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Despite the success of the Standard Model (SM) there remains behaviour it cannot describe, in
particular the presence of non-interacting Dark Matter. Many models that describe dark matter
can generically introduce exotic Long-Lived Particles (LLPs). The proposed ANUBIS experiment
is designed to search for these LLPs within the ATLAS detector cavern, located approximately
20-30 m from the Interaction Point (IP). A prototype detector, proANUBIS, has taken data within
the ATLAS detector cavern since 2024, corresponding to 104 fb~! of pp data. We report on
the potential sensitivity of ANUBIS to a selection of LLP models, i.e. Higgs Portal and Heavy
Neutral Leptons, as well as future planned studies. Additionally, we will show the first results of
the proANUBIS demonstrator, and how it will be used to study the expected backgrounds for the
ANUBIS detector.
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1. Introduction

Long-Lived Particles (LLPs) are a key element for Beyond the Standard Model (BSM) physics,
with connections to dark matter [1], neutrino masses [2] and baryogenesis. Existing detectors, like
ATLAS or CMS, lose acceptance for neutral LLPs with decay lengths above O(10m) [3]. ANUBIS
is a proposal for a transverse detector [4], which would be situated in the ATLAS cavern, about 23
m above IP 1 and designed to observe traces of neutral LLPs that traverse ATLAS invisibly and
decay into charged particles in direction of the cavern ceiling. Its large fiducial volume and timing
synchronisation with ATLAS provide unique sensitivity and complementarity to proposals such as
MATHUSLA [5] and CODEX-b [6].

This paper presents projected sensitivities for two benchmark models, a Higgs-portal scalar and
a minimal single-flavour Heavy Neutral Lepton (HNL). We further introduce the new SET-ANUBIS
framework, which automates sensitivity studies for generic BSM models. Finally, we present the
first result with the proANUBIS prototype, taking data in the cavern at ATLAS since 2024.

2. LLP phenomenology and benchmark models

2.1 Generic LLP kinematics
An LLP of width I" has ¢t = 7ic/T" and lab decay length Ly, = Byct. The probability to decay
between Ly and Ly, along its flight direction is

Pdecay — e_Lmin/(ﬂVCT) _ e_Lmax/(ﬁ'yCT). (1)

Signal expectations follow
Nyg = £ ), 0i BR; (Ai &; Paceay), )
i

where (Ag) is the acceptance times the efficiency, £ the luminosity and o;/BR; the production’s
cross section/branching ratio of the LLP for a given channel.

2.2 Higgs portal

We consider a real singlet S mixed with the SM Higgs H through a mixing parameter €. This
model is known as the Hidden Abelian Higgs Model (HAHM) [7]. The Lagrangian is

€ A
Lhiges = =5 1HI? + 228 = 238 4 i |HI? - | HI*, 3

where upg /Ay and us/As are the classical parameters for Higgs potentials. After ESWB, we
get a singlet s of mass m, interacting with the Higgs (h). Production is via SM Higgs processes
with BR(h — ss); s decays proceed through its Higgs admixture. For my < 2my (with my, the
mass of the W boson),

['(s — ff) =sin%0 “

2
8 mg

32
Ncmicms (1 ) 4m§) /
Here N, = 3 for quarks and 1 for leptons, m  the mass of the fermion and sin 6 is define in [8]. Varying
(mg, sin @) spans proper lifetimes from sub-metre to cavern scales. We consider production through
gluon-gluon fusion (54.7 pb). Vector-boson fusion (4.28 pb), Higgsstrahlung & ttH channels can

be neglected given their small cross-section.
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2.3 Heavy Neutral Lepton (HNL)

The theoretical framework is a minimal Type-I seesaw [9] that extends the SM by N right-
handed neutral fermions N; with Majorana masses. The Lagrangian is

mp;

: N'N¢ = yia N'¢ L + hec., (5)

L=Lsu+ %Nﬂ?Ni -

with @ € {e,u, 7}, L is the SM lepton doublet, ¢ the Higgs doublet and ¢ = ior¢*. We
consider one HNL mixing (i = 1) with a single flavour (one ). After EWSB with (¢) = (0,v/V2)7,
a Dirac mass (mp)iq = Y1eVv/V2 is generated and the (L, N{) mass matrix reads

M=(0 ’”D). ©6)

mp mpy,

For mpy, > mp, the Type-I seesaw yields m,,, ~ sz /mp, and a heavy state with my =~ my,. The

) 2
active—sterile mixing [10] is |U; o? = sin’ Ora = (iz_z\?) = ((?Tlv) . In the mass basis, the HNL
1 Ny

couples to W*, Z and h with mixing-suppressed interactions, e.g.

8

N

Lo =Ny hvN +he. (8)
1%

Lw.z D —=Upa Wy lay"N + Ura ZuVay"N +hec., (7

2 cos By

Here 0w is the Weinberg angle and g the SU(2)r coupling constant. For my < myy, the inclusive
width scales as (approximation from [11])

5

G%mN
Iy~ — N y,,°C , 9
N g |Utal” C(my) €)

where C(m ) captures hadronic thresholds and QCD corrections. For the production of the HNL

[2] at the Large Hadron Collider (LHC), we consider meson/baryon and 7 decays (D, B mesons
dominate at low mp, below ~5 GeV) and partonic channels:

qf > W= = (*N, q4—Z"—>VvN, gg— h*/Z" —-VvN, qy— q t*N, (10)

with q,q" € {u,d,s,c,b}. Selection requirements however can reweight the relative sensitivity
toward the partonic production topologies such that they appear to dominate for ANUBIS. The
possible decays products, for light m y, are [2]

* 2-body: N — (*h} y, and N — vh%,v,

e 3-body: N — £, vgvgand N — vff,

where hp y denotes SM (pseudo)scalar/vector mesons. All channels with at least two charged
particle are, in principle, visible by the ANUBIS detector.
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3. ANUBIS detector and proANUBIS

3.1 ANUBIS detector concept

ANUBIS is a proposed detector to search for LLPs. It is planned to be composed of Resistive
Plate Chambers (RPC) modules that are tiles across the ceiling of the ATLAS cavern (~20-30 m
from the IP). The RPC modules arranged in two planes (triplet RPC) separated by around 1 m and
an additional singlet layer for track disambiguation. The layout follows the ceiling curvature and
provides ~2 sr solid-angle coverage. Coincidence timing with ATLAS and integration of ANUBIS
into the ATLAS trigger system, and vice versa, would enhance background rejection from cosmics
or the hadronic interactions of SM particles in the muon spectrometers and enables event-by-event
correlation, using bunch crossing and Global time information from ATLAS.

3.2 proANUBIS demonstrator

A reduced-scale prototype, proANUBIS, has been operating in the ATLAS cavern since 2024
and has accumulated ~104 fb~! of coincident pp collision data. Its goals are to serve as a proof
of concept for ANUBIS, evaluate the potential detector performance, develop analysis pipelines
(track/vertex reconstruction, time of flight), and an in-situ study of relevant backgrounds for ANU-
BIS. A triplet+singlet+doublet of RPC modules are installed and aligned towards the IP. Synchro-
nisation with ATLAS is achieved thanks to bunch-crossing and global time matching.

An example of the track and vertex reconstruction is given in Fig.1. The doublet and triplet are
used to seed the track reconstruction, and the singlet allows for the validation of the reconstructed
tracks and the disambiguation of multiple tracks in one event.
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Figure 1: Example of tracks and vertex reconstruction using data from proANUBIS.

3.3 Ongoing data analyses

Multiple analyses are being conducted using the proANUBIS prototype. Background estima-
tion for the sensitivity studies, but also testing of the synchronisation with ATLAS. For example,
Fig.2 shows the n and ¢ coordinates of muons measured by ATLAS, that were coincident with
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tracks reconstructed by proANUBIS in bins of the pt of the muons in ATLAS. This effectively
shows the position of proANUBIS, where the two overlapping rectangles arise due to the bending
of muons and anti-muons in the MS B-field which has not been accounted for in the (77,¢0) projection
here. At higher pT the bending due to the B-field is more minimal and so the two charges converge
towards the real location of proANUBIS.

32¢p1<36 GeV, 67.3 fb~! 50<p;<60 GeV, 67.3 fb~'

Muon ¢
Muons
Muon ¢
Muons

1.55
1.50
1.45

1.40

13580 . 0.90 0.95 1.00 E 1.10 0. . . . I [ 1.10
Muon n Muon n

70<p:<80 GeV, 67.3 fb~! 90<p;<100 GeV, 67.3 fb!

25

Muon ¢
Muons
Muon ¢
Muons

> D) "

1.10 0 1'38.80 k . . . . 1.10 0

Muon Muon n

Figure 2: Heatmap of muons in synchronized events, detected by ATLAS and ANUBIS.

4. Framework, analysis strategy and datasets

Aiming to accelerate our future studies, we also developed SET-ANUBIS, a modular hexagonal
framework that ingests UFO models [12] and is able to compute decay widths and branching ratios
(using analytic equations, MADGRAPH [13] or MARTY [14]); generate events with PyTH1AS8 [15]
or MaDGRAPH; and then apply selection cuts based on the detector’s geometry.

The architecture is presented in Fig.3. The main objective of this frameworks is to facilitate
future studies, while being able to test different geometry and see the consequences on the detector’s
sensitivity.

The frameworks can use MADGRrAPH or PyTHIAS for the events generation, depending on the
models and the production modes. For baryonic production, MadGraph is preferred, however, for
more specific production modes, such as mesonic production, PyTHIA8 can be necessary.
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Figure 3: General architecture of SET-ANUBIS.
5. Results

5.1 Higgs-portal scalar limits

The events for calculating the Higgs sensitivity limits were generated using a ggF HAHM UFO
[16]. Pythia8 was then used to simulate LLP production from Higgs and decay to bbbb.

Fig.4 shows the expected ANUBIS 20 exclusion limits for a scalar produced via i — ss
and decaying s — bb. The reach is driven by the large transverse decay volume. In the zero-
background hypothesis, ANUBIS probes lifetime from O(1m) up to O(10°m)with sensitivity to
small branching ratios o 1/£. Under the conservative B=90 assumption the limit weakens as 1/VB
but remains competitive thanks to geometry-driven acceptance.

5.2 HNL limits

Figure 5 presents the combined reach for N, and N, (one flavour at a time). Including gg and
Wy channels improves acceptance for heavier, boosted HNLs. ANUBIS covers lifetimes around
10! to 10° m scale, complementing prompt ATLAS searches and far-detector proposals. The zero-
and non-zero background hypotheses bracket realistic operating scenarios.
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Figure 4: Projected Higgs-portal scalar exclusions for ANUBIS.
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Figure 5: Projected 95% CL exclusions in the (my, |U¢|?) plane for N, and N -

6. Conclusion

The sensitivity studies on the HNL and Higgs-portal models and the data from the prototype
show that ANUBIS offers unique sensitivity to neutral LLPs decaying in the ATLAS cavern.
proANUBIS has already demonstrated its potential to take relevant data while synchronising with
ATLAS and consolidating the sensitivity estimation, thanks to real background estimation. The next
steps include refined background studies with ATLAS side information and extending the sensitivity
estimation using SET-ANUBIS on additional dark-sector simplified models. Data analysis is still
ongoing and will provide new results on the background estimation soon.
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