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prototype AN Underground Belayed In-Shaft search experiment
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Why long-lived particles?

This i1s not a small class of exotic theories. Muons are “collider-
stable” (as is the K., n).

,u' Supernova

«— LLPs here? —

| | | | | | cT

107?m 100°m  107°m 1m 10°m  10°m  109m
Constrains new Physics Constrains new Physics
with sizeable interactions with no (tiny) interactions

with the SM with the SM (almost stable)



Where to look for long-lived particles?

ANUBIS d_m

Bauer, OB, Lee, Oh
1909.13022

Feng, et al 1710.09387

A -
o . - Mu
\ Surface  Floor detecto
. : .
o
o
I

£ T
5 el LLP — )
~~~~~~~~~ shield+veto—§— mL’a T -l B s S
I copexp T N — qu ~ A
£ ..7_\:5 I R -
v . 10m ><| 26m L X P8
2 Chou et al 1606.06298

Gligorov et al 1708.09395 3



SM

ANUBIS: simulations SM\/

Representative LLP model: exotic Higgs decays *
L — \s2H'H h — ss, s — SM SM . ......... ;
Consider three geometries ho

Background from ATLAS search for LLP decays in muon system:
need between 4 and 50 signal events for evidence ATLAS 1811.07370

4
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ANUBIS: simulations
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Branching ratio

ANUBIS: sensitivity

m=5 GeV, (CavernPlusShaft)
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+ X) Br(Y}] — visible:
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ANUBIS: sensitivity

Other groups confirm ANUBIS’ competitive sensitivity

Complementarity between forward and
transverse LLP experiments important

Cover all potential decay modes:

e 3rd generation: b, ¢, T;

e leptonic decays: e, u, (t); ALPs: y

R-parity violating SUSY

| | ANuBIS: 3ab™

1074

de Vries, Reiner, Glinther, Wang, Zhou 2010.07035

105

2T 21 11 11
Cspr=4 C1ap=Csga=4 Crap

—
o
&

AL3X: 250 fb " MAPP1: 30 fb"

CODEX-b: 300 tb!
ATLAS: 300 tb1

Hirsch, Wang 2001.04750
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16 | 10°
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Titov, Wang 2105.13851
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ANUBIS: backgrounds )

ATLAS detector for background reduction:

* passive shield:
calorimeter depth ~10 nuclear interaction lengths 4;

® active veto:
high-pt neutral SM LLPs (n, KL) typically come from energetic jets

and give no large E}mss
Almost background-free by requiring E;niss > 30 GeV

Require isolation in AR(DV, x) from inner detector tracks,
calorimeter jets, muon spectrometer tracks

— Active veto by ANUBIS triggering the readout of ATLAS



ANUBIS: backgrounds

Two main background mechanisms to enter the signal region:

D)

® Decay (K; only, ct = 14 m):

® casy to discriminate:
2 charged, collimated tracks

e Hadronic interactions of n, K; :

® Decimate by fiducialising the signal region for LLP decays:

® accept vertices from air-filled region only (A & 800 m)
9



ANUBIS: backgrounds: K;

Decays typically dominate:

CavernPlusShaft, averaged over ¢, n=10.3
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Kaon Decay/Interaction probability

0.0050 A

0.0025 A

—— Decay + Interaction
Decay
—— Interaction

10 20 30 40 50
Energy [GeV]

10

Charged Multiplicity

Detailed Geant4 studies:

> D)

fire K; with = 5,10,...50 GeV
on cylinder of air of 100 m depth

20.0

K; — 2 particles
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5000 100001500020000250003000035000400004500050000
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- 2500
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ANUBIS: backgrounds )

adronic interactions as background from Geant4 studies
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B 200
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Next Steps: proANUBIS )

e proANUBIS: 1.8 X 1 X 1 m?> prototype (tracking station element):

¢ |dea: measure flux in PX14 shaft & correlate to ATLAS (Run 3)
2022

)
e

proANUBIS







Location 2022

e Performance goals:

proANUBIS

e Commissioning, hit+track efficiency
e Track extrapolation to ATLAS

* Measure tracking efficiency:

€ = HID proANUBIS /WID ATLAS

¢ |dentify events with muons
(triggered by single-u trigger)

e Synchronise ATLAS + proANUBIS...

e Physics goals:

e NMeasure rate of secondaries from

¢ [irst handle on probability to see
nadrons from punch-through jets |

14

2022 |\‘

MTI[

PX16 [l




PONT ROULANT 2 X %0 T PONT ROULANT 20 T

Location 2023 T Y BT b
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e Physics goals: < [\‘q, ? I

e Reconstruct muons from IP | R 7, | e
e Synchronise ATLAS + proANUBIS |

e Measure rate of charged hadrons
from punch-through jets R

{‘i‘ \ ‘j\"}?\
e > same €., asfory? POANUBIST R

o 2023+ i
® also for hadrons from regular jets Lk

X
\ 2 PONTS ROULANTS 65 T
A ' \ 4
. 1 g :\ b
- - miss | | -
e also aligned with £ omeor: _\[| | o
l METRLLIOUE 70 \ [TT7T77777777. ) 7 MLUI;I ‘hl.llt_
COTE ( | e S e S vt E
[ N\ \ c /.
':_ \'\ ¢ K. \ UXL} / |

e Measure rate of K, n in events w/ # & N ——
jets pointing towards proANUBIS 2 (I

* also for punch-through jets TN oy PR o o R

e Good handle to validate Geant4 j ~F R HEE B R |
simulations! 5 a2z




Next Steps: proANUBIS )

e Unigue sensitivity to New Physics already for poroANUBIS?
e proANUBIS will have a superb resolution on f (velocity) of 5ﬂ ~ 0.1%

e Probe some uniquely accessible models? 2022

ATLAS has 6, ~ 2 — 3 % a I
ﬁN 0 -‘m H
| .

e Charged massive particles with f & 1 but

not small enough to be seen by ATLAS ”"’:@
t BSM LLP R
1t (SM LLP) ——
Sensitivity of .
proANUBIS Unique

. .
.
: 3\
\\
k. \
i
-
s
l"A.
....
.1 '
! -
- .
N
-
»~ .
E
a

16



Next Steps: proANUBIS )

INntrigued’?

More detalls HERE
—we’'dlove to hear your ideas!



https://www.hep.phy.cam.ac.uk/~obrandt/anubis/2022_01_29_proANUBIS_BSM_sensitivity.pdf

Thank youl



ANUBIS: idea

__ AR . LY \

i .o

¢ Existing geometry
allows for minimal civil
engineering costs

¢ Projective decay volume
optimises acceptance
for different lifetimes




ANUBIS: idea

— image mirrored

16 m

=
—_ -
=

20000

Current proposal:
Four evenly spaced tracking stations with
a cross-sectional area of 230 m<2 each

20



D)

0,02 S 0.5 cm
2 98%

Specification
6t < 0.5 ns
da S 0.01 rad

-
-
-

Time resolution
Angular resolution
Per-layer hit efficiency

Parameter
Z Spatial resolution

]

f.#a.f.#a.ffa.f.f.a.f.;.a.ff#j.f.‘.}.Af#a.j.#.uﬁ..fa.fd..fa..f.f.a.ff#aff#######af#aff
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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detector concept
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ANUBIS: detector concept !ﬁ

yA
oi ATriplet 1ayer B Tracking Station 3

m
R

e

" e e e

Triplet layer A

e e e %, "y ", e, e e ey Moy e e
e e e T T T O L

Parameter Specification

Time resolution 6t < 0.5 ns
Angular resolution da S 0.01 rad

\ 17.8 m

18.5 m

Spatial resolution dr,0z S 0.5 cm
Per-layer hit efficiency ¢ 2 98%

0.5m

Timing:
* Fiducialise volume:
Oypy =~ 15 cm
- Eliminate backgrounds
| 17.5m |k e.g. cosmics, non-collision
< : >

18 m - measure f
22

T Triplet Iaye_:r B

riptetiayerA—  Tracking Station 2|
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ANUBIS: detector concept !ﬁ

yA

m
7

Ty

1

e e 0 0 i, M P 0 i i i

N e N e

Triplet layer A

L

e i P o

Se et et e

Parameter Specification

e M i M i S i S

Time resolution 6t < 0.5 ns

LY

\ 17.8 m

Angular resolution da S 0.01 rad

o~

18.5 m

Spatial resolution dz,0z S 0.5 cm
Per-layer hit efficiency ¢ 98‘7

0.5m

N

E-.

Se et et e

Efficiency:
* Detect signal
* Reject backgrounds

T

Triplet la yejr B

mptetiayerA—  Tracking Station 2|}

2 '\-L'h\'-\._-\. "

Tm

e e P 0 0 i, P P 0 M i i B i

17.5m
>
18 m

23
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ANUBIS: detector concept a5

AN [ . ) :
oi A|Triplet laydr B Tracking Station 3|
i ;
A A Triplet layqr A
7
v
Z
v
c b
o
o |
|1
x 7
D ;::;
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%
e b
]
O
o b
o
o .
V- mriplet layer B
% E
va oy e s Tracking Station 2|,
Z o
~— e 7
7 Z
“ 17.5m |

>

18 m

24

Parameter Specification
Time resolution 6t < 0.5 ns
Angular resolution da S 0.01 rad

Spatial resolution dz,0z S 0.5 cm
Per-layer hit efficiency ¢ 2 98%

Angular & spatial resolution:
» Reconstruct displaced vertices:

reach my;p 2 K;

form_.q -~ 100 GeV
 Fiducialise volume



ANUBIS: detector concept
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Triplet layer rY

100 cm

XV

Vv
B e B

RPC module cell

100 x 100 cm?

Parameter

Specification

Time resolution
Angular resolution
Spatial resolution
Per-layer hit efficiency

ot < 0.5 ns

da < 0.01 rad
0z, 0z S 0.5 cm
e 2 98%




ANUBIS: detector technology

Resistive Plate Chamber technology;

ANUBIS performance specifications met by /

ATLAS BIS-7 prototype (ongoing upgrade):
triplet of layers with 0.4 ns time resolution,
0.1 cm spatial resolution

2.3 x 105 m?total instrumented area

@ O(b k€)/m2 ==> O(710) M€, scales with
m?2

(including mechanics, gas gap, strips,
front-ends, production vield)

Each tracking station weighs
230 m2x 51 kg/m2 ~ 30 tons (OK)

Other possibilities like finely granulated
scintillators, scintillating fibres to explore

- Not likely to further reduce costs
26

Angular resolution
Spatial resolution

Triplet layer B~ 4 Y
== EE—_EE#/
=
(&)
o
S
X
RPC module cell
100 x 100 cm
Triplet layer A
T 100 cm -
. 105 cm .
< 110 cm
Parameter Specification
Time resolution ot < 0.5 ns

da < 0.01 rad
dr.0z2 < 0.5 cm

Per-layer hit efficiency & 2 98%




ANUBIS: detector technology

Resistive Plate Chamber technology;

ANUBIS performance specifications met by /

ATLAS BIS-7 prototype (ongoing upgrade):
triplet of layers with 0.4 ns time resolution,
0.1 cm spatial resolution

2.3 x 105 m?total instrumented area

@ O(b k€)/m2 ==> O(710) M€, scales with
m?2

(including mechanics, gas gap, strips,
front-ends, production vield)

Each tracking station weighs
230 m2x 51 kg/m2 ~ 30 tons (OK)

Other possibilities like finely granulated
scintillators, scintillating fibres to explore

- Not likely to further reduce costs
27

Angular resolution
Spatial resolution

Triplet layer B~ 4 Y
== EE—_EE#/
=
(&)
o
S
X
RPC module cell
100 x 100 cm
Triplet layer A
T 100 cm -
. 105 cm .
< 110 cm
Parameter Specification
Time resolution ot < 0.5 ns

da < 0.01 rad
dr.0z2 < 0.5 cm

Per-layer hit efficiency & 2 98%




D)

Hirsch, Wang 2001.04750

ANUBIS: sensitivity

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
a) minimal scenario, Seesaw Type-I:

q ., AT TX Y rLys* AT ’
L= =Van, LaY"PLN;W [ + E ViViN Nyt Py Z,

lepton, light enough for LHC

mixing with active v heavy neutrinos ”J‘Jmixing INn active v sector
Similar simulation setup: Yy M ‘
e Require the LLP to decay within |

fiducial volume ,_ | ,
e 3ab'at14 TeV T ) I/
e QOptimistic scenario considered : d I, /_»I‘_/u/_ ) _'_ L
e Assume one additional heavy | —
:

28 Fiducial volume



D)

Hirsch, Wang 2001.04750

ANUBIS: sensitivity

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
a) minimal scenario, Seesaw Type—l:

g <, . _
L= "ﬁ‘”-’\" ”A', 1) \l” Ly T Z ‘m O \ N A/ LVi Z

2 )(()s

mixing with active v heavy neutrinos mlxmg INn active v sector

Similar simulation setup:

e Require the LLP to decay within
fiducial volume

e Jab!at 14 TeV ~

~
-,
N

e (Optimistic scenario considered =5

e Assume one additional heavy
lepton, light enough for LHC

o
29 my [C;(‘\']
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ANUBIS: sensitivity

D)

Hirsch, Wang 2001.04750

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
b) minimal left-right symmetric model:

SU(.‘%)(# X SU(Q)L X SU(Q)R X U(l)[;_L

c) gauged U(1)s- model:

U(l)p-1 + extra Higgs boson breaking it

my |GeV]

10!

30

C)

ANUBIS

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

30 40 50 60
my |GeV]



ANUBIS: sensitivity )

Hirsch, Wang 2001.04750

Heavy neutral leptons at ANUBIS

Martin Hirsch|*| and Zeren Simon Wang?|"
YAHEP Group, Instituto de Fisica Corpuscular — CSIC/Universitat de Valéncia
Calle Catedratico José Beltran, 2 FE-}6980 Paterna, Spain

*Asia Pacific Center for Theoretical Physics (APCTP) - Headquarters San 31,
Hyoja-dong, Nam-qgu, Pohang 790-78/, Korea

Recently Bauer et al. [1] proposed ANUBIS, an auxiliary detector to be installed in one of the
shafts above the ATLAS or CMS interaction point, as a tool to search for long-lived particles. Here,
we study the sensitivity of this proposal for long-lived heavy neutral leptons (HNLs) in both minimal
and extended scenarios. We start with the minimal HNL model where both production and decay of
the HNLs are mediated by active-sterile neutrino mixing, before studying the case of right-handed
neutrinos in a left-right symmetric model. We then consider a U(1)p_ 1 extension of the SM. In
this model HNLs are produced from the decays of the mostly SM-like Higgs boson, via mixing in
the scalar sector of the theory. In all cases, we find that ANUBIS has sensitivity reach comparable
to the proposed MATHUSLA detector. For the minimal HNL scenario, the contributions from W's
decaying to HNLs are more important at ANUBIS than at MATHUSLA. extending the sensitivity
to slightly larger HNL masses at ANUBIS.

31



ANUBIS: sensitivity )

de Vries, Reiner, Gunther, Wang, Zhou 2010.07035

Long-lived Sterile Neutrinos at the LHC
in Effective Field Theory

We study the prospects of a displaced-vertex search of sterile neutrinos at the Large
Hadron Collider (LHC) in the framework of the neutrino-extended Standard Model Effective
Field Theory (vSMEFT). The production and decay of sterile neutrinos can proceed via
the standard active-sterile neutrino mixing in the weak current, as well as through higher-
dimensional operators arising from decoupled new physics. If sterile neutrinos are long-lived,
their decay can lead to displaced vertices which can be reconstructed. We investigate the
search sensitivities for the ATLAS/CMS detector, the future far-detector experiments: AL3X,
ANUBIS, CODEX-b, FASER, MATHUSLA, and MoEDAL-MAPP, and at the proposed fixed-target
experiment SHiP. We study scenarios where sterile neutrinos are predominantly produced
via rare charm and bottom mesons decays through minimal mixing and/or dimension-six
operators in the ¥YSMEFT Lagrangian. We perform simulations to determine the potential
reach of high-luminosity LHC experiments in probing the EFT operators, finding that these
experiments are very competitive with other searches.

|
1 T SHIP:2% 10°° POT
SHIP:2% 10°° POT nE 2x

-6 . -1 =
ATLAS: 3 st~ FASER2: 3 ab' QO 10 ———  ATLAS:3 80 FASER2: 3 ab
ALSX- 250 ' MAPPY: 30 B~ —_— ALSX:250MTT e MAPP1:30
ANUBIS:3 ab~' — MAPP2:300 ' 107 =  AMUBIS:3 ab™ MAPP2: 300 f

CODEX-b: 300 ' MATHUSLA: 3 ab™"

CODEX-b:300 ' MATHUSLA: 3 ab™"

0.0 Y- o s 20 ' 00 05 10 15 20 25 30 35 40 45 50
my [GeV] my [GeV]
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ANUBIS: sensitivity )

Cottin, Helo, Hirsch, Titov, Wang 2105.13851

Heavy neutral leptons (HNLs) with masses around the electroweak scale are expected to be rather
long-lived particles, as a result of the observed smallness of the active neutrino masses. In this work,
we study long-lived HNLs in NgSMEFT, a Standard Model (SM) extension with singlet fermions to
which we add non-renormalizable operators up to dimension-6. Operators which contain two HNLs
can lead to a sizable enhancement of the production cross sections, compared to the minimal case
where HNLs are produced only via their mixing with the SM neutrinos. We calculate the expected
sensitivities for the ATLAS detector and the future far-detector experiments: AL3X, ANUBIS,
CODEX-b, FASER. MATHUSLA, and MoEDAL-MAPP in this setup. The sensitive ranges of
the HNL mass and of the active-heavy mixing angle are much larger than those in the minimal
case. We study both, Dirac and Majorana, HNLs and discuss how the two cases actually differ

phenomenologically, for HNL masses above roughly 100 GeV.

10-2 Majorana HNL, ¢l /A* = 1/(2 TeV)? 102 Dirac HNL, ¢, /A" = 1/(2 TeV)’
_______________ AL o L S L v TTrrg T
10 [ R NSO S _ O e e NN _
100 CRSEE . )\ ' . | .
107° 410 .
10—]0 i 10—10 .
= 10" 15z 10" .
=107t 4107 -

—16
— 10 AL3X: 250 fb" MAPP1: 30 b
10~ 18| | ANuBIS:3ab™"  MAPP2: 300

—16
10 » AL3X:250 16" MAPP1:30 fb'
10~ 18] | ANUBIS:3ab™'  MAPP2: 300 b

. -1
10 ~| FASER: 150 fb~! . -1 - ]-O | FASER: 150 fb ATLAS: 300 b1 .
: 5 LERE T ATLAS: 300 ft_>1 99 N TLAS st
1)~ ““}-| FASER2:3ab ATLAS: 3 ab _ 10 ““ :3ab S: 3ab —
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ANUBIS: sensitivity

Dreiner, Gunther, Wang 2008.07539
R-parity Violation and Light Neutralinos at ANUBIS and MAPP

In R-parity-violating supersymmetry the lightest neutralino can be very light, even massless. For
masses in the range 500 MeV < m 20 < 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

D)

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 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.
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