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Why search for Long-lived particles?

The search for new Physics is one of the main goals in HEP
~ . N [£ dt = (3.6 —139) fbo? V5 =8, 13 TeV
* What is Dark Matter made of” s B L s

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: July 2022

2 ADD Gk +g/q Oeut,y 1-4]  Yes 139 | Mp 112TeV n=2 2102.10874
RS) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
cé’ ADD QBH - 2j - 139 M 94TeV n=6 1910.08447
. ®  ADD BH multijet - >3j - 3.6 Myn 955TeV n=6, Mp=3TeV,rotBH 1512.02586
 Neutrinos have a mass = 0 S Erenn AT |
©  Bulk RS Gy — WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp =1.0 1808.02380
g Bulk RS Gkx — WV — (vqq 1eu 2j/1J Yes 139 Gk mass 2.0 TeV k/Mp; =1.0 2004.14636
< Bulk RS gkk — tt 1e,u >1b,>1J/2] Yes 36.1 gkK Mass 3.8 TeV r/m=15% 1804.10823
. \ W™ 2UeD / RPP leu >2b>3] Yes  36.1 KK mass 1.8 TeV Tier (1,1), B(ALY - tt) =1 1803.09678
* Matter and antimatter are not symmetric o
SSM Z’ - 1t 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
‘é’ Leptophobic Z" — bb 2b - 36.1 Z’' mass 2.1 TeV 1805.09299
[e) Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV M/m=12% 2005.05138
8 SSM W’ — ¢v 1epu - Yes 139 W’ mass 6.0 TeV 1906.05609
L SSMW — v 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
| S SSMW' b - >1b,>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
e =) HVT W’/ - WZ — fvgqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
8 HVT W — WZ — (v '{’ modelC 3 e, pu 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,8=0 ATLAS-CONF-2022-005
HVT W’ — WH — (vbbmodelB 1e,u 1-2b,1-0j Yes 139 W’ mass 3.3 TeV gv =3 2207.00230
HVT 2/ - ZH — (¢/vwvbbmodel B 0,2e,u  1-2b,1-0] Yes 139 Z’ mass 3.2 TeV gy =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 Wk mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
Cl qqqq - 2] - 37.0 |A 21.8TeV 7, 1703.09127
—  Clltqq 2e,pu - - 139 A 358TeV 7, 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV g&=1 2105.13847
. . Cl upbs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
. PreCISlon measurements Cl tttt >leu 21b21) Yes  36.1 A 2.57 TeV [Cae| = 4m 1811.02305
Axial-vector med. (Dirac DM) Oe,u, 1,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Myed 3.1 TeV tanpB=1, gz=0.8, m(y)=100 GeV 2108.13391
. . Pseudo-scalar med. 2HDM+a  multi-channel 139 Mmed 560 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
® Explicit searches: Scalar LQ 1% gen e 2]  ves 109 |ramess 18 TeV =1 2005 05672
. Scalar LQ 2" gen 2pu >2j Yes 139 | LQmass 1.7 TeV =1 2006.05872
O Scalar LQ 3 gen 17 2b Yes 139 LQF mass 1.2 TeV B(LQY — br) =1 2108.07665
| Scalar LQ 3" gen Oe, u >2j,>2b  Yes 139 LQS mass 1.24 TeV B(LQY - tv)=1 2004.14060
. . . Scalar LQ 3™ gen >2e,u, 217 21j,>21b - 139 LQ(,l mass 1.43 TeV BLQY > tr) =1 2101.11582
. (@) Scalar LQ 3 gen Oeu,>17 0-2j,2b Yes 139 LQS mass 1.26 TeV B(LQ3/—> bv) =1 2101.12527
(@) S e a rC | n g Or p rOI I I p y e C ayl n g n eW p ar | C e S Vector LQ 3" gen 17 2b Yes 139 LQ; mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
o VIQTT - Zt+ X 2e/2u/>3e,u 21 b,>21j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
= @ VLABB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
. £ O VLQ T53Tss3/Ts3 > Wt+ X 2(SS)/>3eu>1b,>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 > Wt)=1, c(Ts;3Wt)=1 1807.11883
| l S E VLQT - Ht/zZt 1e,u 21b,23] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
. But OS rO US rO el | IS neu rl no I I Iasses 8 & VLQY - Wh lepu 21b>21) Yes  36.1 Y mass 1.85 TeV B(Y — Wh)=1, cg(Wh)=1 1812.07343
" ) =" VLQB - Hb Oeu >2b,>1j,>1J - 139 | Bmass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
\ \ \ \ VLL 7 —» Z7/Ht multi-channel  >1] Yes 139 7’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
natural | OI nt to Ver Wea <| I nteraCtI n art|C|eS 3 8 Excited quark g7 - qg } 2] B 139 q° mass 6.7 TeV only u” and d*, A = m(q*) 1910.08447
_g S Excited quark ¢* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u™ and d*, A = m(q*) 1709.10440
g & Excited quark b* — bg - 1b,1] - 139 b* mass 3.2 TeV 1910.0447
lj ¢ Excited lepton ¢* 3e,u - - 20.3 A =3.0TeV 1411.2921
. , . =" Excited lepton v* Seut - - 20.3 A=1.6TeV 1411.2921
 New particles could have long lifetimes!!
- LRSM Majorana v 2u 2] - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, g, = gr 1809.11105
“ Higgs triplet H** —» W* W= 2,3,4 e, (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_‘1:) Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
S  Higgs triplet H** — (7 et - - 20.3 — DY production, B(H* — (1) = 1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev V§=13Tev 3ol L L L L L3l L L L L A | 1 L L L
partial data full data 1071 1 10

e \We need to make sure that every possibility has been

eX

nlored
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*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jets are denoted by the letter j (J).

To date, O(100) ATLAS, CMS, LHCDb papers
on BSM searches with full Run 2 dataset!

Mass scale [TeV]

Still, no evidence of new physics...


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png

Why search for Long-lived particles?

e Semi-stable particles are very abundant in the SM Motivation | Top-down Theory IR LLP Scenario

e |t would not be surprising that new physics contains them too RPV SUSY

GMSB

e \ery easily identified as background D BSM=/—LLP

. (direct production of BSM state at
Naturalness AXINos LHC that is or decays to LLP)

e Specific searches needed! Sgoldstinos
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Dark Higgs and exotics Higgs decays with LLPs

e Dark/Hidden sectors: new sector very weakly coupled to the SM

e |nits minimal version, need only one state that acts as mediator between t

e | ots of examples during this conference (ex. Wei Liu's talk, Hengne Li’s tal

)

Communication
mechanism

E. Torro Higgs 2023 Beijing, Dec 2023

Hidden sector
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ne two sectors

Spin 1
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Heavy neutral

leptons

Coupling to SM
with couplings
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Coupling to SM
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https://indico.ihep.ac.cn/event/18025/contributions/142536/attachments/74134/90903/talk-EWPT-Weiliu.pdf
https://indico.ihep.ac.cn/event/18025/contributions/142537/attachments/74172/90896/BSMHiggs2023_HENGNELI_v6.pdf

Dark Higgs and exotics Higgs decays with LLPs

e Dark/Hidden sectors: new sector very weakly coupled to the SM

* |nits minimal version, need only one state that acts as mediator between the two sectors

e [ ots of examples during this conference (ex. Wei Liu’s talk, Hengne Li’s talk)

e (Can include new neutral particles with extremely weak interactions
e New long-lived particles lead to new phenomenology!!
e They can be produced in the decay of both heavy and light SM particles or in other ways

LLP LLP

e |f they are weakly interacting and long lived, they pass through matter leaving no signature and decay to visible
particles after a long distance

E.Torr6  Higgs 2023 Beijing, Dec 2023


https://indico.ihep.ac.cn/event/18025/contributions/142536/attachments/74134/90903/talk-EWPT-Weiliu.pdf
https://indico.ihep.ac.cn/event/18025/contributions/142537/attachments/74172/90896/BSMHiggs2023_HENGNELI_v6.pdf

Where should we look for LLPs in collider experiments?

Figure by H. Russell

hat depends on the lifetime: where is it more
probable to find a LLP decay”

p@iecaj)

e |nthe main LHC detectors we can use
iINnformation from different subb detectors for
different targets.

e |Large SM backgrounds
e [ight triggers

Inner tracker

distance travelled  Particles with long lifetimes decay mainly outside
the LHC main detectors.

For long lifetimes we need different detectors!

E. Torrd Higgs 2023 Beijing, Dec 2023



Current limits at the LHC experiments

e The main LHC experiments count with a large program for the search of LLPs

e [Example benchmark: Hidden sector with a heavy neutral boson, ¢, decaying to two

new long-lived neutral scalars, s, that decay to pairs of SM fermions.

e New boson can be
e Higgs-like (125 GeV); m(s) = 5-55 GeV
e or heavier (200, 1000 GeV); m(s) = 8 - 400 GeV

1 ATLAS Prellmlnary(March 2022) 13 TeV 36- 139 fb Hidden Sector, m, = 125 GeV
: Selected ATLAS results
95% CL observed limits

Contributing searches:
Muon System (2 Vitx Only), 139 fb™
arXiv:2203.00587
Muon System (1 Vix + 2 Vtx), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™
arXiv:2203.01009
Tracker+Muon System, 36 fb ™
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb™’
JHEP 11 (2021) 229
e® Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031
: : Monojet, 139 fb™
A . b - AT = ATL-PHYS-PUB-2021-020
= = H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052
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http://dx.doi.org/10.1103/PhysRevLett.127.261804
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Current limits at the LHC experiments

e The main LHC experiments count with a large program for the search of LLPs
e [Example benchmark: Hidden sector with a heavy neutral boson, ¢, decaying to two

new long-lived neutral scalars, s, that decay to pairs of SM fermions. p
e New boson can be & 5
e Higgs-like (125 GeV); m(s) =5 - 55 GeV o ‘E:~®
_ S
e or heavier (200, 1000 GeV); m(s) = 8 - 400 GeV .
long-lived
_. ATLAS Preliminary (March 2022) 13TeV, 36-139 fo
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Overview of proposed LLP detectors at the LHC

 Huge range of litetimes from ~50m to 108 m (BBN
limit): covered by different detector volume and
distance form |P

 Range of models, couplings and masses covered
by different angles wrt beam axis

e Many possible decay modes!

 Need variety of detectors = complementary

http://www.antimatter-matters.org/

E.Torr6  Higgs 2023 Beijing, Dec 2023



Overview of proposed LLP detectors at the LHC

 Huge range of litetimes from ~50m to 108 m (BBN
limit): covered by different detector volume and
distance form |P

 Range of models, couplings and masses covered
by different angles wrt beam axis

e Many possible decay modes!

 Need variety of detectors = complementary

 Final goal: avoid missing a discovery due to the
lack of correct tools!

E.Torr6  Higgs 2023 Beijing, Dec 2023

e

CMS wiitaly

CODEX b

_— ANUBIS
FASER N\
ATLAS

— )
ALICE
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http://www.antimatter-matters.org/
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Overview of proposed LLP detectors at the LHC

 Huge range of litetimes from ~50m to 108 m (BBN
limit): covered by different detector volume and
distance form |P

 Range of models, couplings and masses covered
by different angles wrt beam axis

e Many possible decay modes!

 Need variety of detectors = complementary

 Final goal: avoid missing a discovery due to the
lack of correct tools!
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Distance from IP

O(100)m

A
Dedicated LLP detectors at the LHC
Direct detection
Decay products
FLArE Forward .
< > FORMOSA _LenT
< P> Lo
< » FASER/FASER2.--"~ Transverse
: :SND/AdeND_ It
FASERV/FASERv2 FACET -~~~ MATHUSLA
) ol
* >
ot < >
——c MAPP-mQP . ANUBIS
< > CODEX-B
milliQan < >
< D>
MAPP MOEDAL
AL3X < >
< >
< >
Trapped particle
>
MeV GeV TeV
Matthew Citron LLP mass range targeted
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MATHUSLA M A

MASIve Tlmlﬂg HOdOSCOpe for Ultra Stable neutral pArtiC\eS https:/mathusla-experiment.web.cern.ch
Updated LHCC Letter of Intent: arXiv 2009.01693

e (Objective: ultra long-lived particles
 Most decays happen tar from the IP: placed on the surface above CMS during HL-LHC

 Aim at ~zero background analysis (~100m rock shielding) for sensitive to LLPs with lifetime up to 108 m (BBN limit)

e |arge air decay volume with several scintillator layers for tracking
Hadronic decay

e [ntegrated with CMS trigger. Access to full event in case of discovery Leptonic decay

100 m
e ( layers of tracker (scintillators)

e Additional Double-layer

e [ouble-layer on floor and wall: veto for charged
particles from IP

12
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https://mathusla-experiment.web.cern.ch
https://arxiv.org/pdf/2009.01693.pdf

MATHUSLA detector layout

[ St

_ https://mathusla-experiment.web.cern.ch
Updated LHCC Letter of Intent: arXiv 2009.01693

e Decay volume ~100 x 100 x 25 m3
e Modular design (100 modules of 9 x 9 x 30 m3)

e Assembly time line not governed rigidly by HL-LHC beam schedule
e Data taking can start after installation of the first module

e (Current status:

e Detector technology has been studied
extensively

e Small lab-scale prototype units are under
construction

e (Conceptual design report (CDR) in preparation

e (Goal is to be ready for the start of HL-LHC
running

Mathusla 100

E.Torr6  Higgs 2023 Beijing, Dec 2023 13


https://mathusla-experiment.web.cern.ch
https://mathusla-experiment.web.cern.ch
https://arxiv.org/pdf/2009.01693.pdf

MATHUSLA Test Stand

 Prototype built on the surface above ATLAS

 Data taking during 2018 both with and without beam running

 During collisions, two types of processes creating upward going tracks:

* Inelastic backscattering cosmic rays: constant rate with LHC luminosity

 Charged particles from LHC collisions: rate increases linearly with luminosity

&) 300: lllllllll : | llllllllll |lllllllllllll| llllllllllll |IIIIIIIIIIIIT lllllllllllllllllllll
o e Upward data (with beam) g
=~ [ Cosmic ray inelastic backscattering -
¢ 230 [ IP muon simulation i
O N . .
© s ++ = % Prediction uncertainty
— -
. ]

E. Torrd

20

25
Zenith angle [°]

30

Tracks / test stand run [hr']

o e e by |||||||||||||_
02 04 06 08 1 1. 14 16 1.8

P1 integrated luminosity [10°* cm2 s hr]

Results validate the background hypothesis in the
sensitivity calculations for MATHUSLA

Higgs 2023 Beijing, Dec 2023
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https://www.sciencedirect.com/science/article/pii/S0168900220310585#

COdeX'b Proposal: 1911.00481 C O.D EX-b

Snowmass: 2203.07316

Compact Detector tor Exotics at LHC-b M

i ‘
& [/l RB86
SHIELOING PLUG ;0 ||
GAS DISTRIBUTION RACKS o
* COOLING SYSTERS A
YAy YAV [/ AV Vi )&</ VAV Vi VAV AV YAV VAV ya VA [/ / | I / VAV
= i —2 = [ 7 GANGWRY — ,
 To be placed near the LHCb cavern g O e A
N {1 S———— { | S———
. ' | =z ——r— 7~ NN C—:—:a | ] N —
® Target Weakly |nteraCt|ng I_I_PS at HI__LHC é :VI.%_{I'I'I;JI\’HI)I,;“i'l’l'llh‘r‘i = | 1 e
, = 3 = OPENING
-, /). ' T | 0= LIMIT ™
: : Sl — kBN T o+ Cavernaxs ¢ YRR —
e Use LHCDb trigger CPUs space in LHCb cavern / = T3 | o H N L E \
—_— g | i
DELPHI location g - A T
/ZJ % lﬂﬂ;‘lﬂ:ﬂ / : :EW:L o ”JEHH o PO | R
0oo ~
7777 ; ?mim/ : 9;/ 77 77 | 4 7 77 7&7." B ] -
GAS DISTRIBUTION RACKS | :) VIPBL | 471
+ COOLING SYSTEMS |
| seeome puuc 7 [l |
. |
1\:| . i) : / :|8 -!-TVOI /]l (E\gl -:‘ ’ EI% d‘

e 10x10x10 m3 box

e 0 layers of RPCs for tracking to reconstruct LLP decay vertex

shield veto

UXA shield Pb shield 1P8

e same RPC as the ATLAS muon system upgrade. No dedicated R&D

e Addition of calorimetry or other material layers for photon ID being considered
=8 10 m
 Active and passive shield veto agains collision backgrounds
* |ntegrated with LHCD triggerless DAQ: assuming a production mechanism, able to
measure LLP velocity, boost and mass i
10 m

E. Torro Higgs 2023 Beijing, Dec 2023 15


https://arxiv.org/pdf/1911.00481.pdf
https://www.google.com/search?client=firefox-b-d&q=2203.07316

o Muon
=3~ Chambers g

Codex-( CODEX-b Y& _7h ™\

Calorimeter.

’

A

~ \\ . - “-.\\‘ \‘: S i(ing -
CODEX-O) R R <
e Demonstrator, 2x2x2 m3tracking volume in approx. future location for CODEX-b NNy AT’
PN Padd, RICH ~ Calorimeter
e Same RPCs planned for CODEX-b | o I getaor ” 4
o RPC triplets being built NOW. The first RPCs have been built and tested 7 RN R 34

e Mechanical support structure is well developed
e Jarget installation during 2024, data-taking in 2025

e Main objectives:
e (Confirm control of backgrounds:

e Target zero-background CODEX-b

e (alibrate detector simulation

e [ntegrated with LHCb: pave the way for integration with LHCb DAQ/trigger

e [ull detector for Run 5

E. Torro Higgs 2023 Beijing, Dec 2023




ANUBIS ANUBIS ol

An Underground Belayed In-Shatt Proposal: 1909.13022 ‘-

e [nstrumenting ATLAS access shatt bottom and cavern ceiling for HL-LHC

e Detector ~25m from IP. ATLAS Cavern acts as decay volume

* [ntegra

e NoOSs

e [or a background similar to the LLP searches in ATLAS muon system,

ANU

e |ncorporated as an official sub-project of ATLAS

'ed with ATLAS trigger

nielding against collisions besides the ATLAS detector

BIS will need 50-90 events for evidence

Triplet layer B~ Y

e Same RPC as the ATLAS muon system upgrade.
e No dedicated R&D
£
e [ arge production lowers costs g \ Parameter Specification
. . X Time resolution 6t < 0.5 ns
e [ayers of RPC triplets separated by air gap . Angular resolution s < 0.01 rad
00 % 100 o Spatial resolution dr,0z S 0.5 cm
ST | Per-layer hit efficiency & 2 98%
i riplet layer

17
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https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022

proAnubis ANU BIS‘

Proposal: 1909.13022 "‘

 proANUBIS: demonstrator built during 2022, installed in ATLAS cavern in March 2023

Three-layer tracking station using ATLAS HL-LHC upgrade RPCs

e Main mission: validate background estimations:

e Measure hit/track efticiency
e |dentify muons from ATLAS triggers
e Measure punch-through rates
* Measure comics e Pl bl
e (Gauge cavern background radiation's impact on occupancy rate p;th thmugtg]xgir_m!ﬁe dVOlum
o (Currently commissioning!! ; / . bEST g
T ot Y | =
J S e = Y-
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https://arxiv.org/abs/1909.13022

FASER

—orwArd Search

FASER
ExpeRiment at the LHC

e [orward region close to ATLAS: 480m downstream of the ATLAS |P

o Utilises the large LHC light particle production rate in the forward region to target: light, very weakly interacting LLPs
(HNL, dark vector, dark scalar, axions, light SUSY particles)

e very rarely produced

e along the beamline at low pT ~2% of pions produced within FASER angular acceptance

e Also measurements on collider-produced neutrinos

e f[ast! Lol (2018), approved (2019), Installation (2020)
e Data-taking started in Run3 (2022)!!

/N
charged particles (p<7 TeV) @ ~E m
x forward jets \»\C‘\“\
\“ ": 1 ki \ > v
/&w =T = neutrino, dark photon FASER
i g LHC magnets } — g
p-p collision at IP 480 m 100 m of roc /5'§
of ATLAS<—— — S Ny £
19
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https://arxiv.org/abs/1708.09389
https://cds.cern.ch/record/2651328

FASER details FASET

e OSmall detector composed of: Proposal: 1708.09389
e Emulsion based neutrino detector (FASERNU) Tech. Proposal: https://cds.cern.ch/record/2651328
e [or neutrino physics, acts as shielding for LLP searches
e Decay volume of 1.5m _ ork Higgs
e Multiple scintillator systems (triggering, timing, vetoing) | W\WWW
e 4 tracking stations (IFT and 3 stations 3x3 of ATLAS SCT strip RN
modules. 0.5 B-field applied T °
e Calorimeter system scintillator\station z
Tracking spectrometer stations Veto Jr'}? o F\T\—Pf?‘. \_\t:__-_'_;\\ 1074
scintillator / e N T Rin3 4+ Runa ]
station ~~_ \‘.{ _(' ! i
Electromagnetic ecay \,o\u‘“e \ \‘ 1°0§ ee [ u
Calorimeter ' & 1071
1 |
o7 Dark Higgs Mass my [GeV]
; FASERV
~ Tanpar e tungsten/emlsion FASER prospects in LHC Run 4
\\ d
Timing W CERN-LHCC-2023-009
y\ " gy scintillator station
Pre-shkoer system R ‘z \\\.\ "
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FASER operations and first results!

FASEA

,:_—100:||-||-|||| lllllll T T 1 1 1 11 E .
e [nstalled and commissioned during 2021/2022 2  90F \’0‘%;']’ -LHCP1 Stable (ATLAS) — Dark photons results:
. 2 s0f- FASER Recorded - 220711427
e Recorded 37/fb of data in 2022!! S JoE Tot Delvered: 704 1 E
. . . % -~ Total Recorded: 68.4 b
o First Dark photon analysis with 27/tb!! - 60
2 50F
e 90%CL limits in previously unproved phase space 5 40m
- | 2 20F
o PRIV TV VT I toF
S 5 i 0%
s | FASER. ) 30/06/22 10/11/22 23/03/23 03/08/23
% \ Day in Year
2 = . Preliminary = -
C .
¥ B j _L=27.01b" | & Successful 2023 data taking: > 30/tb collected
10 : ---------- Expected Limit (+1 o,,,, 90% CL)_
4 Observed Limit (90% CL)  — e x10 more data expected!
B Existing Limits | . .
) Relic Target m,_=0.6m,, 0=0.1 — e Proposed large upgrade to FASER being discussed: Forward
§ . Physics Facility (https://arxiv.org/pdf/2203.05090.pdf)
Jo5 - e much better sensitivity for dark Higgs for FASER2 (5m decay
s \ volume) at the FPF (see slide27)
I L . - .  _ [rAsER2 FASERV2 | |FORMOSA | i |
10 102 — /ﬁ /:‘ : i} . =
m,. [MeV] { Los |- /[ it ’4
vt = P
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https://arxiv.org/pdf/2203.05090.pdf

SHIP

Search for Hidden Particles

Proposal for ECN3 (Oct 2023): SPSC-P-369.pdf

e (General purpose beam dump experiment at the SPS North Area

AVa
\/ \/

SHiP

Search for Hidden Particles

e Target: light, very weakly interacting long lived particles (HNL, dark vector, dark scalar, axions, light SUSY particles)

e Qriginally designed for dedicated new beam line with a new experimental cavern (ECN4)... now fully re-optimised for

existing beam line and ECN3 cavern

e New location at existing beam line with improved muon shield: similar physics reach at much lower cost!

* Proposal to be part of ECN3 submitted to SPSC in Oc

- 23for a decision expecteo

e Aiming for commission with beam in 2030, to begin ta

E.Torr6  Higgs 2023 Beijing, Dec 2023

KIng data in 2031, running for

be

‘ore the end of the year

15 years of running



https://cds.cern.ch/record/2878604/files/SPSC-P-369.pdf

SHiP details Proposal for ECN3 (Oct 2023): SPSC-P-369.pdf

e Full spectrometer allows measurements of SHiP

Search for Hidden Particles

e [nvariant masses, impact parameter, decay vertex

e Distinguish between signal models
e |f LLPs are discovered, detector can pertorm precision measurements of LLPs
e Background taggers and timing detector allow powerful background rejection

T2

o = SplitCal

T1

upstream veto tagger (uvT) surrounding background tagger (st 4 E
— vacuum - !3
T — 3
B =
10
|
L (?J) decay vessel v o8
N <

-

spectrometer § S

£

S

&

e Several groups outside SHIP evaluating additional uses:
e Development of radiation hard electronics

e Nuclear physics
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Br(h—>XX)

Main
O(

A

00GeV) physics

e Exotics Higgs decays L
e Dark sector new scalars
p f
s oL ;
0] _=z= = f
T !
P f
Mathusla Updated Lol: 2009.01693
Mm(LLP) = 20 GeV
1 S
. \ \ HL-LHC h-invisible
e sensitivity I
0.100:§ e —
° Q
(] Q 2 B
0.010 £ & & -
= 9 ?.q}
c v r
0.001 > & %&V |
= R
i ~ —
1074 E =4
:.: Vs =14TeV,3ab"| 5 |
107 > h—>XX, X-ij Z |
11]
- 8 my = 20 GeV m
fn _
10—6 | | | | c | -
0.001 0.100 10 1000 10 10
CTx (M)
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ATLAS

Sensitivity in Exotics Higgs decays

nenchmark in transverse detectors:

, ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb™
== ULEAL LR RLLLY LU RLLLL B T T T rrmmpe T e - T

CMS
m(LLP) = 15 GeV
(careful!! Not exactly the same benchmark!)

137 fo' (13 TeV)
III| T TTTIT T T .L

CMS Supplementary
E TTTT I| T IIIIIII| T TTTTIT "J. T4

1

o]
A

Hidden Sector, m, = 125 GeV

n
wn
Xk 3 Selected ATLAS results 0
- - 95% CL observed limits L
- — Contributing searches: B m 10_1:— —
ot NN AN w]  Muon system(z vec oy 1201 5
= 3 Muon System (1 Vix + 2 Vtx), 36 fb™ =
- = - Phys. Rev. D 99 (2019) 052005 =
L= — Calorimeter, 139 fb" =
I ER— arXiv:2203.01009 ) =5
: Tracker+Muon System, 36 fb ™ 0107 -
102 = L LN LS — Phys. Rev. D 101 (2020) 052013 o
E i3 Tracker (LRT), 139 fb ! Q N\ S .
- B 23, Tiedker g ss . S—bb -
B (ED g: * JHEP1_O(2018)0?:1_1 O L — ]
1072 __D‘ﬁ __________________________________________________ ) U)__ /':nTtl)_'-‘F_?lf(ts’-llﬁg-g?)zvozo o &\2 10_3 = - =
= = E{;g‘gg&g_’;é’zl‘g;’zmmb'"at'°" o E—Observe g —mg=15GeV ||+ 10 expected
- ] - . — mg = 40 GeV [ ]+ 10 expected
B —| LLP masses: -« Median expected — mg =55 GeV |:|+1csexpected_
107 ol sl sl ol vl ol o) llsg Gev [l 1520 Gev [[25-35 Gev 104 bl R A
10 10 10 10 10 1 10 10 10 40 Gav .45.60Gev .Any 10_2 10_1 1 10 102 103 104
ce [m] ct [m]
ANUBIS (FIP2 2022): 2009.01693 Codex-b (FIP2 2022):
m(LLP) = 20 GeV m(LLP) = 10 GeV
Lo Higgs to 20 GeV LLP (careful!! Not exactly the same benchmark!)
10* | m 4 = 10 GeV
1071 :
10° .
— 10
O
Nan¥
2 —~ 10-3
10 § ? 10
I =
10 T <10
o
o}
107>
1 Lo, ATLAS 1DV
| 104 L ATLAS 2DV
107" o7 | | | | | CMS-EX0-20-15
1073 1071 10! 103 10° 107 10° s
10
1071 10! 10° 10°
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Sensitivity in Exotics Higgs decays

Main benchmark in transverse detectors:

O(100GeV) physics
o Exotics Higgs decays Adding everything in one plot for comparison...
e Dark sector new scalars
1 - | | ‘
.y HL-LHC h-inyisible
o sensitjvi 1104
0.100: 8 CMS MS - 1
-la; endcaps
:Q 137 fb-1 | 103
c
0010 £ ~
X = =
X £ 10° 33
' 0.001 > A
= E y
@ 4 E  CAREFUL 110 &
: § Benchmarks and E
O background Vs =14 TeV, 3ab™ S 1
1075 $  assumptions not hosXX, Xoi —
i g exactly the same ’ m
D my = 20 GeV m
: Q 11 0—1
10— | | | J | J 1 J |
0.001 0.100 10 1000 10° 10/
CTx (M)
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Sensitivity in Exotics Higgs decays : f

Main benchmark in transverse detectors: & os‘i;
O(100GeV) physics =;==o< f
o Exotics Higgs decays Adding everything in one plot for comparison... p 7

e Dark sector new scalars

1 - ' 1 ‘
- \ HL-LHC h-invisfble
2 sensitj¥i
0.100: 8 CMS MS - 3
"&; endcaps
a 137 fb-1
c
. 0.010 ==
> =
X =
1 0.001 >
= £
D .4 £  CAREFULI
- g Benchmarks and =
§ » =
3 background Vs =14 TeV, 3ab "3
-5 5, assumptions not . —
10 - & exactly the same N—>XX, X-)) o
9 my = 20 GeV m
Q
10—6 | | | | 1 1 1 . | .
0.001 0.100 10 1000 10 10
CTx (M)
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1071

Upp—)h—)XX (fb)

Gain in sensitivity wrt ATLAS/CMS HL-LHC:

* ~2 orders of magnitude in sensitivity

20
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Secondary benchmark in transverse, one of the main in forward detectors: O(1GeV) physics

e Singlet scalar LLP s mixing with Higgs mixing angle 6

S
W W- -
L /:N:“::l‘.; L mp. e - Diagrams by J. Alimena
Vtz RN /ts Vtz RN ts S.o
S TS h* TSs S R

T -
—
—
-—

1 ( «sin?0) 2 (o 22 3 (x Y

1 2 3 : Additional production in exotic Higgs decays

1 : Production in exotic B, D, K meson decays only with Br(h = 58) = 0.01
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* Nice complementarity:
e SHIP better at short lifetimes and mass < 10 MeV
e For O(GeV) FASER, SHIP better sensitivity for shorter lifetimes

E.Torr6  Higgs 2023 Beijing, Dec 2023  Mathusla: higher sensitivity for long lifetimes 2f


https://cds.cern.ch/record/2857842/files/2305.01715.pdf
https://arxiv.org/pdf/2203.05090.pdf

“Lr . d k I FIPs 2022 workshop report: 2305.01715
SenSItIVIty to ar Sca ars More details on FASERZ2 prospects: 2203.05090

Secondary benchmark in transverse, one of the main in forward detectors: O(1GeV) physics

e Singlet scalar LLP s mixing with Higgs mixing angle 6
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1 2 3 : Additional production in exotic Higgs decays

1 : Production in exotic B, D, K meson decays only with Br(h = 58) = 0.01
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* New detectors explore orders of magnitude of new parameter space.
* All combined, they extend the reach of various intensity-frontier proposals like
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Bonus: LLPs @ FCC-hh, FCC-ee

HECATE: HErmetic CAvern TrackER.

A long-lived particle detector concept for FCC-ee or CEPC

For FCC-hh / FCC-ee, main detector will be relatively smaller than the cavern

 Cover detector cavern walls with scintillator plates or RPCs

e >= 2 |ayers of 1 m2 separated by a sizeable distance — timing

e >= 4 |ayers for good tracking
e 41t coverage LLP detector

10—4

— B [\ [ [ | | N | [ =
. . EN * MATHUSTLA ]
« FCC main detector as active veto - DUND. FASES
10-5 1L “CODEXb
- . = \ N : 2.772.772
e Sensitive to a unigque area of phase space SRV Ue'sUs:Ur
- \ \\‘\ N\ S : :
10—6 = | |‘|) -\. \\ \.\
= : Y \FCC-ee
N | & \ \ - FCC-ee
10—7 i.\\~ i ) \ \ . muon \CEPC
- NOYo G HECATE' » chamber
B - \\:— N ~NQ Q‘jEPC R \
b 10_8 ; "~,\'*\/‘\\\\ N \\ \'
= LB \\\ N\
B | '-....\\\ \.\\ \\ \A\
1079 F 'HECATEN \\ N\
., @FCC-ee. N\~ \
Example: HNLs I BN |
10 E SHiP RN \\\ \
i THUNDERDOME . SO (
10— E‘BBN seesaw | TNl -
’ . vas L \ \ \ [ \ |1
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35200

Proposal: 2011.01005

J5000

Cavern size: r~15m and z~50 m

Main detector size =(10m)
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https://arxiv.org/abs/2011.01005

Conclusion

e Future experiments will be sensitive to large regions of

phase space

 Many ideas for dedicated LLP detectors!

e A relatively cheap way to explore a large region of
the parameter space B ANUBIS )

D Za—

o Complementarity among different detectors

* Most of the current proposed experiments are aiming
for data collection in HL-LHC.
e Some already running!

e For the future....

 Future colliders could probe a large part of the LLP parameter space

e Good to include LLPs in the main physics program when the main detectors are being designed
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