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BEYOND STANDARD DM SEARCHES

What if the Dark Sector is non-trivial?
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| ONG-LIVED PARTICLE (LLP) SEARCHES AT LHC

I

| | N diséppearing or
A multitude of smoking gun signatures emerges. .. displaced kinked tracks
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VWHERE TO LOOK FOR LONG-LIVED PARTICLES"
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LHC coverage
(ATLAS, CMS, LHCb)
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MOTIVATION

ANUBIS proposal: L
e Extend fiducial volume

............

e Use ATLAS as active veto S
o JoYo) LLP ™
— harvest sensitivity! | ;

ATLAS Preliminary (March 2022) 13 TeV. 36-139 fb
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MOTIVATION

ANUBIS proposal:

. . TO0Y
e Extend fiducial volume
e Use ATLAS as active veto
— harvest sensitivity!
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MOTIVATION SENSITIVITY PROJECTIONS (PBC/FIPS CONTEXT)

10° Higgs to 10 GeV LLP 100 Higgs to 40 GeV LLP
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Ce doIo) LLP ™ @ 1074 5 104
— harvest sensitivity! | o
1072 10-5 4
Y
B 107 10-6 -
—~ ;:Z'l:AS Preliminary (March 2022) 13 TeV, 36- 139 qu TV gt _m CERN-THESIS-2022-169
? Zel ; = 05 1 10 103 10° 107 10° 05 1607 10 10° 10° 107 10°
T : : ct (m) ct (m)
= e ) : = 4 observations (Vs =14 TeV, £ =3 ab™?) ANUBIS PX14 shaft -- shaft decay
10" & - ............................ ~ -l - —— 90 observations (Vs =14 TeV, £ =3 ab™!) ANUBIS sensitivity = 1o
= 3 : & —— ANUBIS ceiling H- Invisible limit (VS =13 TeV, £ =3 ab™?)
= - —— ANUBIS PX14 shaft -- cavern or shaft decay
| |- Similar sensitivity: 7 _ _
10 - L-_...E. .............................................................. . g TS 1
E E ‘EILING TS: : TS 1 :
- B - 24 MATHUSLA "CAVERN 20 - \CAVE
- e- g «© Taal ATLAS z ERN ATLAS
£ : = (similar) ; o
10 3 :._.} .................................................. I f b -4 B | ; ..............
= CODEX-b l i 0-
- - —1\! I
N (@ bit weaker, 1ab™ ") (O | [T
10 4 . . : = . ' “ '
10° 10* 10° 10 10" 1 10 1° 10° 104 105 106 107 108 e eatsssssssssssssssesassannnnnnnn "
ct [m] ~40 20 0 20 40 20 0 20
Adapted from ATL-PHYS-PUB-2022-007 z (m) X (M)
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ANUBIS DETECTOR TECHNOLOGY

PROANUBIS DEMONSTRATOR

A
path through ar-flled volun
S

N <

f 100

ANU

g | | e | 8 PHYsSICS goOals:
ANUBIS Detector requirements: g 2{?‘3& fFrer”ervork Preimnary |~ e validate technology
S 15.0 - 1“8
?érallletej | ?p(iclﬁcatlon b ool oot °S  emeasure K;,nin
1me reso utlon. t S 0.5 ns 2 ool I é ounch-through jets
Angular resolution da S 0.01 rad S 16 .
. . < | 1, ® measure hadronic
Spatial resolution dx,0z 5 0.5 cm : | | |
5.0 1
Per-layer hit efficiency & 2 98% \ : L/\ . W 2 nteraction rates in
: : alr volume (crucial)
—> ATI_AS Phase | RPC teChnOlOgyl | 0.0% 04/03/2024 ' 04/04/2024 04/05/2024 ~ ——_—

OLEG BRANDT ®g® CAVENDISH LABORATORY (SEE MIICHAEL REVERING'S POSTER & LLP2024 TALK)


https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome#The_proANUBIS_prototype
https://ep-news.web.cern.ch/content/anubis-guide-dark-sector
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://twiki.cern.ch/twiki/bin/view/ANUBIS
https://indico.cern.ch/event/1291157/contributions/5876880/
https://indico.cern.ch/event/1381368/contributions/5948488/attachments/2887325/5060701/anubisCommissioning_LLP2024.pdf

ANUBIS SENSITIVITY TO HNLS — MOTIVATION

- Heavy Neutral Leptons (HNL) / RH neutrinos:
natural feature in models relating to small v mass

+ e.9. Type-| Seesaw [2,3].

— - 1 —= C
LN =-NRIN —yra NFO'Ly — > NI My, (N})” +hec.

102 EIcctrgn coupling dominance: U”: U%: U? = 1:0:0
+— HNLs mix with SM neutrinos: S N\ .
Vo, —2 ZI UaINI 04 0
. CMS
- small HNL-vqp mixing — LLP 10 B
- HNLs excellent LLP benchmark target 10°°
-+ \Well-defined theoretical framework. 10 Mgy S . SHiP,2x10™" pot ..
: 1Nn=8 7 e Py b l....  =solid: without B,
° Strong pqyslcs motlva'tlon 10 , : - dotted: with B, (upper‘l_jlmit)
10~ VA |'||l's|,.'\"2m)_._,_l ab’ |
: | jkO—lo :l‘:»llll(:‘:(llz).\l\).;]C\“”\ FCC-ee “:
| | - *Beyond gl ) o e
» Physics Beyond Coliders (PBC): B @ity 10 L
: ) ' -1 2
- HNLs feature in 3/ 11 benchmarks 10 : 10 my (GeV)
suggested by PBC in 2019

- “HNLs ... are one of the simplest extensions of the SM accounting for neutrino masses and mixings,
baryogenesis and potentially also dark matter. BC6, BC7 and BC8 correspond to an HNL interacting
exclusively with the e, p and T neutrinos, respectively.”

OLEG BRANDT CAVENDISH LABORATORY (SEE ANNA MIULLIN'S LHCP 2024 TALK AND PAUL SWALLOW'’S LLP2024 TALK)
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HNIL S @ ANUB| S' METHODOLOGY (SEE ANNA MIULLIN’S LHCP 2024 TALK AND PAUL SWALLOW'’S LLPZOZ%@%\LK)

SET-ANUBIS: - Methodology:
Generic sensitivity study framework . Simulate LLP model (MadGraph, Pythia etc.):

/ T /7£Standalonerthia\ NUBTS J * Apply Selection:

‘ \ [ £aTE detector acceptance, background removal e.g.
/[ MadGraph/Pythia / D:iitr:'iebn;:itci)i\s |SO al Oﬂ FGQUIFG’T’GHTS
Va v

e / P / - (Calculate sensitivity:
/ s ] | / “F°M°de' vents Number of LLP candidates (/Vj 1 p) required for
\[ —— Total Decay Width observation
athematica & i
hon
/Pyt Indlvldual DecayWIdths Sensitivity }_’/ Sensitivity /
Calculatlons Projections
SET-
/ Fehynlﬁff / / Deffrymvﬁigth ANUBIS + Set limits from:
/ #Background / N
Events ObS
. Nir=ZHL_1HC " OuNL * BHNL
N gen
+largeted benchmark models: . Background-free: N | p & 4 for observation
- HNLs (this talk), Dark Scalar [1], Dark Photon, ... .

Data-driven background estimate [1,3]:
N1 p = 90 for observation

- Primary focus on PBC [2] and FIPs models

OLEG BRANDT CAVENDISH LABORATORY [1] CERN-THESIS-2022-169 [2] 1901.09966 [3] 1909.13022



https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf

HNLS @ ANUBIS (SEE ANNA MULLIN'S LHCP 2024 TALK AND PAUL SWALLOW'S LLP20248IALK)

Production Decay
+ Focus on electroweak production (MG+Pythia)); - Type-l Seesaw [1,2] for simplicity
O, N ) | - This talk: PBC model BC6
W=/Z Dominant: - only [Uy| #0
L and NG Drell-van - Possible final states (visible to ANUBIS):
q = () . N— e qq;N - v,qq ;N — e*e*v, ..

. - Invisible
— ) 4 hadr.
- —— [* + hadr.
! B —— V + mes.
“ —— |* 4+ mes.

— E N i

Br(HNL —-X)

- Production from meson decays not as relevant
PBC model BC6

| Ul = Ul =0

+ Meson production in/with jets — subjectto |
isolation requirement (being studied w/ Pythia) |
+ EXpect best sensitivity:

- +
»  boosted, high mass HNL from W—/Z/H
OLEG BRANDT CAVENDISH LABORATORY [1]: PRD 25 (1982) 2951 [2] 1905.12634 [3] 0901.3589 12

Myng |(GeV)

0.1 1.0 10.0

Mathematica for 1", calculations [3]

10+



https://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf

ANUBIS SENSITIVITY TO HNLS WITH COUPLINGS TO FIRST FAMILY

Cutflow: ANUBIS geometry and isolation selections (cumulative) . D) - : . -’;
— reliminary results:
= m(HNL) = 0.6 GeV ' '
Cut flow N = 07 Gev - 4 production modes x 3 final states
m(HNL) = 0.9 GeV Ly '
103 N = 1.Gev »  (Good sensitivity to LLPs at light LLP masses!
z  (HND - 12 Gev .
S 10 a\ Preliminary
g —— 10° "‘“/
5 10° °
- §10-6 /
S g ) —— NCDY
m 510 —— CCDY
10° - — —10 — Wa
> : n 5 5 o =xclude BRs downto 1071 [1] &
S o L 5
<L (04 V \%—
| ; A \ép N 0.6 0.3 1.0 Mass [Gev] 1.2 14
o 5
, f . Next steps:
e, | 5 Active veto through ATLAS: . extend Mg 10 [0.1,10] GeV
’ al — ' . 2
AL X - e K;, n typically produced + Recast into (BR,c7) and (| U, x|~ Myng)
- in/with jets . .
, W , | | - 2nd and 3rd generation couplings (BC7+8)
= * isolated LLP candidates!
0 e ABORATOR
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SUMMARY & OUTLOOK

J ;@ ———Complementarity! : - a’t\\le\-
!ﬁ ib@ @@ > - ’ \oitation impet
EA\}FNEHMBELST @@ Q‘)b@ (29 =y ANUBIS can probe models that
IANEN Qf?5 ‘ e general purpose detectors (e.g. CMS)
G e forward detectors (e.g. FASER)
Forl'%?hi"fﬁéd'i'éféf §, ALFS e beam dump experiments (SHIP)

are not sensitive to!

Progress w/ sensitivity projections for PBC & FIPs

- - | - — Welcoming new THEORY collaborators!
Lots of progress with ANUBIS detector: .+ SET-ANUBIS is a perfect theory collaboration
+  Data-taking with proANUBIS olatform
nitiall data analysis - Modular and efficient
Studies of the expected backgrounds - Easy to share and validate results
. Hardware R&D for the full detector . Interested? Even mildly? FARA
There is a lot to do ahead of us! — Happy to talk about \
— Welcoming new experimental collaborators! opportunities to contribute —“
OLEG BRANDT #s# CAVENDISH LABORATORY 14




Thank you!
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FUTURE PLANS FOR ANUBIS

Universta ai Roma 4
LA B J

& & A & \
ﬂw THE UNIVERSITY OF HONG KONG —‘
JV\\I_)/ mmUNl\Lst(’(\)l\'_

", ¥¥ CAMBRIDG

Lp('/ "Durham _—
ANUBIS

DETECTOR@

oég pra Yo
£ KTH %
g, veTensxar 9

EXPERIMENT Bt

Isaac
Newton
Trust

OLEG BRANDT ®g® CAVENDISH LABORATORY

A2033+ FCC detector construction & exploitation
A 2035+: Run 5 full ANUBIS+ATLAS data taking

-

!3 2033+: bulk ANUBIS deployment in cavern (LS4)
12 'u

s

2030+: Run 4 partial ANUBIS data taking

2028+: partial ANUBIS deployment in cavern (LS3)

2026+: ANUBIS detector R&D (electronics, R/O)
engineering for cavern deployment

‘ I 2025: proANUBIS data analysis, Letter of Intent
2024: PBC model #6 (#7, #8), proANUBIS data taking
1 § 2023: finalise geometry, PBC model #6, proANUBIS
| 2022: seed funding for proANUBIS

| | 2021: ANUBIS location & prototype conception

| 2020: proANUBIS sensitivity studies
" 2019: ANUBIS conception

Gaseous detector R&D, DRD1: FCC /ong-term goa/



https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome

THE WAY TO THE LETTER OF INTENT (EARLY 2025)

SENSITIVITY PROJECTIONS (PBC/FIPS CONTEXT)

PROANUBIS DEMONSTRATOR

100 | Higgs to 10 GeV LLP 100 Higgs to 40 GeV LLP
z]> ..... " ' iy » path mrough‘;r-ﬁ:ied volume .
M- . —Z S S|
@ 1074 |~ & 10
PBC model BC5 |
1073 1073 1
) GNP - S———
1076 1 ‘m 1076 { ’ >.~ ) $
=\ | CERN-THESIS-2022-169 . |
102 107! 10! Crl?;) 10° 107 10° 1005 107 10 Crlc;):n) 10° 107 10° PhyS|CS gOa|S
4 observations (VS =14 TeV, £ =3 ab™1) ANUBIS PX14 shaft -- shaft decay ® Va|idate teChﬂO|Ogy
—— 90 observations (Vs =14 TeV, £ =3 ab™!) ANUBIS sensitivity = 1o
—— ANUBIS ceiling H- Invisible limit (Vs =13 TeV, £ =3 ab™) ® [Measure K n iﬂ
—— ANUBIS PX14 shaft -- cavern or shaft decay L’ .
o punch-through jets
B >’\‘/‘\/\//<\ urham IPPP, U Cambrldge, U I_y0n) ’ g 20.0 : e measure hadronic R ﬁw%
q(q) | (~(vy) 1eit “ ; . \ \ . . ~ ATLAS Luminosity 14 ©
. . (@ | 5 17 ‘m Interaction rates In alr Preliminary 414 =
-6 n I= < . 129
| 10 | g 150 volume (crucial) :
PR or —— NCDY ) | D ek e ———— 03
i — neor . 2 s 3
~5 PECmodelBcs M | WO .
Public 078 model BC6 | Data + framework o <
framework | ATLAS-public \ -4
, , | 2
in preparation {g-10 — : | — Happy to ) A W :
| |
— FappY 10 | op o889 1ok O ! 12 myyy, (GeV) | collaborate! S S SD P

collaborate! g
D DRAND T g CAVENDISH LABORATORY
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OLEG BRANDT ®y=

Branching Ratio
o
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—— NCDY_eev —— Wa_eev CCDY_eev — 9gF_eev
NCDY qqe  ----- Wa_qge CCDY qqe """ ggF_qqe
—— NCDY_qu NS S = Wa_qu CCDY_qu - ggF_qu /
0.6 0.8 1.0 1.2 1.4
Mass [GeV]

CAVENDISH LABORATORY




| HCP talk (Anna Mullin, LINK)
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https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf

Detector design

109 Higgs to 20 GeV LLP

Recent update to geometry:

10~ 4

-2 4
4 observations (Vs =14 TeV, £ =3 ab™1) 8

—— 90 observations (Vs =14 TeV, £ =3 ab™!)
—— ANUBIS ceiling
—— ANUBIS PX14 shaft -- cavern or shaft decay
ANUBIS PX14 shaft -- shaft decay
ANUBIS sensitivity = 1o

H- Invisible limit (Vs =13 TeV, £ =3 ab™1)
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sensitivity to scalar (SM + S)

10~’

10-3 101 10! 103 105 107

Ceiling Station Unrolled

40 - Observed
Background removal =
« Most backgrounds: exploit an active veto from ATLAS detector 20 1 {\
« Cosmics: rock shielding 10 _’""“ ?
« n’and KB . isolate our signal from nearby jets and charged tracks E g o
o Neutral long-lived kaon mean decay length is ~15.3 m ~101 ;;g;g
Data-driven background estimate from ATLAS muon spectrometer search CO hd R | ________
: - 1. Background-free assumption (4 events -> discovery) sof ARG
2. Conservative assumption (90 events -> discovery)) ==

,,1(7 % g /2&’ .

Source 09

___ Detected jets and charged
particle tracks

-20 0 20
Distance along ceiling curve
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Target modes

Decay mode of

At LHC: — e:: N . 1 Al . heavy neutrino

. . . . 84 ) S - —

 Kinematically accessible production+decay PP — La EB '{j_n] Ni = veve, v,
_>fina| states pp % 46(_1_ Ny — vge et

Ny — e putuv, +cc

 Mesons produced dominantly (esp.
abundant lighter mesons, e.g. Ds)

Ny—p e v +ce
0

.'\"4 — Vg

Ny —e 7" +ec

Ny = v pu™

Production

Ny —punt+ece
Ny—e K™ +ce
Ny — v
Ny —pu K* +ece
Ny — vep’

Boson decays 2- and 3-body pseudoscalar
N, g meson decays

W

Ny E.g. Bg — vN

Vm,
Vi

—i5L_UYN yrpp, 77T
2

2cosw  mim

Ny — e pt +cc

.‘\'.4 — VW

Ny —=pu p™ +ece
Ny —e K" +ce

Ny — e 77u. +cc
Ny —717¢e v, +ce

N; — e D* +cc
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Complementary mass + lifetime ranges If the HNLs are too light then forward

\ detectors benefit from a high flux of mesons

/7 in forward region

e BOOSst from W / Z modes >> boost from B / D meson modes

.

HNLSs produced by mesons (B+D) vs bosons f : :
. or W/Z production modes with
(W.,Z.h) are complementary in ANUBIS boosted, ~heavier mass HNLs

Overall: expect best sensitivity

2 o Effect of isolating from backgrounds containing jets is stronger for mesons

) \

B / D mesons are typically part of jets, produced in

association with collimated hadronic radiation e.g. pions. Drell-Yann modes have |ess hadronic

radiation reaching ANUBIS as their jets are '.
PAGE 7 produced in any angular direction _m
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Cutflow: ANUBIS geometry and isolation selections (cumulative)

Sensitivity

Branching ratio vs mass

(-
o
w

e First look at sensitivity:

o 4 production modes + 3 final states
 (N->e(+/-)qq,vaq, e+ e-v)

—— M(HNL) = 0.5 GeV

— m(HNL) = 0.6 GeV
m(HNL) = 0.7 GeV
m(HNL) = 0.8 GeV
m(HNL) = 0.9 GeV
m(HNL) = 1 GeV
m(HNL) = 1.1 GeV

= m(HNL) = 1.2 GeV

o HNL mass range 0.5 - 1.5 GeV 102

Fraction of Events

« Work in progress!

Example of calculating Nobs ‘ 10°

1\

\ £edop WIRNE)

Nobs
NLLP — EHL-LHC "OHNL Bf( HNL ) ' N.
tot

ANUBIS geometry selections

PAGE 12
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Background removal, e.g. isolating
from hadronic radiation

Nobs for the
~higher masses

> D)




oroANUBIS physics goals

OLEG BRANDT ®g® CAVENDISH LABORATORY
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oroANUBIS in Run 3 =3

ANT ZX %0 T

PONT ROULANT 20 T

\;\
e Performance goals: | |

e Commissioning {

e hit+track efficiency

e COSMICS

e pp collisions
e Synchronise ATLAS + proANUBIS

e [ime-stamp events with CTP clock

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

e [rack extrapolation to ATLAS

e Measure tracking efficiency:

€ = HUID proANUBIS /WD ATLAS

20
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oroANUBIS in Run 3

® Physics goals:

punch-through jets

® - samee... as foru?

Ireco

proANU

* jet pointing towards proANU

e Background-enriched region:

* Punch-through enriched region:

8IS

e jct as above, aligned with Emss

27
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PONT ROULANT Z X %O T PONT ROULANT 20 T

oroANUBIS in Run 3~ =

D F— Ird:!h —
e Physics goals N L[\ W \ SX“ buﬂdlﬂg
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Sensitivity studies by other groups

':.'
)

OLEG BRANDT #

i
.f:l "



PIONEE

hhl ‘ N ::::: - [SHi
! A62/HIKE-K* decal;sypcrh ~/ arXiv:2305.01715

1071 S€esaw

10712
1072 107 1 10 107
m,, (GeV)

OLEG BRANDT ®g® CAVENDISH LABORATORY



OLEG BRANDT ®y=

Muon coupling dominance: U”: U;;:Uz = 0:1:0

-2
~_ 10 ‘
3. low ma%s bounds ‘ ‘ S “\
-3 | X
= 10
107
5 PIENU
10
F X
1078 -
10—7 __ PIONEER ~ |
BBN - “ -.
_8 COyéX‘—ﬂ :l
10 — r —.,” ,/ANUBIS
9 “‘::\\ ;_‘:""MATHUSLAQ.{_)()
10

.\‘ 1"' = . “ . 2 .
\ L \ YO 101 SHiP
Hyperk \
J

10719 arxXiv:2305.01715
| FIPs 2022 Seesaw
10711
1072 107" 1 10 107

m,[GeV]

CAVENDISH LABORATORY



D)

Hirsch, Wang 2001.04750
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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
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Heavy neutral leptons at ANUBIS

Martin Hirschl’m and Zeren Simon \-’\-”angzﬂ
YAHEP Group, Instituto de Fisica Corpuscular — CSIC/Universitat de Valéncia
Calle Catedratico José Beltran, 2 FE-46980 Paterna, Spain
*Asia Pacific Center for Theoretical Physics (APCTP) - Headquarters San 31,
Hyoja-dong, Nam-qu, Pohang 790-784, 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_ 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.
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R-parity Violation and Light Neutralinos at ANUBIS and MAPP
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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 < Mo < 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 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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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”)
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