this complication from the C-factor’s depend-

ence on the initial state, the velocity distribution of the final
state gluinos, in both magnitude and direction, is largely
independent of the initial states. In Fig. 12(b), we demon-
strate this for a random polar angle. This allows for a
simplification in our treatment of the Sommerfeld factor, in
which we take the process-dependent factor C to be the

weighted average between 1=2 and 3=2, weighted by the
initial states fraction at a given gluino mass mg̃, as in
Fig. 12(a).

APPENDIX B: NUMERICAL SOLUTION
OF dE=dx

Consider a particle traversing a material in a straight line.
Suppose its velocity upon entry is v0 and the material has
length xf along the particle’s line of motion. We determine
vðxÞ by solving the initial value problem

dv
dx

¼
8<
:

ð1−v2Þ3=2
mg̃v

dE
dx ; v ≥ vionmax

− 2ξCe3κ−1

3mg̃
; v ≤ vionmax

; vð0Þ ¼ v0: ðB1Þ

The particle stops within the material if it reaches
vðxstoppedÞ ¼ 0 for some xstopped ≤ xf. If the particle does
not stop, we repeat for the next material along the line of
motion with initial velocity set to vðxfÞ.
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FIG. 12. (a) Contributions of various parton subprocesses for
gluino production. At larger gluino masses, the initial states are
dominated by quark-antiquark pairs (mostly up and down) rather
than gluon pairs, giving rise to stronger Sommerfeld enhance-
ment. Charm and strange quarks make up less than 1% (not
shown). (b) Comparison of the CM-frame velocity distributions
of 2.5 TeV gluinos at the polar angle θ ¼ π=5 for different initial
states. The solid angle bin has width Δθ ¼ Δφ ¼ π=10.
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The Fermi-Teller regime was trivially integrated analyti-
cally, while the Bethe-Bloch regime was solved numeri-
cally. We need only solve the ODE once in each setting and
use the following interpolation method. For a given gluino
mass and a given material type, we need to rapidly compute
the final velocity as a function of initial velocity and
material length, vfðv0; xfÞ. We choose a pair of boundary
conditions ðv0; xfÞ ¼ ðvlarge0 ; xlargef Þ larger than all of our
application’s need, and solve for the corresponding func-
tion vlargeðxÞ. Then we build a grid by sampling many
examples of vfðv0; xfÞ from this function and interpolate
the result.
This calculation assumes the particle moves in a straight

line. The axial magnetic field with strength B ¼ 2 T near
the collision point at ATLAS [100], relevant for the silicon
detectors, has negligible influence on the particle’s trajec-
tory for the mass and velocity of interest to us, as its
cyclotron radius is

Rc ¼
mg̃v

eB
¼ 330 m

�
v
0.1

��
mg̃

2 TeV

�
; ðB2Þ

much larger than the relevant length scale.
At low velocities, v ∼ 0.1, small deviations from the

Bethe-Bloch equation arise from the Bloch correction
(proportional to z4) and the Barkas correction (proportional
to z3) [126]. Since the gluino oscillates among electrically
positive, negative, and neutral states, the Barkas correction
averages to zero. We have checked that the Bloch correc-
tion modifies the stopping calculation only at the ∼10%
level, which we neglect.
Instead of simulating the propagation of every particle,

which would be computationally expensive, we implement
an “escape velocity” algorithm whose computation cost is
limited only by the number of target materials and their
angular resolution. For every relevant material in the
detector, we first determine the direction of the particles
from the collision point that would pass through the
material, specified by a central polar angle ðθ0;φ0Þ and
a surrounding solid angle δΩ. Then for every polar angle
bin in δΩ, we compute the escape velocity vesc along the
line of motion for that material; that is, a particle faster than
vesc would not stop in this material, taking into account all
previous materials encountered along the line of motion.
The procedure used to compute vesc is described in the
following paragraph. For the k-th material along the line of
motion, vstoppedmin ¼ vesc;k−1 and vstoppedmax ¼ vesc;k give the
range of velocities that will stop in it. Denote the resulting
phase space region capable of stopping in the material
as δvstopped;klab .
To determine the escape velocity, we need to find the

critical initial velocity v0 such that vf ¼ vðxfÞ ≈ 0 within
some numerical tolerance, which we take to be
vstopped ¼ 10−6. We accomplish this using a binary search

algorithm: Start with the trivial statement that the true value
of v0 must be in the range ðv0;min ¼ vstopped; v0;max ¼ 0.99Þ,
or whatever value of v0;max appropriate to the
problem. Then we take the median velocity vmedian ¼
ðv0;min þ v0;maxÞ=2, propagates it through the initial value
problem of Eq. (B1) to compare it with the true value of v0,
allowing us to shrink the possible range in half by updating
either v0;min or v0;max to vmedian. We repeat this procedure
until the possible range of v0 is smaller than some thresh-
old, which we take to be vstopped. This algorithm converges
rapidly and takes advantage of the fact that vfðv0; xfÞ is a
monotonic function of v0.

APPENDIX C: NUCLEAR STOPPING LENGTH

We show that premature gluino stopping due to nuclear
binding only makes a negligible correction to the stopping
length. Take silicon, for instance, whose threshold velocity
is vthr ≈ 0.027, and whose stopping distance beneath vthr
due to ionization is about xthr ≈ 3.6 cm for a 2.5 TeV
gluino; see Fig. 3. Since the nuclear interaction is Poisson-
distributed with an average length of about λint ¼ 47 cm,
the probability of nuclear stopping before xthr is

1 − e−
xthr
λint ≈ xthr=λint: ðC1Þ

On average, this occurs half way at xthr=2. So the corrected
stopping distance should be

xcorrected ¼ xthr −
�
xthr
λint

��
xthr
2

�
ðC2Þ

¼ xthr

�
1 −

xthr
2λint

�
; ðC3Þ

which works out to xcorrected ¼ 0.96xthr for the example
here. We ignore this small reduction in xthr, which is itself a
small fraction of the full stopping length xstopped from the
initial velocity.

APPENDIX D: WATER POOL SIMULATION

To model the gluino traversal of the experiment cavern
and the water cylinder, we take the interaction point to be at
the origin, the beam line as the z axis, and the x axis to point
vertically upward toward the ground surface. Define the
polar angle relative to the x axis as α (not to be confused
with the polar angle θ relative to the z axis); the cylinder is
symmetric around the x axis along its azimuthal angle φx ¼
0 to 2π. The center of the cylinder’s bottom face is at
ðx; y; zÞ ¼ ðd; 0; 0Þ. Although we have set the water pool to
be above ATLAS in this picture, the system is cylindrically
symmetric around the z axis and there is considerable
freedom in the precise location of the pool.
Consider rays emanating from the origin, representing

straight-line particle trajectories (Fig. 13). The rays that
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intersect the cylinder with radius r form a cone given by
0 < α < α0, where

α0 ≡ arctan

�
r
d

�
: ðD1Þ

Among them, an inner cone of rays that fully traverse the
cylinder height h is given by 0 < α < α1, where

α1 ≡ arctan

�
r

dþ h

�
: ðD2Þ

Rays with intervening polar angles α1 < α < α0 hit the wall
of the cylinder without reaching its farther face.
The length sentry of a ray before entering the cylinder is

given by

sentryðαÞ ¼
d

cos α
; 0 < α < α0: ðD3Þ

The length sexit of the ray upon exiting the cylinder depends
on whether it is inside the inner cone:

sexitðαÞ ¼
(

dþh
cos α ; 0 < α < α1
r

sin α ; α1 < α < α0:
ðD4Þ

The cylinder traversal distance can be shown to be

scylinderðαÞ ¼ sexitðαÞ − sentryðαÞ ðD5Þ

¼ 1

cos α
min

�
h;

r
tan α

− d

�
ðD6Þ

for all angles satisfying 0 < α < α0. We thus simulated
gluino trajectories (Fig. 13) through ATLAS material of
length sentryðαÞ and a subsequent scylinderðαÞ through water,
using an angular resolution19 of δðcos αÞ ¼ 0.05.
Figure 14(a) shows the escape-velocity window for

gluinos as a function of pseudorapidity η for
mg̃ ¼ 3 TeV. The kinks in the upper curve vmax

esc at η ¼
�0.63 correspond to the critical angle α1, beyond which the
cylinder traversal distance starts shrinking due to gluinos
hitting the sides of the cylinder.
Figure 14(b) shows the escape-velocity window as a

function of gluino mass mg̃ at fixed pseudorapidity η ¼ 0.
For mg̃ ¼ 2 TeV the window spans ðvmin

esc ; vmax
esc Þ ¼

ð0.12; 0.24Þ; for mg̃ ¼ 3 TeV it shifts downward to
(0.11, 0.21). The ∼ 10% downward shift of both edges

water

cavern

cylinder

FIG. 13. Sampled particle trajectories in the ρx plane through
the experiment cavern (gray) and an external water cylinder
(blue), with the cylinder boundary shown by the black dashed
line. Here, ρ is the radial distance in the yz plane, with the z axis
along the beam line and the collision point at the origin. An
implicit rotation by the azimuthal angle φx about the x axis from 0
to 2π is understood.
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FIG. 14. Escape-velocity window for gluinos stopping in the
water pool as a function of (a) pseudorapidity η at fixed mass
mg̃ ¼ 3 TeV; (b) mass mg̃ at fixed pseudorapidity η ¼ 0. The
shaded band is the stopping region bounded by vmin

esc and vmax
esc .

19At larger distances, we always sampled at least 10 angles.
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follows from Eq. (13): holding the stopping length xstopped
fixed and substituting the nonrelativistic relation
K0 ¼ 1

2
mg̃v2esc, we can solve for the escape velocity,

vesc ¼
�
8ξCκxstopped

mg̃

�
1=4

: ðD7Þ

Thus vescð2 TeVÞ=vescð3 TeVÞ ¼ ð3=2Þ1=4 ≃ 1.1, repro-
ducing the numerical results.

APPENDIX E: CHEMICAL BOND LIMIT

An extremely heavy gluino would not stop in matter as
its weight would break through the chemical bonds of
materials beneath it, causing it to fall to the center of Earth.
This occurs when the gravitational potential energy mg̃gh
becomes comparable to the typical chemical bond energy
EB ∼ e2=4πr ∼ 10 eV, where r ∼ 10−10 m is the typical
atomic size, and the relevant height is also the atomic size,
h ¼ r. We find

m ¼ EB

gr
≈ 1018 GeV; ðE1Þ

which is far larger than the scale relevant here.
A more stringent limit comes from the maximum

centrifugal force beyond which a gluino would break the
chemical bonds that hold up the wall of the container in the
centrifuge. This can be found by using the effective
gravitational acceleration in the above equation
g → geff ¼ 105g, which gives

m ¼ EB

geffr
≈ 1013 GeV

�
105g
geff

�
: ðE2Þ

In addition to the force due to the centrifugal acceleration,
another limit comes from the wall absorbing the momen-
tum of the gluino. For the gluino to break a chemical bond,
it must exert a pressure P exceeding the bond energy
density ρ ¼ EB=r3. Since the pressure is the force exerted
by the gluino per atomic cross sectional area, P ¼ F=r2, we
have

F
r2

¼ EB

r3
: ðE3Þ

The force F can be estimated by considering the change in
momentum of the gluino over a characteristic stopping time
t: F ¼ Δp=t ¼ mg̃v=t. This gives

mg̃v
r
t
¼ EB: ðE4Þ

Assuming the gluino is stopped over a distance of order an
angstrom, we take v ¼ r=t, which yields

mg̃v2 ¼ EB; ðE5Þ

which is essentially a comparison of kinetic energy with the
bond energy.
The kinetic energy associated with thermal velocity is

independent of the gluino mass. At room temperature, it is
given by 1

2
mg̃v2th ≈ 300 K ¼ 0.025 eV, which of course

does not exceed the chemical bond limit. In Appendix F, we
find that the drift velocity vdrift [Eq. (F8)] does depend on
the gluino mass, but for mg̃ ¼ 3 TeV, it remains much
smaller than the thermal velocity. The critical mass at which
the drift velocity breaks chemical bond is found by solving
mg̃v2drift ¼ EB, which gives

mg̃ ∼ 106 GeV

�
geff
105g

�
−2
: ðE6Þ

APPENDIX F: EQUILIBRATION TIME

We aim to determine the timescale over which the gluino
reaches its equilibrium distribution within the centrifuge.
This equilibration time is controlled by the faster of two
processes: thermal diffusion (a random walk) and drift due
to centrifugal acceleration (a biased random walk).

1. Diffusion time

Neglect the net drift arising from centrifugal acceleration
for the moment. We first compute the timescale over which
the gluino reaches its equilibrium distribution through
diffusion alone. Since the gluino is much heavier than
the surrounding atoms, its motion is ballistic, meaning its
direction of motion is only randomized over many colli-
sions [127]. So we use the diffusion equation [128]
formulated in terms of the momentum-transfer mean free
path λtr, which characterizes the average distance over
which the gluino’s direction is effectively randomized.
The root mean square distance traversed by the gluino

after a time t is given by d ¼ λtr
ffiffiffiffiffiffiffiffiffi
t=τtr

p
, where τtr is the

momentum-transfer mean free time. Since the thermal
velocity is given by vth ¼ λtr=τtr, we have d ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

λtrvtht
p

.
By equipartition theorem, we have mg̃v2th=2 ¼ 3T=2, and
the transfer mean free path is related to the number density
n and the momentum-transfer cross section σtr via
λtr ¼ ðnσtrÞ−1. Substituting these relations yields

d2 ¼ t
nσtr

ffiffiffiffiffiffi
3T
mg̃

s
: ðF1Þ

We model the scattering between the anomalously
heavy atom and surrounding normal atoms to be hard-
sphere scattering, with a total geometric cross section
σ ∼ σgeom ¼ πð2aÞ2, where a ¼ 10−10 m is the typical
atomic size. It can be shown that while in the center of
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mass frame the transfer cross section is the same as the
geometric cross section (which is frame independent), in
the lab frame in which the normal atom is initially
stationary, the transfer cross section is suppressed by a
factor of their mass ratio:

σtr ≈
matom

mg̃
σtr;CM ¼ matom

mg̃
σgeom: ðF2Þ

To reach equilibrium, the gluino must have sufficient
time to diffuse across the entire length of the test tube;
that is, it must travel an average distance d ¼ rmax. For
mg̃ ¼ 3 TeV and number density of liquid water
n ¼ 3 × 1022 cm−3, this sets a diffusion time of

tdiff ¼
matom

mg̃
n4πa2r2max

ffiffiffiffiffiffi
mg̃

3T

r
ðF3Þ

¼ ρffiffiffiffiffiffiffiffiffiffiffi
3Tmg̃

p 4πa2r2max ðF4Þ

¼ 5700 s

�
3 TeV
mg̃

�
1=2

�
rmax

11 cm

�
2

; ðF5Þ

where ρ is the density of water.

2. Drift time

To account for the biased random walk induced by
centrifugal acceleration, we adopt a modified form of the
Drude model [129]. As long as the resulting drift velocity
vdrift remains much smaller than the thermal velocity,
vth ≈ 10−7, we may assume that the transfer mean free
time, τtr ¼ λtr=vth, remains unchanged from the purely
diffusive case. Over each interval τtr, the gluino experiences
an outward acceleration due to the centrifugal force and
acquires a drift velocity given by

vdrift ≈ ðω2rmaxÞτtr ðF6Þ

¼ ðω2rmaxÞ
1

nσtrvth
ðF7Þ

¼ 3 × 10−12
�

mg̃

3 TeV

�
3=2

�
ω2rmax

105g

�
; ðF8Þ

which satisfies our condition vdrift ≪ vth. Note that
although the drift velocity is much smaller in magnitude
than the thermal velocity, it is consistently directed out-
ward, in contrast to diffusion, which is inherently random
in direction. The characteristic time for a gluino to drift
across the test tube is then

tdrift ¼
rmax

vdrift
≈ 100 s

�
3 TeV
mg̃

�
3=2

: ðF9Þ

This timescale therefore determines the equilibration time
teq as we are in the drift-dominated regime.

APPENDIX G: CENTRIFUGE EQUILIBRIUM
DISTRIBUTION

Let cðrÞ denote the concentration of heavy particles of
mass m within the liquid inside a centrifuge, where r is the
radial distance from the axis of rotation. Two mechanisms
contribute to the particle current in the liquid: diffusion and
convection. The diffussive current density is given by
Jdiff ¼ −D∇c, where D is the diffusion coefficient. The
convective current density arises from the drift of particles
under the effective force due to centrifugal acceleration and
is given by Jconv ¼ cu, where u is the terminal velocity.
The total current density is J ¼ Jdiff þ Jconv.
The terminal velocity can be found by balancing the

centrifugal force macr̂ against the buoyant force −Vρ0acr̂
and the frictional force −fur̂, where V is the volume of the
heavy particle, ρ0 is the fluid density, f is the drag
coefficient, and ac ¼ ω2r is the centrifugal acceleration.
Solving for u gives

u ¼ ðm − Vρ0Þ
f

ω2r≡ sω2r; ðG1Þ

where s ¼ ðm=fÞð1 − ρ0=ρÞ is known as the sedimentation
coefficient and ρ denotes the density of the heavy particle.
Substituting the relevant expressions into the continuity

equation, dc=dt ¼ −∇ · J, yields the full dynamical
description of sedimentation in a centrifuge, known as
the Lamm equation [130]. However, since we are interested
solely in the equilibrium distribution, it suffices to impose
that the total current density vanishes everywhere:
JðrÞ ¼ 0. This condition implies that diffusive flux exactly
balances convective transport due to the centrifugal force:

D
dc
dr

¼ sω2rc: ðG2Þ

The solution is given by

cðrÞ ¼ c0 exp

�
s
D
ω2r2

2

�
; ðG3Þ

where c0 is the concentration at r ¼ 0.
The sedimentation coefficient can be written as s ¼ μmb,

where the mobility is defined as μ≡ 1=f and the buoyant
mass is defined as mb ≡mð1 − ρ0=ρÞ. Since the density ρ
of the heavy particle we consider is much greater than the
fluid density ρ0, we have mb ≈m. By the Einstein relation
[131], the diffusion coefficient is equal to the temperature
times the mobility, D ¼ μT, which implies the prefactor in
the exponential is in fact
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s
D

¼ m
T
: ðG4Þ

The equilibrium distribution is then

cðrÞ ¼ c0 exp
�
mω2r2=2

T

�
: ðG5Þ

This reproduces the Maxwell-Boltzmann distribution
exp ð−UðrÞ=TÞ for a potential energy UðrÞ ¼ − 1

2
mω2r2.

APPENDIX H: MASS SPECTROMETRY:
A CASE STUDY

Reference [39] searched for a heavy hydrogenlike
particle with charge þe in an enriched sample of heavy
water using mass spectrometry (MS). A duoplasmatron was
used to ionize a sample of 0.016 mL of heavy water,
producing an ion current of I ¼ 8 μA. The ions were then
accelerated through an electric potential at V ¼ 130 kV. A
magnetic mass selection then filtered out ion masses
outside the range 30–1200 GeV. Next, an attenuating
carbon foil screened out20 ions with atomic number
Z > 1 and broke all molecules into constituent atoms.
Finally, a time-of-flight measurement was made on the
surviving ions, where no positive signal was found. Many
aspects of this experiment could be applied or adapted to
our case here and conceivably be improved to the
required level.
Starting from Nsample ¼ 5 × 1020, the experiment

reached a sensitivity of cmin ≈ 2 × 10−18 for m ¼
100 GeV particles (with sensitivity degrading at higher
masses), corresponding to an efficiency of ϵ ≈ 10−3. Since
this can be decomposed into ionization, transmission, and
detection efficiency, ϵ ¼ ϵi × ϵt × ϵd, we will describe
various methods that could independently improve each
of these efficiencies.
The ionization efficiency was ϵi ≈ 2.5 × 10−2, though

Ref. [39] emphasized this is not an intrinsic limit and
described a system that could recycle unionized gas to
improve ϵi. More recent work has demonstrated a recycling
system for noble gas mass spectrometry that gives rise to a
50-fold increase in ϵi [134]. If this method is transferable, it
would already yield near-perfect ionization efficiency.
The remaining losses for m ¼ 100 GeV particles were

due to large-angle scattering at the attenuating foil, with a
transmission efficiency of ϵt ∼ 4 × 10−2. While this could

conceivably be improved directly, it might be possible to
replace this step: the dual purpose of the attenuating foil to
break bonds and reject high-Z background could be
separated.
The molecular-bond breaking could occur as a prelimi-

nary step or as part of the ionization step. We could exploit
the molecular fragmentation property of hard ionization
techniques [135]; for example, electron ionization (EI) at
70 eV is commonly used to break organic bonds because
the de Broglie wavelength of electrons at this energy is
λ ≈ 0.1 nm, matching the length of the typical bonds in
organic molecules [136]. It appears feasible to adapt this
method to break other types of molecular bonds.
The filtering of high-Z ions was needed in that experi-

ment because the magnetically selected mass range over-
lapped with standard model mass range, resulting in a
significant background that need to be further reduced. For
our purposes, the target particle is in the 2–3 TeV range, far
heavier than any standard model background. The magnetic
field required to separate the heaviest standard model ion
can be estimated from the following formula for cyclotron
radius rc:

B ¼ 1

rc

ffiffiffiffiffiffiffiffiffiffi
2mV
q

s
ðH1Þ

¼ 0.2 T

�
1 m
rc

�
−1
�

m
250 GeV

�
1=2

�
V

65 kV

�
1=2

�
1

q

�
1=2

:

ðH2Þ

We see that a modest magnetic field at laboratory length
scale is sufficient to remove even the heaviest naturally
occurring atoms, Pu-244 [137], from a straight path. But
any hypothetical TeV-scale particles would be essentially
unperturbed by the magnetic field21 and continue in a
straight path.
Therefore, we can, in principle, construct a null experi-

ment in which no standard model background is present
after the magnetic mass selection stage. In fact, such a
magnetic selection for m > 292 GeV has been conducted
in an AMS experiment, in which several hours of back-
ground-free data has been achieved [140].
In Ref. [39], three detector plates made of thin carbon

foils were used to make the final time-of-flight measure-
ment. Although the detection efficiency ϵd was close to 1
for low mass ions, it deteriorated for larger masses, down to
∼0.1 at m ¼ 1.2 TeV for each plate. Since the ions passed20This step exploits the fact that an ion’s charge fluctuates as it

passes through material [132], resulting in an effective charge that
can be approximated as [133] Zeff ¼ Z½1 − expð−125vZ−2=3Þ�,
where v is the ion velocity. Hence, regardless of the charge state
upon ionization, high-Z ions lose more energy as they pass
through the foil, and the foil thickness was designed to only allow
the passage of Z ¼ 1 ions. Our targets of water, silicon, and argon
have relatively low Z and we could adapt this method to their
atomic numbers.

21Although an R-nuclei withmg̃ ≳ 2 TeV with multiply charge
q > 1 would be deflected more than the usual q ¼ 1 case, it
would need q≳ 10 for it to be indistinguishable from a heavy
standard model ion. This can be controlled [138] and large charge
is usually suppressed anyway; e.g., q ¼ 2 is an order of
magnitude less likely than q ¼ 1 for ionized water at low
ionization energy due to autodissociation [139].
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through three such plates, the total sensitivity was approx-
imately ϵd ∼ 10−3 at this mass.
Fortunately, modern MS achieves markedly higher ion

detection efficiency with microchannel plate (MCP) detec-
tors [138], originally engineered for molecules at the m ¼
1–300 TeV scale in a biological context, but readily
repurposable for our case here. The basic principle is that
when an ion hits an MCP detector, it triggers a cascade of
secondary electrons. Reference [138] experimentally dem-
onstrated that the number of secondary electrons, also
known as the secondary electron yield, has a phenomeno-
logical scaling

γ ≈ 2

�
V

25 kV

�
3=2

�
m

1 TeV

�
−1=2

ðH3Þ

for a singly charged ion. The ion is detected if at least one
secondary electron is emitted. The MCP detection effi-
ciency is given by a Poisson distribution,

ϵd ¼ 1 − e−γ: ðH4Þ

It can be shown from Eqs. (H3) and (H4) that using an
accelerating voltage of V ¼ 65 kV would enable detection
of m ¼ 3 TeV ions with ϵd > 99%.
Note that the MCP detector is a destructive procedure,

which means the ion is lost once it is detected. If the
magnetic selection step can eliminate all standard model
backgrounds, then we could instead use a nondestructive
detector; for example, an inductive charge detector detects
charge passage via its induced current [138,141].22 After
producing the signal, the heavy ion can be captured,
double-checked, and further analyzed.

APPENDIX I: ATLAS SIMULATION

In this appendix, we show some more details of the
ATLAS simulation. Figures 15 and 16 show the stopped
gluinos results for the HL-LHC, differing from Figs. 7 and
8 because the ID of Run 2=3 is replaced by the ITk system.
Table IV tabulates the ATLAS materials used in the
simulation.

FIG. 16. Stopped fraction for 2.5 TeV gluinos in each cylin-
drical layer in the ATLAS barrel in HL-LHC. Silicon layers in the
ITk and liquid argon layers in the EM calorimeter are highlighted;
all other materials in this region are labeled as “intervening.”
Abbreviated layer names are shown on the horizontal axis
(Table IV). The total stopped fraction of all layers shown is
about 1.2%.

1.5 1.0 0.5 0.0 0.5 1.0 1.5
0.00
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0.08

0.10

FIG. 15. Escape velocity vesc vs pseudorapidity η for 2.5 TeV
gluinos in ATLAS barrel for HL-LHC. Here vesc is the maximum
initial velocity for which the gluino still stops within a given
layer. Black curves show vesc for each simulated cylindrical layer.
Silicon layers in the ITk and liquid argon layers in the EM
calorimeter are highlighted. The liquid argon layers are separated
by lead layers.

22Reference [141] has a charge threshold of 250e due to
background, but single charge sensitivity might be possible in a
background-free environment in principle.
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TABLE IV. ATLAS barrel material model used in the simulation. Top: comparison between the Run 2=3 inner
detector and the HL-LHC inner tracker. Bottom: elements that are identical in both configurations. Silicon and liquid
argon are highlighted in bold. Each row represents a cylindrical shell with inner radius R, radial thickness ΔR, and
axial extent from −ΔZ to ΔZ along the beam line. The primary element of the material is also listed.

System Name Mat. R (mm) ΔZ (mm) ΔR (mm)

ID [30] IBL Si 30 400 10
Pixel 1 Si 47 400 20
Pixel 2 Si 85 400 20
Pixel 3 Si 120 400 20
PSF C 190 1500 20
SCT1 Si 270 750 30
SCT2 Si 350 750 30
SCT3 Si 420 750 30
SCT4 Si 500 750 30
TRT C 560 712 28.6

(a) Run 2=3 inner detector (ID).

System Name Mat. R (mm) ΔZ (mm) ΔR (mm)

ITk [31] Pixel 0 Si 34 245 10
Pixel 1 Si 99 245 10
Pixel 2 Si 160 372 15
Pixel 3 Si 228 372 15
Pixel 4 Si 291 372 15
Strip 0 Si 399 1372 25
Strip 1 Si 562 1372 25
Strip 2 Si 762 1372 25
Strip 3 Si 1000 1372 25

(b) HL-LHC inner tracker (ITk).

System Name Material R (mm) ΔZ (mm) ΔR (mm)

Cryostat [100] Warm Vessel Fe 1152 3070 13.5
Shield Al 1190 2650 22.5
Coil Al 1234 2650 33

Support Cylinder Al 1267 2650 32.5
Cold Vessel Al 1345 3267 45

EM calorimeter [33,99] Lead 1 Pb 1500 3200 15.7
Argon 1 Ar 1516 3200 31.3
Lead 2 Pb 1547 3200 15.7
Argon 2 Ar 1563 3200 31.3

..

. ..
. ..

. ..
. ..

.

Lead 10 Pb 1923 3200 15.7
Argon 10 Ar 1939 3200 31.3

(c) Common cryostat and calorimeter for both running periods.
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