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In R-parity-violating supersymmetry the lightest neutralino can be very light, even massless. For masses
in the range 500 MeV < UL 4.5 GeV the neutralino can be produced in hadron collisions from rare

meson decays via an R-parity-violating coupling, and subsequently decay to a lighter meson and a charged
lepton. Due to the small neutralino mass and for small R-parity-violating coupling the lightest neutralino is
long lived, leading to displaced vertices at fixed-target and collider experiments. In this work, we study
such signatures at the proposed experiments ANUBIS and MoEDAL-MAPP at the LHC. We also compare
their sensitivity reach in these scenarios with that of other present and proposed experiments at the
LHC such as ATLAS, CODEX-b, and MATHUSLA. We find that ANUBIS and MAPP can show

complementary or superior sensitivity.

DOI: 10.1103/PhysRevD.103.075013

I. INTRODUCTION

Recently there has been an increased interest in long-
lived particles (LLPs). Such particles are defined at
colliders to have detached vertices (DVs). Instead of
promptly decaying after production, they travel for a
macroscopic distance before decaying within the detector,
or in nearby additional detectors. Such a long lifetime can
arise for different reasons such as small mass splitting,
feeble couplings, or a heavy mediator. While LLPs exist
already in the Standard Model (SM), such as the long-lived
hadron K, they are also frequently predicted in a variety of
Beyond the Standard Model models motivated by either
dark matter or the nonvanishing neutrino masses. For
example, portal-physics models connecting the SM and
dark sectors may lead to such LLPs which have a tiny
coupling with the SM particles. These models may include
dark photons (vector portal), a light scalar (Higgs portal),
axionlike particles (pseudoscalar portal), or heavy neutral
leptons (fermion portal). Moreover, other theoretical sce-
narios such as quirky models and split supersymmetry
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(SUSY) models also predict LLLPs. For recent reviews of
LLP models and studies, see Refs. [1-3].

We are here interested in supersymmetric models with
light neutralinos. Searches for promptly decaying heavy
supersymmetric fields have been unsuccessful so far.
Lower limits on the masses of squarks and gluinos have
been placed at the order of TeV in various SUSY models.
However, this is not the case for the lightest neutralino, 7.
It was noticed some time ago [4,5] that if we drop the GUT
(grand unified theory) motivated relation of the gaugino
masses M, = 3tan® 6y M, and drop the dark matter con-
straint on the lightest neutralino [6—11], then the neutralino
mass can be below a GeV and even massless [12,13]. Such
a light neutralino is consistent with stellar cooling, of
supernovae [14—-17], and of white dwarfs [18], as well as
with cosmology [19,20]. Such light neutralinos, if stable,
result in a relic energy density overclosing the Universe
[21]. Thus they must decay. In R-parity-violating super-
symmetry (RPV-SUSY) models, see Refs. [22-24] for
reviews, the lightest neutralino decays via the RPV cou-
plings. When both the mass of the lightest neutralino and
the RPV couplings are sufficiently small, the lightest
neutralino is long lived.

Searches for light long-lived neutralinos have been
studied in various experimental setups. These include
existing fixed-target experiments [5,25-27], a proposed
new fixed-target experiment: SHiP at CERN [28-30], the
ATLAS experiment [30], and a variety of proposed dedi-
cated experiments at the LHC: CODEX-b [31,32], FASER
[33-35], MATHUSLA [3,36], and AL3X [37]) [38—40], and

Published by the American Physical Society


https://orcid.org/0000-0003-3233-4753
https://orcid.org/0000-0002-1483-6314
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.075013&domain=pdf&date_stamp=2021-04-12
https://doi.org/10.1103/PhysRevD.103.075013
https://doi.org/10.1103/PhysRevD.103.075013
https://doi.org/10.1103/PhysRevD.103.075013
https://doi.org/10.1103/PhysRevD.103.075013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DREINER, GUNTHER, and WANG

PHYS. REV. D 103, 075013 (2021)

future Z factories [41,42].] In this work, we consider two
relatively new proposals of dedicated experiments for
searching for neutral LLPs at the LHC, namely ANUBIS
(“An Underground Belayed In-Shaft experiment”) [45,46]
and MAPP (“MoEDAL Apparatus for the detection of
Penetrating Particles”) [47]. ANUBIS is to consist of a
cylindrical detector installed inside one of the service shafts
above either the ATLAS or CMS interaction point (IP), with
an expected integrated luminosity of 3 ab~!. MAPP is
planned with two phases and to be installed inside the
UGCI gallery near the interaction point 8 (IP8) of the LHC,
where the experiment LHCb is located. MAPP1 and MAPP2
are projected to have an integrated luminosity of 30 and
300 fb~!, respectively. The details of these three experi-
ments are discussed in Sec. IIL.

In the existing literature on the search for long-lived
light neutralinos at various experiments, two types of
production mechanisms have been considered. The first is
rare Z-boson decays into a pair of the lightest neutralinos
via the small Higgsino component [38,40-42,48], and the
second is rare meson decays into a single neutralino plus a
neutral or charged lepton via an RPV coupling [5,25-27,
30,39,40]. In this work, we focus on the long-lived light
neutralinos in RPV-SUSY, produced from a rare charm or
bottom meson decay. The neutralino decays via an RPV
coupling, again to a meson and a lepton. Taking one
benchmark scenario for charmed and bottomed mesons,
respectively, we compare the sensitivity reach of ANUBIS
and MAPP experiments with other present and proposed
experiments at the LHC.

This paper is organized as follows. In Sec. II we
introduce the model basics of RPV-SUSY and the lightest
neutralino. In Sec. III, we introduce the detector setups of
ANUBIS and MAPP, and explain the simulation procedure
and signal estimation. The numerical results for two
benchmark scenarios are presented in Sec. IV. In Sec. V
we summarize our findings and provide an outlook.

II. MODEL BASICS OF RPV-SUSY, THE
PRODUCTION AND DECAY OF THE 7!

Here, we introduce the RPV-SUSY model, and discuss
the production and decay of the lightest neutralinos via RPV
couplings. In RPV-SUSY, the Minimal Supersymmetric
Standard Model superpotential is extended by the following
renormalizable terms:

1 i .
Wrpy =k, LiH, + iﬂijkLiLjEi + ZijLiQ;Dj
1
+ 5 U DD (1)

13

'Both ATLAS and CMS have searched for heavier long-lived
neutralinos. The hadronic decays are then to jets instead of light
mesons, as we consider here. See for example Refs. [43,44] and
references therein.

Here we use the notation as in Ref. [49]. In particular
the A,4/,A” are dimensionless Yukawa couplings, and
i,j,k€{1,2,3} are generation indices. The first three
sets of terms violate lepton number and the last violates
baryon number. In order to avoid rapid proton decay we
consider an additional baryon triality, B3, symmetry
imposed [50,51], which allows only the lepton-number
violating operators and is discrete gauge anomaly free. For
this work, we choose to consider only the LQD operators.
The lightest supersymmetric particle (LSP) is then no
longer stable and decays into SM particles. In this study, we
assume that the lightest neutralino is the LSP, which it need
not be [52,53].

Following Refs. [30,39], we investigate two benchmark
scenarios, where the )?(1) LSPs are singly produced from
either a charm or a bottom meson’s rare decay, and
then decay to a lighter meson with a displaced vertex to
be reconstructed inside a detector. Such light GeV-scale, or
lighter, neutralinos are necessarily binolike to avoid
existing bounds [12,13]. We perform the computation of
the decay widths of the heavy mesons into the lightest
neutralino and of the neutralinos into a lighter meson plus a
neutral or charged lepton, with the analytic formulas given
in Refs. [5,13,25,30]. In each of these benchmark scenar-
ios, two RPV couplings are assumed to be nonzero,
responsible for the production and decay of 5((1), respec-
tively. We work directly at the low-energy scale, disregard-
ing the possibility of multiple RPV couplings generated as
a result of the renormalization group equations [54].

The RPV couplings are in general constrained by various
experimentally measured observables. Such bounds usually
depend on the relevant scalar fermion particles. See
Refs. [23,55-59] for reviews. Below we summarize the
current bounds on both the single RPV couplings and
coupling products that are relevant to the benchmark
scenarios we study, extracted from Refs. [55,58—60].

The current single couplings bounds are these [58,60]:

/ my
A, < 0.030 +0.16 7 T(:V’ (2)
m..,
A 2k 3
122 < 1 TeV (3)
e
Za < 019 (4)

and coupling products bounds are [55,59]

- Sk
’1/122'1/112<4.7x1021 7 (5)
m;
A3 <3.0x 10 3ﬁ' (6)

These bounds on the RPV couplings stem from different
phenomenological origins, including meson decays and
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oscillations, atomic parity violation, as well as LHC
Drell-Yan data and electroweak precision measurements
from LEP and SLC. Consequently they depend on the
masses of different sfermions. In this work, we assume for
simplicity degenerate sfermion masses, and will compare
the sensitivity of ANUBIS and MAPP in the parameter
space of the RPV-SUSY with the current experimental
bounds. All the above bounds derive from R-parity
conserving reactions, involving two insertions of an
R-parity-violating operator and one supersymmetric
scalar propagator. Thus in each case the amplitude is
proportional to A2/m?. The meson decays we consider
below violate R parity, as the initial state is R parity even
and the final state with one neutralino is R-parity odd.
Thus the amplitudes are proportional to A’//m?, manifest-
ing a different scaling behavior.

Before we move to the next section, we briefly summa-
rize the current lower bounds on sfermion masses derived
from direct SUSY searches at the LHC, for the LQD
couplings considered in this work [53]. We find that while
there is presently no relevant constraint on sneutrino,
selectron, and sbottom masses, lower limits on the masses
of first- and second-generation squarks and stops exist for
A1 and 4}, (though not for }5,). Assuming mz = 0.5m,

or my = 0.9mg, the bounds on squark masses for A, and

Ay, are 1160 and 1315 GeV, respectively [61]. Further,
the present bounds on m; are 890 GeV for 1,. with
b,c € {1,2}, assuming M = 100 GeV [62]. Since these
bounds are in general around 1 TeV, we will focus on two
benchmark values of the degenerate sfermion masses, 1 and
5 TeV, when we compare the sensitivity reach of ANUBIS
and MAPP to the existing limits in Sec. I'V.

III. EXPERIMENTAL SETUPS AND
SIMULATION PROCEDURE

In this section we introduce the detector setups of the
proposed experiments ANUBIS and MAPP, explain the
simulation procedure, and discuss the estimate of signal-
event numbers.

At both experiments, there are various potential back-
ground sources such as long-lived SM hadrons decays and
cosmic rays. Such background events can be effectively
reduced to the negligible level by, e.g., charged-particle
vetos and directional cuts, as discussed in Refs. [45,47].
Accordingly we assume 0 background events for the
sensitivity study in this paper. Furthermore, since the
detailed detector information of these two experiments
are not yet available, for simplicity we assume 100%
detector efficiencies here.

A. ANUBIS and MAPP

ANUBIS is proposed as a cylindrical detector making
use of one of the installation shafts at the ATLAS or CMS
IP. Sketches of the experiment, reproduced from Ref. [46],

) h
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FIG. 1. The profile sketches of the ANUBIS detector in the y-z
(looking from the side) and the x-z (looking from the top down)
planes, respectively, extracted from Ref. [46]. A sample LLP
event with polar angle ; is included in the sketches.

are presented in Fig. 1 from two perspectives, where a
sample LLP with polar angle 6; is labeled with a dashed
arrow. ANUBIS has a height, /,, of 56 m and a diameter /,,
of 18 m, so that the fiducial region consists of approx-
imately ~14,250 m?. It has a horizontal (vertical) distance
d, (d,) of 5 (24) m from the IP. Four tracking stations are
planned to be installed in parallel, with intervals of 18.5 m.

Compared to the other proposed dedicated far-detector
experiments at the LHC, ANUBIS has several advantages.
First, with its location inside one of the service shafts above
the ATLAS/CMS IP, it can be particularly sensitive to LLPs
traveling at a larger polar angle. It can be integrated directly
with the ATLAS/CMS experiment, extending the sensitiv-
ity of these currently running experiments. A total inte-
grated luminosity as large as 3 ab! at the HL-LHC is
expected for the ANUBIS experiment.

MAPP is located in the UGCI gallery at the IP§ at the
LHC, close to the MoEDAL detector (“Monopole and
Exotics Detector At the LHC”). The first phase of the
experiment known as MAPP1 is planned to be in operation
during the LHC RUN-3 with an integrated luminosity of
30 fb~'. MAPP1 consists of two subdetectors: MAPP-mCP
to detect minimally charged particles and MAPP-LLP to
search for neutral LLPs. We consider the latter with an
approximate fiducial volume of ~130 m?.

075013-3



DREINER, GUNTHER, and WANG

PHYS. REV. D 103, 075013 (2021)

—— —— IP - LHCb

T 1P - LHCh

FIG. 2. Sketches of MAPP1 (green) and MAPP2 (red + green)
in the x-z plane, i.e., viewed from above, and in three dimensions,
with the y axis pointing vertically upwards. A sample event is
shown hitting MAPP2 but not MAPP1.

The detector can be placed at multiple positions in the
UGCI gallery with an angular range of 5° to 25°.
Depending on the angle, the detector is shielded by 25
to 55 m of rock. We consider the position at 5° with a
distance of 55 m. Additionally, the detector is shielded by
100 m of rock above it, so that we assume no background
for the MAPP experiment.

After RUN-3 an upgrade of the detector known as
MAPP?2 is planned, in which the fiducial region is extended
to cover almost the whole gallery with a volume of
~430 m3. The sketches of both detectors are given in
Fig. 2, where the MAPP1 detector is shown in green only
while MAPP2 will occupy both the green and red regions.
Similar to Fig. 1, a sample event with polar angle 6; is
illustrated in the figures.

B. Simulation and signal event estimate

We proceed to describe the simulation procedure and the
estimate of the number of signal events in each of these
experiments.

Since we consider only the production of the lightest
neutralinos from rare decays of charm and bottom mesons,
we can express the total number of produced ;?(l)s in terms of
the total number of produced mesons N, their lifetime 7,
and the meson partial decay width into 7 and a lepton:

N;?)d = ZNM TM =7+ L/v) 1, (7)
M

where i = 1, 2, 3 is the lepton generation.

In principle one can consider the lightest neutralinos
produced from either a pseudoscalar or a vector meson
decay. However, the lifetime of the vector mesons is usually
several orders of magnitude (up to nine orders of magnitude
for D mesons for instance) lower than that of their
pseudoscalar counterparts. In order to produce sufficiently
many neutralinos from such vector meson decays mediated
by an RPV coupling, the coupling has to be much larger
than the current upper experimental bounds. Thus, we only

TABLE I. The total number of D and B mesons expected at
ANUBIS for an integrated luminosity of 3 ab~! over the full solid
angle 4z7. For MAPP1 and MAPP2 we scale the results to the
respective integrated luminosities, 30 and 300 fb~!.

Meson M Df B°/B°
Ny 6.62 x 10" 1.46 x 10"

consider pseudoscalar mesons for the neutralino produc-
tion. Considering both D- and B-meson rare decays, we are
able to explore ;"(? masses up to several GeV and down to a
few hundred MeV. We follow the procedure given in
Ref. [39] to extract the total number of the charm and
bottom mesons that are relevant to this study, respectively.
This is based on the experimental results of charm meson
and b-quark production cross sections published by the
LHCDb collaboration [63,64], and the kinematic extrapola-
tion to the complete solid-angle coverage with the numeri-
cal tool FONLL [65-68], and B-meson fragmentation by
using PYTHIA 8 [69,70]. We summarize the results in
Table 1.2

The lightest neutralinos may undergo two-body decays
into either charged or neutral final states. While both types
contribute to the total decay width of 79, only the charged
final states can be easily used for the displaced-vertex
reconstruction. We therefore consider only these as visible.
The number of observed lightest neutralino decays can be
expressed as

N = N;;;"d - (P[#ind.r.]) - BR(7 — char.), (8)

where (P[#) ind.r.]) denotes the average probability of the
7Y to decay inside the detectable region (d.r.) of a given
detector and “char.” labels charged final states. We perform
a Monte Carlo (MC) simulation with PYTHIA 8 in order to
determine (P[7} ind.r.]). We simulate N};{l{c MC events and

calculate (P[79ind.r.]) with the following formula:

MC
N-O

(Pllindr.)) = —=

where P[(7});ind.r.] is the probability of an individual
simulated 7Y to decay in the d.r. The calculation of the
individual decay probability takes into account the geom-
etries of the respective detector and the kinematics of an
individual )?(1), and is explained in more detail below.

To perform the MC simulation, we use two modules,
HardQCD:hardbbbar  and  HardQCD:hardccbar implemented in
PYTHIA 8, in order to simulate D- and B-meson production

*The numbers are slightly different from those given in
Ref. [39]. We have corrected some minor errors in that paper.
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in pp collisions with the center-of-mass energy
\/s=14TeV. For each parameter point, we simulate
2 x 10® collisions for the bottom and 2 x 107 collisions
for the charm scenarios. We force the meson relevant for
each benchmark scenario to exclusively decay into the
lightest neutralino plus the accompanying lepton, in order
to achieve the maximal number of statistics for estimating
the average decay probability. We then compute the
number of expected neutralino decays by including the
total number of the mother meson produced and its decay
branching ratio into 7).

The calculation of the individual decay probabilities in
the detector requires the kinematic information of each
simulated neutralino. With the mass mo and the four-
momentum information (E;, 6;, ¢;) of the ith simulated
neutralino provided by PYTHIA 8, we can calculate the
relativistic quantities with the following expressions:

vi = Ei/my, (10)
Bi=\ri=1r. (11)
Ai :ﬁiyi/rtot()?(l))7 (12)

B; = pi/E;. (13)
A5 = Biri/Ti(Y), (14)

where y; is the Lorentz boost factor of the neutralino, f; (5;)
the relativistic speed (the velocity in the collider-beam
direction), I',, (7)) the total decay width of the neutralino,
A; (A%) the boosted decay length in the traveling direction (in
the beam direction).

C. The individual decay probability

The traveling direction of an LLP is defined by the
polar and azimuthal angles. P[(#!);ind.r.] can then be
estimated by

= e_%<l —e_%fj), (15)

in the case that the lightest neutralino travels inside the
solid angle protruded by the detector. Otherwise the decay
probability in the detector is 0. Ly ; is the distance from
the IP to the closest point of the detector, while L;; is the
distance the ith simulated neutralino would travel inside the
detector given its traveling direction, if it does not decay
before it leaves the detector. Both Ly ; = L7 ,(0;,¢;) and
L;; = L;;(6;,¢;) are functions of the angles 6;, ¢; as well
as the geometry of the detector at hand.

P[(7?);ind.r.]

1. ANUBIS

In order to estimate the individual decay probability
of an LLP inside the ANUBIS detector, we follow the
same procedure as in Ref. [46]. ANUBIS has four equally
spaced tracking stations, between which we divide
the detectable region into three segments of height
[¥=18.67m. For each of these regions we calculate
separately P;[(7});ind.r.] with j =1, 2, 3 and then sum
over all three probabilities. If one of the two following
conditions is met

dv + (]_ 1) i lsb‘eg

tan@; < , 16
dy, +1, (16)
seg
tan 0 >Ll, (17)
dy,

then P; is 0. In the first case the neutralino flies below
segment j, thus missing it. In the second case it flies above
segment j. Otherwise we have

3 L/, L/.

PIG), indr] Zzi ‘T( _ef>, (18)

where

I,/2
d,+ (2j—1)/2- ;%"

d¢p) = 2 arctan (19)

d,+(G-1) ¢
tn@,-

i .
L7; = min {max (dh,

>,dh+lh}, (20)

d,+j- 1,

. seg ‘
L} = mi d,, sd,+1,| —L7. 21
7, = min {max( n and, > nt h} i (21)

We do not determine the probability exactly for the
azimuthal coverage. We assume the events are isotropic
in ¢ and consider for each detector segment a cone
around the y axis to half the segment height. For the first
segment we then have that (¢; —z/2) € [=6¢, +56¢),
where tané¢/2 = (1,,/2)/(d, + ;¢ /2). Correspondingly
for the other segments as in Eq. (19). The azimuthal
coverage is then accounted for with the prefactor
8¢/ /2x in Eq. (18). Using this approximation for the
location of the ANUBIS detector, and the probability
for it to be hit by a particle flying from the IP, we
find a gseometric coverage of the total solid angle of about
1.34%.

The solid angle coverage is determined using Monte Carlo
integration with 10° events. We display the mean solid angle, Q,
of 100 such integrations. The relative standard deviation (¢/Q) is
< 0.3% for all mentioned solid angles.
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2. MAPP

Because of the less regular orientation of the MAPP
detectors, it is not straightforward to compute the individual
decay probability, as for ANUBIS. Instead, we simulate the
MAPP detectors in an exact way in three-dimensional
space. For this we construct a virtual model of the detectors
based on their corner points. This defines the surfaces of the
detectors and thus the entire volume. Using the information
of the polar and azimuthal angles of each simulated
neutralino, our program determines whether the neutralino
is traveling in a direction inside the detector window, and if
so computes the Ly; and L;; as given in Eq. (15), with
which the individual decay probability in the MAPP
detectors can be exactly determined. Using this more
precise method, we find that MAPP1 and MAPP2 geo-
metrically cover about 0.17% and 0.68% of the total solid
angle, respectively.

We note that in principle this method can also be used for
a cylindrical detector such as ANUBIS. However, given the
rather small azimuthal-angle coverage of the ANUBIS
detector, the amount of simulation increases drastically
in order to reduce the numerical uncertainty to a sufficiently
small level. Therefore, we use Eq. (18), which does not
require a too large number of simulated events and at the
same time is a sufficiently good approximation. With this
exact geometry of the ANUBIS detector, the solid-angle
coverage is estimated to be 1.79%, which is slightly larger
than that obtained by the approximate geometry [see
Eq. (18)]. Thus our previous estimate is conservative.
The effect on the sensitivity in each RPV coupling enters
via the square root, thus the effect is about 15% in each
coupling.

IV. NUMERICAL RESULTS FOR THE
BENCHMARK SCENARIOS

Here we present our numerical results. In Refs. [30,39] a
variety of benchmark scenarios involving different LQD
couplings were investigated. These scenarios consider the
production of light neutralinos via the rare decay of charged
or neutral charm and bottom mesons. The neutralinos
subsequently decay into lighter mesons. In each scenario,
two LQOD couplings are switched on, one responsible for
the production and one for the decay of the neutralinos. In
this work, we focus on only two specific benchmark
scenarios, one for charmed and one for bottom mesons.

The relevant matrix elements for the production and
decay of the neutralinos are given in Ref. [30]. The effective
production and decay operators are proportional to the RPV
couplings scaled to the squared sfermion mass A’'/m?. This
is in contrast to the existing low-energy bounds listed in
Egs. (2)—(6), which scale with the sfermion masses as
ﬂ’z/m]% or A'/mj, for reasons explained in Sec. II. For

simplicity, we assume degenerate sfermion masses, so that
we are left with three free parameters for each benchmark

scenario: the scaled production and decay couplings

! 2 / 2 ;
Ap i/ my and A, 0 /mf, and the neutralino mass ny.

With three independent parameters, we choose to present
the sensitivities in two types of parameter planes. First,
we set the two A’ couplings to be equal and lay out
the dependence on the neutralino mass: p,;/ m}% =

’D’i/ 7w / mjg. VS M. The other parameter plane chosen is

/ 2 / 2 . ;
Ap i/ m3 Vs Ap iy / ms for three fixed neutralino masses,

where we vary the two LQD couplings independently.

We further display the sensitivities in the plane Br vs cz,
where Br denotes the decay branching ratio of the mother
meson times that of the neutralino into charged products,
and cz is the proper decay length of the neutralino. If the
decay topologies are similar, these results should not be
different qualitatively in the context of other theoretical
models. As mentioned, we consider that only the charged
final states can be detected and used for the DV
reconstruction.

A. Benchmark scenario 1—charmed meson D,

For the first scenario we consider 4|,, and 1},, to be
nonzero, mediating the production and decay of the lightest
neutralino, respectively. We start with a D, meson decaying
promptly via the L,Q,D, operator:

D, - 7 + et (22)

Afterwards the neutralino travels a macroscopic distance
before decaying with a displaced vertex via 4}, into either
charged or neutral states:
KW*E 4 oF
~0 ’
- . (23)
! {Kg/S/KO—FI/e.

In addition, the production coupling induces invisible
neutralino decays:

"+ v,

# - {"/ T (24)
b+ ve.

which must be taken into account when computing the total

decay width. The relevant features of benchmark scenario 1

are summarized in Table II.

TABLE II. Features of the charmed benchmark scenario.
Ap for production -

A, for decay s
Produced meson(s) D

Visible final state(s) K* + 7, K 4 oF
Invisible final state(s) via 4} (n.n', ) + (ve,7,)
Invisible final state(s) via A}, (K9, K, K*) + (v, D)
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FIG. 3. Estimated sensitivity reach for ANUBIS, MAPP1, and MAPP2 for benchmark scenario 1, with charmed mesons. For the left
column we demand the two L QD couplings to be equal and detail the reach as a function of the neutralino mass. The isocurves represent
three events (light blue), 3 x 10° events (medium blue), and 3 x 10° (dark blue). The dashed isocurve is an extension of the three-event
isocurves, if the neutral “invisible” decays can be observed in the detector. We implement the stronger current coupling bound (here for
21p) for two different sfermion masses, m; = 1 and 5 TeV (solid), and the product bound for m; = 1 TeV (dot dashed). Depicted in the

right column are three-event isocurves on the A}, vs A parameter region for three specific neutralino masses, namely 600 (light blue),
1200 (medium blue), and 1800 MeV (dark blue). Current upper limits on the individual couplings for two sfermions masses m 7 =1land

5 TeV (solid), as well as the product limit for the sfermion mass my = 1 TeV (dot dashed) are presented.

In Fig. 3 we present the model-dependent results for this ~ experiments, respectively, where we impose 4},, = 1};,. In
benchmark scenario. The left column contains plots in the  these plots we show contours of three different numbers of
plane A’/ m% Vs my for ANUBIS, MAPP1, and MAPP2  signal events with the light, medium, and dark blue areas
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corresponding to parameter regions with >3, >3 x 103,
and >3 x 10° signal events, respectively. Furthermore, the
three-event isocurve is extended by the dashed line which
gives the sensitivity reach if the neutral final states, the
lower set of decays in Eq. (23) and the decays in Eq. (24),
can be detected. Current bounds on the RPV couplings as
given in Eq. (2) [Eq. (5)] are shown with solid (dot-dashed)
horizontal lines. For the single coupling bounds on 4} and
A, we show only the stronger one for sfermion masses of 1
and 5 TeV, while for the bound on the product of the two

RPV couplings (y/4}5,4]15/ m%f) we consider only one

sfermion mass at 1 TeV.

The sensitive neutralino mass range for these experi-
ments are all similar and constrained mainly by the
kinematics of the scenario:

(MKi —+ me) < m)?? < (MDS - me). (25)

Beyond this, the sensitivities are dependent only to a small
extent on the neutralino mass, depicted here by the slope of
the lower edge of the various sensitivity regions in the plots
in the left column. The sensitivity regions are bounded from
above, as for large couplings the neutralinos would decay
too fast to reach the detector. They are bounded from below
since for small couplings there is both insufficient pro-
duction of the neutralinos and a too large decay length. The
slope of the upper edge of the sensitivity regions can be
understood as follows. Increasing the two RPV couplings
and decreasing the neutralino mass simultaneously, the
observed number of signal events increase in general. This
is because a large 4}, leads to enhancement in the neutralino

production, while the increase in 1, and decrease in Mo

retains the decay width and the average decay probabilities
in the detector.

In benchmark scenario 1, all three experiments may
probe parameter regions beyond the current RPV-coupling
bounds, to different extents. While the sensitivity of
MAPP1 beyond the current limits would be less than a
factor of 2 in A’/ mf%., its upgraded version, MAPP2, may

extend the reach of MAPP1 by a further factor of ~3, by
virtue of its larger volume and the increased integrated
luminosity. Among the three experiments studied in this
work, ANUBIS shows the best sensitivity reach, exceeding

the current limits by a factor ~8 in A’/ m; This can be

attributed to its even greater integrated luminosity and a
larger solid-angle coverage.

The plots in the right column of Fig. 3 are shown in the
plane A, /m? vs Aj,/m?. Three-event isocurves in different
colors are presented for three fixed neutralino masses: 600
(light blue), 1200 (medium blue), and 1800 MeV (dark
blue). These choices of the neutralino mass correspond
approximately to the lower and higher ends, and the middle
point of the mass range allowed by the kinematics, as
discussed above. As in the plots on the left, we included

present experimental bounds on both single couplings and
the couplings’ product for different sfermion masses.

The isocurves are bounded from all four sides. With a too
large/small 4}, (y axis), the lightest neutralinos decays too
early/late, leading to a too small average decay probability
in the detectors. When A, (x axis) is too small, there is
insufficient production of the neutralinos. With a too large
A, the lightest neutralinos would also decay before they
reach the detector. This is specific for this scenario, as 4},
also induces invisible decays of the neutralino and hence
enhances its total decay width.

We find that ANUBIS, MAPPI, and MAPP2 can
all be sensitive to new parameter regions beyond the
current RPV limits for sfermion masses of the order of
1 TeV. As observed in the plots in the left column,
compared to MAPP1, MAPP2 shows better sensitivity
reach while ANUBIS is expected to have the strongest
performance. Assuming mj; =5 TeV as a reference value,
MAPP1 improves the current bounds on 1},, and 1},, by
approximately one order of magnitude, whereas MAPP2
and ANUBIS improve them by more than two orders of
magnitude. In general among the three masses considered,

My = 1200 MeV probes the largest part of the parameter

regions that are still allowed by the present limits.

In Fig. 4, we show the model-independent results for
benchmark scenario 1 in the plane Br vs cz for two
neutralino masses. Here we specify “Br” with the following
expressions:

Br=Br(Df — ) + %) - Br(7) - KW+ +¢F).  (26)

107° v
— 1y
£ 107541 W
2 .1 \%
210774 WL
& Wy //

-8 ] L TA W4
'l; 10 W\ poe
?X 10—9 A e /’,
= 3 AN\ v
s WY s 7
~10 ] P

P N z”

10*11 E N 2 MA;Pl 30 fb~!, m o = 600 MeV
+ ) 3 ) Mg = e
_ 0-12 '\ J MAPP1, 30 =%, m o = 1200 MeV
1 1 3 st — . MAPP2, 300 ", mgy = 600 MeV

w 10713 4 — . MAPP2, 300 5%, m_o = 1200 MeV

9/ 14 ANUBIS, 8ab™", mgg = 600 MeV
s} 10 3 . ANUBIS, 3ab™", mgp = 1200 MeV

10715 T T T T T T T T N T

10-210 10° 10' 10 10® 10* 10° 10° 107 108

(e7) [m]

FIG. 4. Sensitivity estimates for a neutral long-lived fermion in
a model-independent description for the charmed benchmark
scenario 1 using our neutralino estimates. For each detector the
estimates for two light neutralino masses are depicted. For
benchmark scenario 1 these masses are 600 and 1200 MeV.
The lighter colors are used for the lighter mass. MAPPI is
illustrated with a pink solid curve, MAPP2 red with a dashed line
and ANUBIS blue with a dot-dashed line.
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TABLE III. Average boost factors of the neutralinos for the
three detectors and both benchmark scenarios.

Scenario mg [MeV]  (Br)anusis  (Br)maper  (BY)mapp2
1—D; 600 2.78 24.45 17.22
1—D, 1200 2.94 16.63 13.26
2—B%/B° 1000 5.56 37.86 26.77
2—B%/B° 3000 2.62 16.42 12.72

The solid pink curves denote MAPPI, the dashed red
curves MAPP2, and the dot-dashed blue curves ANUBIS.
The lighter mass 600 MeV correlates to the lighter color,
while the darker color is for a mass of 1200 MeV. The
relative comparison between these experiments is similar to
that shown in Fig. 3. The minimum of each curve gives the
lowest reach in Br, and its corresponding position in the
proper lifetime. For this scenario, ANUBIS may reach
Br~ 7 x 10713, while the two MAPP programs are less
sensitive by more than one order of magnitude.

In order to understand the resulting lowest points in Br:
(¢7)min» in Fig. 4, we first consider the distance from the IP
to the middle position of the detector, (L). For the three
detectors we have

53.85 m for ANUBIS,
55.06 m for MAPP2, (27)
46.71 m for MAPP2.

We estimate the average boost (fy) of the produced
neutralinos for each detector with our numerical simula-
tion, with the results listed in Table III. We note that for the
two MAPP programs the relevant neutralinos have similar
average boost factors while the neutralinos traveling inside
the ANUBIS window have an average boost factor approx-
imately one order of magnitude smaller. This is mainly due
to the difference in the polar-angle coverage of these
experiments. Since at the LHC the charm and bottom
mesons that would decay to the light neutralinos are on
average highly boosted in the forward direction, the
neutralinos that travel at a larger polar angle tend to be
less energetic. As ANUBIS covers polar angles larger than
MAPP1 and MAPP2, the neutralinos going into ANUBIS
are expected to have a smaller boost factor.
The minima of the curves are found to correspond to

(€T min = (L)/ (By)- (28)

This corresponds to the point of highest sensitivity to the
product of branching ratios. Taking My = 600 MeV as an
example, we obtain

TABLE IV. Features of the bottomed benchmark scenario.

A for production .

A}, for decay M1a
Produced meson(s) B°, B°
Visible final state(s) K* +eF, Kt 4 eT
Invisible final state(s) via A} None

Invisible final state(s) via A} (K9, K9, K*) + (v,. D)

19.37 m for ANUBIS,
225 m for MAPPI, (29)
271 m for MAPP2,

(cr)min =

in approximate agreement with the minima of the lighter-
colored curves in Fig. 4. The value of (Br)? at (c7),,,
depends on the angular coverage of the detector and the
integrated luminosity.

B. Benchmark scenario 2—bottomed meson B, B?

Next, we consider neutral bottom mesons B decaying to
a neutralino plus a neutrino via the coupling 1} 5,. The decay
of the lightest neutralino into a kaon proceeds via the same
coupling 4}, as that considered in the previous benchmark
scenario. The characterizing features of this benchmark are
summarized in Table IV. This extends the mass range for
the neutralino considerably because of the larger mass of
the B meson:

(MKi + me) < m)?? < (MBO - m,/g). (30)

We present the exclusion limits in the A/ m?, =/ m}%
vs my as well as the /Ib/ml}% Vs A},/m% plane in Fig. 5. As in

the previous scenario for the latter plane we consider three
neutralino masses, which are 1000, 3000, and 5000 MeV
here. In the 1),/ m}% =/ mi, vs my plane we observe a

similar pattern as before. The sensitivity reach is mostly
independent of the neutralino mass, except for the region
close to the meson masses. The reach is bounded from
above as the neutralino would decay too fast and below,
where the neutralino production and the decay would be
insufficient. We can extend the sensitivity reach slightly, if
we were able to detect neutral final states.

MAPP2 enhances the sensitivity reach of MAPP1 due to
the increased volume and integrated luminosity. However,
both forms of the MAPP detector are only sensitive beyond
the current single coupling limits by factors between 5 and
10, but not beyond the coupling product limit of this
scenario for a sfermion mass of my = 1 TeV. This lack of
sensitivity of the MAPP detectors to reach the current
coupling product limit, which depends on the selectron
mass only, can potentially be reduced to some extent, if
nondegenerate sfermion masses are assumed and the
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FIG. 5. Estimated sensitivity reach for ANUBIS, MAPP1, and MAPP2 in the 1|5,/ mJ% vs A1,/ m; parameter plane for the bottomed
benchmark scenario. The labeling is similar to that in Fig. 3, whereas in the right column the neutralino masses considered now are
My = 1000, 3000, and 5000 MeV colored as light blue, medium blue, and dark blue, respectively.

lightest allowed values of sfermions masses are taken. Even
in that limit, we do not expect the MAPP programs to
exceed the coupling product limit by much. ANUBIS has
the greatest reach out of all three detectors, which extends
beyond the coupling limits. Next, we consider the 17,/ m?

vs Ap/ m/% plane. An important difference compared to the
first scenario is that now the production coupling does not

lead to neutralino decay modes and consequently we are
not bounded from the right side for large values of 4} in
Fig. 5. Comparing with the current bounds on the RPV
couplings, ANUBIS may explore parameter regions that
are still allowed, while the sensitive regions of MAPP1 and
MAPP2 are almost completely ruled out by the current
limit on the product of the two RPV couplings for
my=1TeV. For the medium neutralino mass at
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FIG. 6. Sensitivity estimate for a neutral long-lived fermion in a
model-independent description for the charmed benchmark
scenario 2 using our neutralino estimates. Labeling is similar
to Fig. 4. For benchmark scenario 2 the considered neutralino
masses are 1 and 3 GeV.

3000 MeV, ANUBIS may probe 4|5,/ mj% 1o/ m%) down

to 7 x 10711 GeV~2 (4 x 107! GeV~?) at the upper limit
of Zjp/m3 (A3;/m3) for m}% =5 TeV.

Lastly, we consider the representation for topologically
identical theoretical models in Fig. 6 for m; P = = 1000 and
3000 MeV. The MAPP1 and MAPP2 lowest reach differs
by more than one order of magnitude, while the ANUBIS
reach in Br ~2 x 107!2 is even stronger again by more than
another order of magnitude. Considering the average
lengths to the detector (L) from Eq. (27) and average
boosts (fy) from Table III for a neutralino mass
My = 1 GeV, the position of the lowest reach should be

9.69 m for ANUBIS,
1.45 m for MAPPI, (31)
1.74 m for MAPP2.

(Cr)min =

This approximately coincides with the valley positions
in Fig. 6.

C. Comparison to previously considered detectors

In previous works several detectors were studied for the
same benchmark scenarios, see Refs. [30,39,40]. Here
we compare those results with MAPP1, MAPP2, and
ANUBIS for neutralino masses of 1200 and 3000 MeV
in the respective benchmark scenarios. We consider both
a model-dependent A},/m? 7 Vs Ap/ m? and the model-
independent Br vs ct representation.

First, we look at the model-dependent representation in
Fig. 7. Benchmark scenario 1, Table II, is shown in the top
figure, benchmark scenario 2, Table 1V, in the lower. For
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FIG. 7. Comparison of model-dependent numerical results.
The top figure is for benchmark scenario 1, Table II for
My = 1200 MeV, the lower for benchmark scenario 2, Table IV

for my = 3000 MeV.

both scenarios MAPP1 has the lowest reach while
MAPP2 can substantially extend that reach to parameter
regions comparable to other detectors, namely CODEX-b,
FASER?2 in the charmed scenario, and SHiP in the bottom
meson scenario. The advantage of MAPPI is that the
detector is already approved to be implemented for the
LHC Run-3. The proximity to the ATLAS interaction
point combined with the high integrated luminosity of
3 ab~!, however, propels ANUBIS to be the most prom-
ising proposed detector from this consideration. Only
AL3X and MATHUSLA in both scenarios, and SHiP for
the first scenario, can extend the existing sensitivity reach
by a similar amount.

The model-independent representation is shown in
Fig. 8. Again, benchmark scenario 1, is shown in the
top figure, benchmark scenario 2 in the lower. For the first
scenario, summarized in Table I, a hash grid is added in the
upper right corner, i.e., for large ¢z combined with a large
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FIG. 8. Comparison of Br vs ¢z numerical results for various

proposed detectors. The top figure is for benchmark scenario 1,

cf. Tab. II, for my = 1200 MeV, the lower for benchmark
scenario 2, cf., Table IV, for my = 3000 MeV. For the charmed
scenario the region for large branching ratio products and large ¢t
is theoretically excluded. This region is marked by the hashed

region.

product of branching ratios. This region is theoretically
excluded and cannot be probed in this scenario. The reason
is the following. In order to continue the curves into the
upper right, one must increase both the product of pro-
duction branching ratios and the decay length. If one
increases the production coupling A = 1},,, then in the
charmed scenario this also induces additional invisible
decays, cf., Table II, which reduces the decay length. This
can be compensated by decreasing the decay coupling
A = A}y,. But first of all this also reduces the product of
production branching. Thus the increase in A, must be
larger than the decrease in 17,. At some point 1 dominates
the decay length computation and the reduction in ¢z can
no longer be compensated by reducing A},.

As before, compared to the other proposed experiments,
MAPP1 has the lowest sensitivity reach for both scenarios

because of its smaller angular coverage and lower
integrated luminosity. However, MAPP1 is one of the few
proposed far-detector programs that have been approved
at CERN. MAPP2 extends the sensitivity reach in both
directions. ANUBIS shows a similar behavior to
MATHUSLA and is very promising to extend the reach
for detecting any general long-lived particle.

V. CONCLUSIONS

In this paper we have investigated the potential of the
experiments ANUBIS, MAPP1, and MAPP2 for the
detection of long-lived light supersymmetric neutralinos
produced via rare meson decays. This is an extension of
previous works for the same model at other present and
proposed experiments: ATLAS, SHiP, FASER, CODEX-b,
MATHUSLA, and AL3X [30,39,40]. The neutralino
decays via R-parity-violating couplings to a lighter meson
and a charged lepton. Following Refs. [30,39], we consider
two benchmark scenarios related to either charm or bottom
mesons decays into the light neutralino.

We find that MAPP1 can strengthen current bounds on
RPV couplings in the charmed benchmark scenario. Its
planned upgrade program MAPP2 may extend the sensi-
tivity reach by one order of magnitude in A'/m?2 compared
to MAPPI, as a result of a greater integrated luminosity and
increased solid-angle coverage. The sensitivity range of
ANUBIS is shown to be the largest among the three
detectors in both scenarios.

We compared the exclusion limits of these detectors to
those of other experiments derived in Refs. [30,39,40].
MAPP1 is approved and will explore the parameter space.
MAPP2 can go beyond this by more than an order of
magnitude, and ANUBIS by yet another order of magni-
tude in Br, the product of production and decay branching
ratios, reaching about 7 x 10713, But the potentially most
sensitive experiment here is SHiP, followed by AL3X and
MATHUSLA. See Fig. 8.

In the bottom scenario MAPP1 goes down to about
2 x 10719 in Br, and MAPP2 extends this by more than an
order of magnitude. Again ANUBIS can extend this by
more than another order of magnitude reaching values as
low as Br ~3 x 107!, Here SHiP suffers from the lower
production of B mesons and the most sensitive proposed
experiment is AL3X, followed by MATHUSLA and
almost identically ANUBIS. In particular, AL3X can
achieve this with an integrated luminosity more than
one order of magnitude lower than that of MATHUSLA
and ANUBIS, see Fig. 8.
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