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Hidden Valley / Sector /
FIP revolution reshaped
the theoretical and
experimental particle
physics landscape

e Shift away from focus only on
states at ever higher energies

e Hidden sectors appear generically

in many UV complete theories (e.g.

strings)

* Heavy mediators can mediate rare
decays / flavour violating processes

IFlexible structure ot hidden sector

FIPs &, LLLP models

Generic physics features:

Light DS hidden by high barrier to interactions with SM
Explains DM using some symmetry to stabilise at least
one hidden sector state

Results in neutral bound states with low masses and
long lifetimes

DS states decay to SM through heavy mediators
Mechanisms to set the DM relic abundance

Classes of models:

Common benchmark models for comparison across
experiments
Simplicity: minimal vs. non-minimal models

wide range of models. How should we organise

our search at ANUBIS?
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less constrained by BBN Mass of BSM state > Log; Mx[eV]

o Sensitivity in MeV-GeV range

Transverse vs forward LHC LLP detectors

e Forward:

o Light, weakly interacting particles produced dominantly along beam axis
e Transverse:

o Heavier / more strongly interacting LLPs

CODEX-b

Concentrating on ANUBIS:

e Focus on scenarios predicting LLPs boosted in transverse direction
e Signatures from production of unstable portal/DS particle with displaced decay to SM
e Signatures from extended DS with additional Higgs/Z boson couplings
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Models - generlc features
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Link to dark matter:

e |f thermal / freeze-out } small set of highly predictive portal models
(direct thermal contact with SM)

e |f non-thermal / freeze-in % many complicated & less constrained models
(DM never reached equilibrium with thermal bath)

Generic search strategies:

o Direct freeze-out: DM freezes out directly to SM final states
= Mediator decays into DM which is lightest state

valleys he dimension-4 and -5 = Mainly invisible decays

ions allowing a total = Missing energy, sharply-characterised production targets

o Secluded freeze-out: DM freezes out into mediator particles
= Mediator/at least one DS particle is lighter than DM
= Mediator decays visibly

o Categorisingt
portal interact

SM sin
o 11 henchmarks



Hidden Vallevs — PBC

General classitication for LLP scenarios

e Hidden sector states with mass scales below the weak scale are hidden from the visible sector due to a high
barrier (i.e. sub-weak interactions between sectors)

e Flexible structure: strongly or weakly coupled, dark photons or Higgses, a dark SU(N) with N_f flavours, sterile
neutrinos or asymmetric dark matter, wide range of dynamics

Portal Coupling
Dark Photon, A, —WE:;BM Vector portal (dark phOtOﬂ/Z‘)
Dark Higgs, S (uS + AS?)H'H Scalar portal (dark Higgs)
Axion, a  {F, s +Gi ol f-f;:ﬂ- meGex'al Axion portal (AlLPs)
Sterile Neutrino, N  yyLHN Neutrino portal (HNLs)

PBC benchmarks
e Motivated by simplicity
o E.g. 3 cases identified for HNL benchmarks, all with only 1 HNL state and single-flavour couplings
e BC1-BC11 describe cases for all 4 above portals

(& hep-ph/0604261


https://arxiv.org/pdf/hep-ph/0604261.pdf

Dark scalar & dark photon//

e Renormalizable vector portals mediated by a dark vector boson; scalar portals mediated by a new scalar

mixing with the SM Higgs boson
e New vector provides simplest possible thermal freeze-out scenario producing correct relic abundance with
MeV-GeV DM masses

Dark scalar/Higgs E Dark vector/photon
|
|
' €

Escalar — £SM + [-"DS — (MS + /\SQ)HTH i Lector = ﬁSM + £DS — 2 oS QW F;LUBMU

Y | 1 y2, L : -

Lps = SXX+ - i Lpg = _E(F““)Q - imi;(}lﬂ)z + (0 + ngA#)X\Q + ...

|

e E.g.if scalaris Higgs boson

£2305.01715f


https://arxiv.org/pdf/2305.01715.pdf

Drell-Yann process in
type-lI seesaw models

N
W—l—

0+

VBF t-channel process in
type-l seesaw models

/' decays

Heavy Neutral Leptons

Minimal & non-minimal H\L scenarios

e Explain nonzero neutrino masses via the seesaw mechanism
e Mechanism for generating matter-antimatter asymmetry

e Object of ATLAS and CMS searches covering mass

range from a few GeV to several TeV

e Take into account different production channels: D-mesons, B-mesons, W-
bosons, Z-bosons, SM Higgs bosons, and the top quark

RH sector neutrino

e For meson decays, include three-body and two-body decays mixing matrix

E.g. gauge group with
simple SM extension

CC and NC interactions
relevant to later analysis

Interesting scenario:
e Targeting scenarios with large mass gap
between HNL and Z' such that HNLs and
decay products are highly boosted

(dyﬂ“PRu—I—VaN Ly PRN)Wg,

__9r
| —tan*Oy (g./9r)’
X Z g fYulTar + tan®0w (g./ 9r)* (T3 — Q)If




\Non—minimal LLP models

Rich structure and phenomenology

Inelastic DM

e DM + mediator + additional particles
e Best probed at high intensity experiments

The only relevant interaction is inelastic:
1ep mp

LD 5 .
\/mn + (6 — 5?3)3/4

A, (17" x2—X27"x1)

The elastic piece is very small (4, < mp):
ep (0 — 5?})

LD
\/4??1%) + (0¢ — d,)?

A}, (x27"x2 —x17"x1)

myx < ma: A, X 2 with X1

fNVV(Xl X2

Copiously produced at A™ ©
high intensity experiments

€

4€* aey ap APm3

E.g: L(X ete”) ~
BC’EDE’VI (X2 xaeTe™) 15mm?,

Complex DM of BC2 split into 2 non-degenerate real states

e Standard thermal freeze-out via 2 --> 2 annihilation
o Predicts a TeV scale mass range

mom ~ Qann (TeqgMp1)*? ~ TeV

matter-radiation equality
temperature

e In SIMP models, freeze-out via 3 --> 2 annihilation

o Points to sub-GeV scale DM

TNpM ™~ aff (quﬂffpl) 1/3 ~ 100 MeV

effective strength of SIMP self-

(& 1402.5143.pdf

interaction (order 1)


https://arxiv.org/pdf/1402.5143.pdf

| HC transverse LLP detectors

MATHUSLA CODEX-b
Massive Timing Hodoscope for Ultra-Stable neutral A Compact Detector for Exotics at LHCb
particles

e smaller acceptance and luminosity than MATHUSLA but
e |arge decay volume 200 m x 200 m x 20 m near CMS closer proximity to IP so overall competitive in low-

. RPCs as sensor technology lifetime regime

o 10 mx 10 m x 10 m tracker box

Experimental setup

e supply an L1 trigger to ensure retention of relevant info
at CMS
allows to determine production mode, decay mode,
parent particle mass (if applicable)

. proximity to LHCb permits interface with LHCb's
planned triggerless readout, allowing identification and
partial reconstruction of LLP event

Combined analysis

. behind a 3.2 m thick shield
. e . located above ground but partly excavated, 100m . , ,
Shielding / horizontally and verticallv awav from IP e |argest gains in reach for relatively light LLPs (<10 GeV)
backgrounds Y Y y o where backgrounds in ATLAS and CMS are

relying on shielding to deliver small/zero backgrounds orohibitive



Portal models — projections

MATHUSLA, CODEX-b
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https://indico.cern.ch/event/980853/contributions/4361201/attachments/2251269/3819001/CODEX-b_LLP9_Biplab.pdf

Portal models

MATHUSLA, CODEX-b
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https://indico.cern.ch/event/980853/contributions/4361201/attachments/2251269/3819001/CODEX-b_LLP9_Biplab.pdf
http://www.scholarpedia.org/article/Searching_for_Long-Lived_BSM_Particles_at_the_LHC

Scalar & vector portal bounds
More detail on CODEX-b | IR
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NOn—minimaI mOdGI - prOjGCtiOnS MATHUSLA, CODEX-b

Fermionic inelastic DM:

Fermionic iDM., m , =3m,, A=0.03, ap=0.1 Fermionic iDM, m ;,=3m;. A=0.01, ap=0.1

e small mass splitting between 2 DM states -> require high 10" 107! T
intensity collider searches ' WY
e off-diagonal coupling of dark photon to 2 DM states 10-2 10-2L
motivates semi-visible search strategy i :
=3 -3
Snowmass whitepaper Krnjaic, Toro et al, 2207.00597 € 10 € 10
g - - - : | !
ooy 104¢ 10 ~ 3
102 : LS . S 5
E Scattering ) I [ :|. 11
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W | Displaced di-muons
10744 — Berlin, Kling, 1810.01879

89zt T W 4 oz Figure 72: Reach of MATHUSLA and other LHC experiments and searches for inelastic Dark Matter
NS S e Y \ (iDM) with a dark photon of mass m 4+ that has kinetic mixing e with the SM photon, and mass splittings
1079: LsNDDecay  JSNS” 1 SeaQuest A in the percent range. The black curve indicates where thermal co-annihilations yax1 — A" — ff

Y\ short baseline neutrino experiment ; . ) ) )
-\, Pip2-8D RCS-SR) Batell et al, 2106.04584 SM fermions give the observed DM relic density. Figure taken from [=51].

i

ma=3my, 4=0.1 ap=0.1 _
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10

proton beam-dumps,
8 GeV, Toups et al, 2203.08079

120 GeV, Berlin, SG, Schuster, Toro, 1804.00661 9

SIMP: future aims to add MATHUSLA, CODEX-b (& ANUBIS?) to SIMP model plots



Fermionic iDM, my= 3 m; A=0.1,ap=0.1

107!

JEX-b

ﬂ'DZD.]

1072

ftFIC (DioR

ated Muon)

10-3

. “ /
I m \\\ o/ =
1072, “\ 4 '
107 LY @ @ c~—__ #’l e ‘11
\
_3 ICARUS Mathusla, e
10 - BOHne ‘1\-“: 107
- P
! 1074: 1072 JSNS DarkQuest Experimental Aspraach Lieishading ypes
: 1, | e colvder B exciuded k Matter
EX \ zf PP LLp;ﬂ I ﬂ ﬂmw:_mdﬁ:
I ] \\ PIP |l BEE!FHDUI’TIP == pp +LL Detector = = Proposed(US Leac.) Splitlil_]gS
10_5?‘} 4 \\\ ,’,-"'" _______ p Fixed Target ==+ Proposed|in) N ff
E N 10_5_: “"\h-_‘__.--
10 F 1072 107! 10° 10’ 102
mi(GeV) 09 2305.01715.pdf
oroton be the dark photon decays to an unstable particle with a mass splitting between the excited particle(ms2) and
8 GeV, To dark matter particle(my) given by A = 5 E’”ﬂf;ﬁl) = 0.1 and a dark matter coupling given by ap = 0.1.
120 GeV, R N S mi) . o o

SIMP: future aims to add MATHUSLA, CODEX-b (& ANUBIS?) to SIMP model plots



https://arxiv.org/pdf/2305.01715.pdf

H N L S — A N U B I S 5 Electron coupling dominance: UE: Uﬁ: U: = 1:0:0
o 10 P LN

5 as Nl
= 10~ : \_.\ ‘ :
\ ~A
e For the minimal HNL scenario, the contributions 10~ . WS A

from W's decaying to HNLs are more important at 105 %% "IN criarm *1

ANUBIS than at MATHUSLA, extending the N B (RN \ CMS
sensitivity to slightly larger HNL masses at ANUBIS 107° fv@__ N, \ ~ - & N J

C oy, R UNY R \ A&MBDWS
10_7 \ g, &

\r :' N \: \\6 \\ XYJ Ja' MATHUSLA200
-8 N }um‘p’/ Q S
10 45" 'ﬁio \ '\-. K - + ANUBIS

. 10~ g ?f,if \ ]SHlP
e Plots assume previous (shaft not cavern) geometry r | Hy, Ik -
of ANUBIS so must be recalculated 1071 AHIKER g~~~
1 O—l | Seﬁ.‘iﬂ W

o Cavern configuration: sensitive to the products
of neutral LLP decays occuring between the 10712 —— e e SE—
ATLAS muon spectrometer and the cavern 107 10~ 1 10 107
ceiling my (GeV)

o Shaft configuration (outdated): sensitive to
decays which occur within the PX14 service shaft Filled grey areas: bounds from interpretation of old data sets or

astrophysical data,
Filled coloured areas: bounds set by experiment,
Solid lines: projections based on existing data sets,
Sensitivity to HNL with electron coupling (BC6) Dashed coloured lines: projections based on full MC simulations,
dotted coloured lines: projections based on toy MC simulations.




HN\Ls — ANUBIS

Muon coupling dominance: U: U :U; =

0:1:0

o 107 e
= E low mass bounds
= 107 E
107
5 PIENU
10~
10 f
10—7 PION{JER

Seesayy

107" 1 10 10°
my[GeV]

Sensitivity to HNL with muon coupling (BC7)

Filled grey areas: bounds from interpretation of old data sets or
astrophysical data,
Filled coloured areas: bounds set by experiment,
Solid lines: projections based on existing data sets,
Dashed coloured lines: projections based on full MC simulations,
dotted coloured lines: projections based on toy MC simulations.

e ANUBIS has comparable sensitivity with MATHUSLA for both
muon and electron coupling HNLs

e Stronger exclusion potential than forward detectors e.g.
FASER2

e Note that these simplified benchmarks are not consistent
with neutrino oscillation data in minimal seesaw scenarios
(until flavour mixing pattern is expanded to include mixing
with >1 flavour - proposed additional benchmarks)

& 2305.01715



https://arxiv.org/pdf/2305.01715.pdf
https://arxiv.org/pdf/2305.01715.pdf

active-sterile neutrino mixing 7

10~
10-8

Minimal scenario where production G
HNLs — ANUBIS

HN\L bounds: minimal model
107

- Br(N — +visible)

e Despite much smaller instrument volume of ANUBIS, see similar minimum branching 1010

ratios to MATHUSLA for B- and D-decays to HNLs
o Due to smaller distance to IP

10—1]
Includes dominant production

modes: B-, D-mesons and W-
bosons

10712

1013

Br(D — N + X)

10714 4= : —rrr— PaM e e
1072107" 10° 10' 10* 10* 10* 10> 105 107 10

e MATHUSLA has max sensitivity at larger lifetimes et [m]
for HNLs from both B- and D-decays 1 my = 1 GeV
o Due to distance to IP NG
o & due to how HNLs of mass 1 GeV travelling
inside MATHUSLA typically have boost
factors larger than HNLs travelling towards

ANUBIS (by factor <2)

e FASER in forward position detects lighter
particles, has vastly different sensitivity here

Br(B — N + X) - Br(N — 4visible)

107 1072107 10° 10" 10* 10* 10* 10° 10° 107 10®

my [GeV] et [m]

HNLs from D-decays (top) and B-decays (bottom right) in the minimal HNL
scenario. HNLs from combined channels (bottom left). HNLs with one generation
of N mixing with one of either electron or muon neutrino for combined

OO P_hySReVD101055034 sensitivities of dominant production modes.



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.055034

H\Ls — ANUBIS
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B15

Heavy meson decays into HNLs have o
strongest reach in RH neutrino mixing matrix g
e W channel extends reach to almost 6 GeV
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mbined channels (bottom left). HNLs with one generation
UL IN TTIATTIE with T e of either electron or muon neutrino for combined
sensitivities of dominant production modes.


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.055034

Non-minimal extended scenario
H ]\[ LS - A ]\[ U B I S where gauge group extended by

new U(1) B-L

\on—minimal scenario

e SM-like Higgs decay into a pair of HNLs which mix with
electron or muon neutrino

e Grey band: interesting parameter space where type-I
seesaw limits for light neutrino masses are between
0.01 eVand 0.3 eV

e ANUBIS sensitive to slightly larger values of the

. . . . ANUBIS
neutrino mixing matrix squared because closer to IP

10 20 30 40 50 60
my [GeV]

HNLs produced from SM-like Higgs decays

OO PhysRevD.101.055034



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.055034

Our initial steps

e towards further develop these sensitivity studies,
e identifying most promising regions of parameter space

e and including simulations of the updated ANUBIS design



Sensitivity to LLPs produced at electroweak scale
o benchmark model neutral LLPs from Higgs decays

Gluon fusion and VBF Higgs boson production modes at NLO with

Powheg

o Higgs decays into LLPs with masses 10, 20, 30 and 40 GeV

calculations

Review of Toby's

o subsequent decay into bb~, showered and hadronised with Pythia

Investigate what fraction of decays would occur between ATLAS
detectors and ANUBIS, and what fraction of events would produce
>=2 final-state, charged-jet particles with trajectories permitting

detection with ANUBIS

Ceiling configuration of ANUBIS sensitive to branching ratios of LLPs
with masses of 10, 20, 30 and 40 GeV reaching a limit of order 10/(-6)

for particles with ctau of 2, 4, 6 or 10 m respectively

Higgs to 10 GeV LLP
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https://indico.cern.ch/event/1166678/contributions/5111466/attachments/2540412/4373147/TPS-LLP12.pdf

Outlook

Currently working towards...

e Best ways to simulate meson decays for HNL production
o Pythia, MadSpin

e FeynRules parameters for producing UFOs consistent with those used by other experiments
o Starting with simplest configurations of scalar and vector portal models

e Understanding axion portal model of interest to ANUBIS
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Figure 1: Schematic overview of the BSM landscape, based on a selection of specific
models, with a rough outline of the areas targeted by the PBC experiments. The r—axis
corresponds to the mass my of the lightest BSM state, and the y—axis to the scale of
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based on full Monte Carlo simulations; Dotted coloured lines are projections based on toy Monte Carlo
simulations. Filled areas are existing bounds from: PS191 | |, CHARM | ], PIENU | ).
NA62 (K, ) [ |, T2K | |. Belle | |. DELFPHI | |, ATLAS | _ |, and CMS |

. Coloured curves are projections from: PIONEER | |, HIKE-K'™ | . . HIKE-
dump | X |: DarkQuest | |. Belle II | |. FASER2 | ]: DUNE near detector | ],
Hyper-K (projections based on | ), CODEX-b | |. SHiP | |, SHADOWS | | and
MATHUSLAZ200 | |. The BBN bounds are from | | The dashed seesaw line is given by |7, |' =

5 Iy} . . . . . . . .
v Ams, Smy corresponding to the naive seesaw scaling and should be considered only as indicative.




