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at the LHC
*Proposals for new experiments
at the LHC

*Transverse experiments

*Forwards experiments
*Non-collider opportunities
*Summary/Outlook
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LHC: So far no New Ph

ATLAS SUSY Searches* - 95% CL Lower Limits
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Are we leaving no stones

« The LHC BSM searches are indispensable and should be
continued in the new energy regime and with increasing
statistics (higher mass, lower couplings)

« But are we looking at the right place and do we leave not
stones unturned? -> Recent focus on long lived particles

« Time for more effort in thinking of complementary searches:
-> \What could the LHC miss with the present detectors?

Leave no stone unturned!!
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Are we looking at the right place?




Long lifetimes in the BSM world

Small couplings
e.g. R-parity
violating SUSY

Limited phase
space

e.g. compressed
SUSY scenarios

T
Decays via
heavy particle
e.g. heavy
neutrinos

Any model with small couplings, small mass
splittings, or decays via off-shell particles can result
in long lived particles (LLPs)




Long Lived Particles ‘

Long lifetimes arise from a hierarchy of scales or a small coupling

RP Violating SUSY

« AMSB SUSY
 Gauge Mediated SUSY
« Split SUSY

« Hidden Valleys Models
« Dark QED/Dark Photons
« Magnetic monopoles

* Quirk Models

« Dark Matter Models

« Stable Sexaquarks

« Axion-Like Particles




Long Lived Searches:

delayed jets

. 137 b (13 TeV)
Emg T aa T g
z F CMS 95 % CL upper limits 3
S I P ——

10 PP~ G5 §—~g+8 Onserved 5
o E mﬁ=2400(;ev - Expected median + 10, E
‘é"‘oz% ______ Expected median =2 0, 37
g = CMS displaced jets (36 fb™) 3
s r ]
= 10= e Approx. NNLO+NNLL ofpp — § 8) =
E F 3
§ 1= / <
> = E
d fw___‘____,__,._/ 7

) ETU . eaarrt TSNS
39-10 E 3_
8 f E

102 Lol vl Lol MR
10° 10° 10* 10°
ct, (mm)

CMS

e

T T

—h
9

LELAALL B R R |

ey
o
A

T

---- Median expected

95% CL upper limit on B(H — SS)
o

)
1

T T T

—mg =7 GeV D:wexpectedf
—mg =15 GeV [[] = 10 expected]

LLPs in muon system

138 fb' (13 TeV!
‘WY %

FEERTTT B

|

S—dd

|

mg=3GeV [ ]= 10 expected

— Observed — mg =40 GeV [ = 10 expected
_5 ol | 4_"'5=5’156°Vl—7_]“°",*99“9d'
10° 102 10" 1 10 10° 10° 10*

ct [m]

displaced photons

(m)

Ct,

10°

10°

T T

10

Ty

T

T
[ GMSBsPss

RN R R RN LR LR R RARRE R R

CMS expected (= 10) 77.4 1o (13 TeV), v, vv
CMS observed 77.4 b (13 TeV), v. vy
ATLAS observed 20.3 fo™' (8 TeV), vy

CMS observed 4.9 b (7 TeV), v

|

Ll

ol

104+m\H“\‘...l....}."._.-r‘.'.1....|....|....|..
100 150 200 250 300 350 400 450 500 550

600
M., (GeV)
|
100 150 200 250 300 350 400
A (TeV)

Disappearing tracks

% :’);(1 production tang =5, >0

T, [ns]

Run 1

N Wa
L e | LR

Run 2
(with I1BL)

T T

=4

o

[~
T

T |.|.].”,_:K”r‘.””l””

Lo aa

p el

ATLAS

Vs=13TeV, 36.1 fb’
Observed 95% CL limit (=1 0, )
. Expected 95% CL limit (=1 o,

TR

)
-
-=:= ATLAS (8 TeV, 20.3 fb”, EW prod.)
- Theory (Phys. Lett. B721 (2013) 252)
ALEPH (Phys. Lett. B533 (2002) 223)

PO R O T a0 v N O U ol MR

1

100
10

200 400 600 _ 700
m. [GeV]
1

RE—-uGuG
= O e e e
%) ;
= - ATLAS - - - Expected limits E

10
=
e
= 1
C
—
@]
)]
73]
% 10"
|
@)
107

= 103k =13 Tev, 139 fo"

E —— Observed limits p
E All limits at 95% CL -
E Slepton Signature El

102F [ Displaced, PRL 127 051802 (2021)
E Intermediate, this work -
10L "] Prompt, EPJC 80 (2020) 123

100 200 300 400 500 600 700 800 900
mi,_ ) [GeV]

RPV searches

LHCb
5.4fb"

My =50 GeV/c?

(d)

100 150
LLP lifetime

200

[ps]



LLP Community Workshops .
2024 FIPs 2022

Workshop on
7 o X y o Feebly-Interacting Particles

ORGANIZERS
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14th workshop
this year
¢ 15th workshop Sics

S ~ *Beyond
- Valencia, Spain _‘5(:-_0| I.lders

Physics Beyond Colliders Study Group
https://indico.cern.ch/event/1381368/ e.g. https://indico.cern.ch/event/1369776/

kLLP Community White Paper: arXiv:1903.04497




New Experimental Proposals:
Searching for Long Lived
Particles

Long lifetimes arise from a hierarchy of scales or a small coupling

— Opportunities for forward QCD measurements at the LHC
and measurements of Cosmic Rays



New Directions for Ex

Proposals/ideas
Taking data in Run-3

3
<
o
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ANUBIS
MATHUSLA
CODEX-b
MILLIQAN
MAPP FASER(Nu)
SND@LHC
MAPP
...... FORMOQOSA
-------------------- FACET
m""ma_tiong the beam line s
Examples:

o Axions/Axion-like particles
e Heavy Neutral Leptons

e Millicharged particles

e Dark Sector scalars
e Dark Photons

e Light Dark Matter ...



Proposals for
Transverse Detectors




New Transverse Experiment Prc-

MilliQan: searches for ~2020
millicharged particles CODEX-b: searches for long lived
MAPP: MoEDAL upgrade weakly interacting neutral particles

FORMOSA: demonstrato

I /, I
P
<>

- .. ANUBIS: searches
MATHUSLA: searches for long lived 4y B :
weakly interacting neutral particles ~ ~NUBIS W [ 7 for long lived weakly

100m " 1 7Y interacting neutral
[ T2om _Surtace stecior | ... particles
#de wigw)

i
+Recently (2021):
a new detector

- for CMS cavern..




Particles with Milli-Charges?

“New” idea -> Hunting for particles with charges ~ 0.3-0.001e
Baseline paper: arXiv:1410.6816

Proposal for a new experiment/CMS subdetector.

Demonstrator (1%) taking data since mid-2017 till 2018

A Letter of Intent to Install a Milli-charged Particle Detector at

arXiv:1607.04669 LHC P5

Austin Ball,! Jim Brooke,? Claudio Campagnari,® Albert De Roeck,! Brian Francis,*

Existing LHC Detector

Martin Gastal,! Frank Golf,® Joel Goldstein,? Andy Haas,® Christopher S. Hill,* Eder P
Izaguirre,® Benjamin Kaplan,® Gabriel Magill,”¢ Bennett Marsh,® David Miller,® Theo
Prins,! Harry Shakeshaft,! David Stuart,® Max Swiatlowski,® and Itay Yavin”6

el — MilliQan Experiment
0.500 — Colliders rj'j-:]-.als-E
[ /] Motivation:
o 1001 o"Dark QED" ie QED in the dark
o 0.050k sector that kinematically mixes
S with the SM QED.
0.010} eThe EDGES anomaly...?
U'UDS-_SMCMHHQ
| Detection technique:
00010 1 0 Tioo - scintillators-> low light signals

Mumce(GeV) 14



Search for Millicharges: Particles with very small charges, compared to

the electron, expected e.g. in Dark Sector theories.
e Scintillator bar and slab based detectors +PMTs

Installed for
Run-3

2024: taking
data

Run 3 Bar Detector

milliQan
Run 3 Slab Detector Results from the
Run-2 prototype i g
QL
o
10-2 il
4 g,
_____ -~~~ _# == Run 3 slab (200/fb)
/ = = HL-LHC slab (3000/fb)
"""""""""" == Run 3 bar (200/fb)
SLAC MilliQl. . ==="" """ w= = HL-LHC bar (3000/fb)
. ~~~ 2016 milliQan LOI (3000/fb)
1072 +

1071 10° 10! 102

mass [GeV]




MAPP/MoEDAL

MAPP is a detector for the upgrade of MoEDAL
MAPP is a scintillator detector —like MilliQan— installed at CERN

%

MAPP

] > PHASE-2 - MAPP-2
PHASES-1+2 - MAPP-1 (2030-)
(2024-) LK/ [ i ) ~ UGC 1

400 scintillator bars (10x10x75 cm?3) in 4 sections readout by PMTs
Protected by a hermetic VETO counter system

e [ S 2
' i (] - Mg Ty
- | ' 3 3 —
' — LSND  Colliders
PHASES-0+1+2 - MoEDAL (2012-18)
MOoEDAL Upgrade (2022-) 107!

MAPP is being commissioned for
physics.

S
\‘l RUN-3  i=1aTev
~-milliQan-s (L =200 fb~') 4
MAPP-1: DY only, 100% eff., no background B gt N
milliQan: DY+meson decays, bkg.+detector eff. included ! — FomoSAT (£
10~ 1 L a1l 1 1 7 O WO O T 1 1 7 A T I 5

FORMOSA-1: DY+meson decays, 100% eff., no background 10 9 Geyy 10°




MilliQan: a new type of new physic

 The idea of detector and the success of the demonstrator in 2018-
2020 has led to new proposals for MilliQan-like experiments..
— SUBMET: T2K 'neutrino’ beam (mass< 2 GeV). Experiment installed and

being comissioned right now. arxXiv:2007.06329 (Japan)
— MoEDAL/MAPP: @LHCb IP arXiv:1909.05216 (CERN)
— FORMOSA: @FPF Cavern of the HL-LHC arXiv:2203.05090 (CERN)
— FerMINI: FNAL fixed target experiment arXiv:1812.03998 (USA)

E.G the SUBMET proposal (funded and approved in June '23; Installed ‘24)

Neutrino Target

Monitor J PARC, Ja pa N Beamdump |

bUIldlng ............................. Formosa

------------ Decay volume O
SUBMET [ )( ..... Miion y proton
) IR - """" monitor
] ] ]
1 1 T
280 m 120 m Om

MilliQan collaboration is involved in SUBMET, FerMINI & FORMOSA Detectors
=>This is a science program for up to 2040 and beyond!!



CODEX-b

COmpact Detector for EXotics at LHCb: a dedicated LLP detector@ IP8

First ideas: 1708.09395 N
EOI : 19 1 1 .0048 1 GAS DISTRIBUTION RACKS ) i
Backg. studies: 1912.03846 el I
Search for weakly | (== N s _FJH = =
interacting neutral | 41 _W-==mrmrm sl Bt Eime TG
. . A I T o ¥ i Lo 8 1 14
Long Lived Particles Lo
; ~
!
! Rizss=mman=smp|]
B/ e e
! / SHIELDING PLUG !
| [
1‘ T'rvm " '\' | !
o shield veto
10 % ‘TO % 10 m UXA shield Pb shield 1P8

e Nominal design: 10x10x10m?3 tracking volume 25 m away from the IP, preceeded
by an active shield of (25+5)4 Pb + 74 concrete -> 1% angular acceptance
e RPC tracking detectors (ATLAS Phase 1 upgrade), integrated in LHCb triggerless
readout -> Good vertexing and timing

e Modifications to the volume possible if DELPHI detector will be relocated




CODEX-8 \

Demonstrator to test technologies planned for CODEX-b

Integration with LHCb DAQ, measure backgrounds,
develop & test reconstruction algorithms &
simulation, + physics performance (but no shield)
o 2x2x2m3 cube in LHCb HLT D1 server room in Run 3

e 14 triplets of RPC designed for ATLAS Phase I
upgrade of muon spectrometer. Cost O(200 kCHF) o

Expect 107 K, to decay in the demonstrator volume. B
Some reach for a search of multi-tracks (4+) LLP
decays (appear eg in Hidden Valley models)

» CODEX-beta for Run 3 progressing steadily Detector being prepared

- Ramping up hardware production and software activities to be installed this winter

- RPC assembly to begin next month

. shutdown
- Investigating first toy data analyses
» Collaboration is growing 2023 2024 2025,
RPC assembly commissioning || Data taking

More collaborators welcome!

CODEX-beta S||g htly delayed

assembly
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ANUBIS

ANUBIS: searches for long lived
weakly interacting neutral particles

AN Underground Belayed In-Shaft detector i\

The “Original” New Layout

ANUBIS changed from ‘in shaft’ to ‘in cavern’



ANUBIS

ANUBIS: searches for long lived
weakly interacting neutral particles

AN Underground Belayed In-Shaft detector

Angular resolution

prOANUBIS A prOtpre in Spatial resolution
ANUBIS in the ATLAS cavern Per-layer hit efficiency

R | | el /e Y, e 3 layers of
' path through air-filled volume | o vy . o
—~— i : tracking stations
== TTE : of ATLAS phase-2
s Tl“ Jﬂﬂﬁ;m N upgrade RPCs
' m*Hli W EE: - e 2x1x1m3 test
T —m— 1 o Lo I set-up deployed
- Triplet layer ' ® pa rtial deteCtor in
£\ —r Sl 2028+, full
O X &4 detector in 2033+
_ ] L %‘?«e Parameter Specification
S 5o i Time resolution ot < 0.5 ns

dar < 0.01 rad
dx,0z < 0.5 cm
e 2 98%




MATHUSLA Rescopin

MATHUSLA: MAssive Timing Hodoscope for Ultra-Stable neutral pArticles

Dedicated detector sensitive to neutral long-lived particles with lifetime
up to the Big Bang Nucleosynthesis limit (107 — 108 m) for the HL-LHC

1806.07396
Proposed large area surface detector ¥
located above CMS with robust tracking Aim to complete and submit CDR
and background rejection in 2025 o
e Large volume 40x40x16m3 New sensitivy studies being made .
e 4D tracking with ~ns time resolution MATHUSLA test stand
e Can run standalone or "combined” to CMS T ﬁ\'r

= Reduced from
I T 100x100x30 m3

.
’
(2 LLP decay volume .-
.-
- »i% E

LHC beam pipe




Comparisons in

0.100.

0.010

Br(h-XX)
o
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ATLAS MS 2DV =T
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105, _ —i
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.001 0.100 10 1000 105 and X-> bb
ctx (m)
L — Comparisons for
Original ANVBIS o MATHUSLA, CODEX-b
ANUBIS shaft, 102 E and ANUBIS
including cavern £
decays :;510" z
Current proposal: __5 10" X More benchmarks
e g comparisons expected
ANUBIS for European Strategy
— input..
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Proposals for
Forward Detectors




New Forward Detector Propos

’ FASER: searches for long lived dark FACET: Instrumented Beampipe
photons-like particles, neutrinos for CMS
LHCVA(E%L;r\EA ‘agé 2

— R,=18ecm ————

=

/
B b
/

18m I 3m 2m 5. 2m MT

SND@LHC: neutrino measurements
and long lived particle searches

5x upstream
Muon planes Downstream
n planes

z=119m 28227.m
VF-HGCAL

= T

FPS: A Facility for Forward Physics
Containing several experiments

orverriysics GOy

Figure 5: Layout of the proposed SNDQLHC detector.

FASER and SND@LHC have been approved in 2019/2020 and
are taking data during Run 3




Forward Particle Produc-

The LHC produces an intense and strongly collimated beam
of highly energetic particles in the forward direction.

10" 10, 10" n, 10"° D, 10" B within 1 mrad of beam

Can we do something with that?

New particles or neutrinos
produced in meson decays

Or pp processes S HECRFRE

Central Region
H, t, SUSY

>~

//// | Forward Region
= ™K, D

“~  smp

=

hysics: ve, vy, vt

Production Modes e.g. Dark photons

- meson decays: mainly 70 — yA’, n — yA"

- proton Bremsstrahlung: pp — pA’X
Fermi-Weizsacker-Williams approximation

- (direct production): ¢ — gA’ ,qg — qA’
PDFs at low Q* and low = highly uncertain




wo New Detectors at the LHC
FASER and SND@LHC




Neutrinos @ the LHC: SND@LHC

_ _ SND@LHC/FASERv are 480m forward and
SND= Scattering and Neutrino Detector  can study TeV-neutrinos with emulsion and
tracking+muon/calo detectors
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ve and v, Interaction Cros

First results in 2023: Direct observation of v, neutrinos at the LHC!

Neutrino Energy E, [GeV]

10*

2303.14185, 2305.09383

Only small fraction of 2022 analyzed so far

Candidate vertices reconstructed in emulsion films
« Energy measurement (e) from shower multiplicity
 Momentum measurement (u) from track RMS (via

Multiplescattering) 2403.12520

Electron neutrino events observed: 4 (5.20)
Muon neutrino events observed: 8 (5.70)

v FASERv detector, 730 films
A Target for this analysis, 291 films
: Analyzed volume, 398 films
S
Analysed target mass of 128.6 kg Bl (210 pm) .
R e i C ) \ /
Iemulsion film emulsion layers (65 pm)
101 — =
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BSM Searches

»FASER: Results on searches for ALPs and dark photons (decays)
»SND@LHC: Sensitivity for light dark matter (scasttering)
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e More channels to explore:

Higgs-like scalars, Heavy Neutral
Leptons, final state radiation effects,
Quirks, LFV with tau excess, exotic

interactions...

2410.10362

- Espected Limit (+10,, 90% CL}

4 - BaBar Limit

AdSeA
Preliminary
L =57.7 fb"

Observed Limit (30% CL)

SN1987 Limit
E137 Limit
LEP Limit
E949 Limit

<+ W «oToLimit
T P kTEV Limit
B a2 - NA4EZ2 Limit

5 HEEE nes2 Limi

0 CDF Limit

ap

0.001

104§
104§
1o$§
1077}
104;
1079

m, [MeV]

m, =20 MeV, a, =0.5

" Excluded _

= . — SND@LHCine |

-~ SND@LHCq

02

05

1
my [GeV]
JHEP 03 (2022) 006

2




An Option for the FUTURE:
The Forward Physics Facility

owariiysics GO

30



NEW: The Forward Physic

Origin: Letter of intent contributed to the Snowmass21 process.
Based on the FASER experience and studies: propose to have a Forward
Physics Facility (FPF) experimental hall with room to include forward
detectors for new physics searches (and QCD): FASERZ2, others

2203.05090

NP A o Y

" b
~ .
3 r "

b 37>




Phase Space

CT

Forward
(Faser, FPF, ...)

Fixed targe
(SHIP, ...)




More Neutrinos Experiment

Instead of digging a new underground area.. Let the LHC neutrinos surface!
....And catch them with a detector, eg in Lake Geneva...

N. Kamp et al., CERN PBC Meeting Nov. 24

UNDINE: uNDerwater Integrated Neutrino Experiment

PVC Buoyancy tubes 1
2 h —_— ‘
0 - N
N

Y ATLASIP == Beam line p

Y ALCEIP < Lake Intersection SRS
78 Y& cmsIp X surface Exit

Y LHCbIP

Latitude [deg]

Dyneema cables

HIPS Collab. 2024

e A suite of CHIPS-style water Cherenkov detectors
deployed in a modular fashion

e Benchmark lake detector: 5 CHIPS modules (~30 kT)




Non-Collider Experiments

e Neutrino Experiments
e Beam Dump Experiments
e High Intensitiy Experiments

Ongoing and planned projects:
Belle-II, BES-III,NA62, NA64, MicroBooNE, T2K, DAMSA, Shiness,

BaBar, LUXE, SUBMET, DarkQuest, LHCb-UL1... See also C. Hearly



New: The SHIP Experiﬁ

NEWS: March 24 CERN management selected SHiP as the experiment
for the new beam dump facility for the CERN fixed target North Hall.
SHiP foreseen to take data as of ~2030 for 15 years

CERN-SPSC-2023-

SHIP is arpg’gtimized detector for
searches for Feebly Interacting
Particles (FIPS) such as:

¢ Axions/Axion-like particles

e Heavy Neutral Leptons

e Millicharged particles

e Dark Sector scalars

e Dark Photons

T ardcs bk e Light Dark Matter...

SHiP will be a 15+ year program
with a ~2 orders improved
sensitivity compared to present
experiments in the region of a few
GeV




SHIP Physics P

HNL e Dark Scalars

HNLs (BC6) | Darkl scalarg, BC4 .
104} @) Excluded Excluded
106 107
>
1 0_8 10—9 L
1 0—10
\ . ‘ . 1 0—1 2 . . ‘ . g
0.1 0.5 1 5 0.1 0.2 0.5 1 2 5
my [GeV] ms [GeV]
HNL HNL_tau
N HNLs (BC7) , HNLs (BC8)
1074 a) Excluded O q0 Excluded
1078 107
5 F10°
1 0-8 1 0-7 L
10710, 107

! . . . . 10—9 . | .
0.2 0.5 1 2 5 0.1 0.5 1
my [GeV] my [GeV]

All plots are based on 6x10%° PoT, and limits correspond to 90% CL,
translating to 2.3 events in the absence of background



Neutrino Experiments Near

High intensity frontier for low mass particles with very weak couplings
->upcoming neutrino experiments (SBL, LBL) foresee very high intensity beams

> 1021 POT/Year 95m Decay region
Neutrino beam
—(-/i T » Near Detectors are
B T Light dark matter ~475 m away from
. HNLs r
' 3 Magnetic  pions and kaons Beam ALPs EdfgRt
Proton  Target focusing decay to neutrinos dump Millicharged particles

beam “homns” 4 new particles? :
Such experiments can perform searches for

low mass New Physics particles

' Example: Searches for millicharged particles
Fr Ur . - Particles with a charge << electron charge

0.010 | ST ——LsNp - Eg from “dark QED” through kinetic

0.100

€=Qle

MiniBooNE L ith
— mixing with SM QED
0.001 WBOONE - detect in LArTPC via electron scattering
SBND ey . .
<- Initial sensitivity study
----- DUNE
0 190 N2210 i WHITE PAPER ON NEW OPPORTUNITIES AT THE
arXiv:1806.03310 ___ -
NEXT-GENERATION NEUTRINO EXPERIMENTS
; 2 5 (PART 1: BSM NEUTRINO PHYSICS AND DARK MATTER)
10 100 1000 10 10 C.A. ARGUELLES', A.J. AURrisANO?, B. BateLL?, J. BERGER?, M. Bisuar!, T. BoscHi®, N. BYRNES®,
M M V) A. CHATTERJEE®, A. CHODOS®, T. CoaN”, Y. Cui®, A. bE Gouvia® ?, P.B. DENTONY,
mCP( € A. DE RoECK" 1, W. FLANAGAN'!, D.V. FORERO'?, R.P. GANDRAJULA', A. HATZIKOUTELIS',
M. HosTERT', B. JoNEs®, B.J. Kayser'®, K.J. KELLy'®, D. Kiv'7, J. Kopp'®18 A, KuBik!'?,
K. LANG®, 1. LEPETIC?!, P. MACHADO', C.A, MOURAZ2, F. OLNESS®, J.C. PARK®, S. PascoLi'?,
S. PrRAKASH', L. ROGERSY, 1. SAFA?*, A. SCHNEIDER*!, K. SCHOLBERG?®, S. SHIN?:27,

.M. SHOEMAKER?, G. SINEV?, B. SMITHERS®, A. Sousa” 2, Y. Sui®?, V. TAKHISTOV??,
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ProtoDUNEs for BSM Sea

New Physics searches using ProtoDUNE and the CERN SPS accelerator

arXiv:2304.06765

Pilar Coloma,!>* Jacobo Lépez-Pavén,? T Laura Molina-Bueno,? ¥ and Salvador Urrea?:

Use the ProtoDUNE detectors (700t LArTPCs) to hunt for weakly interaction
LLPs or light dark matter scattering? The ‘beam’ comes for free!!

North area EHN1  Neutrino Platform

Distance T2 to detector = 610m The T2 target in the
o Ml North Hall "acts” like
—— a beam dump for the
400 GeV SPS beam,
s oo and can deliver

wa|  3.5x10!8 POTs/year

Side view

HNL Sensitivity:

Competitive for masses

— 7" above the Kaon threshold

: Experimental feasibility
. - | -~ study ongoing...




Physics Beyond

Example: Heavy Neutral Leptons

Muon coupling dominance: U:: U,:U; = 0:1:0

low mass bounds P
L | N\ —
i
\
b
N

o 1072

=

2 107
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107
107°°
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1072 107! 1 10 102
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Summary

Clearly and increased interest in low mass/coupling and
LLP searches at the LHC in CMS, ATLAS, LHCb, MoEDAL.
Many analyses done or in are progress. No signhal observed
yet, but only top of the iceberg covered so far.

New ideas for additional small experiments at the LHC to
Increase the coverage: MilliQan, MAPP, MATHUSLA, CODEX-
b, AL3X, ANUBIS, FACET.... LLPs also focus in the “Physics
Beyond Collider” studies @ SPS (SHIP.... ProtoDUNES?)

New: FASER & SND@LHC Ready and take run 3 data
Milligan: Technology works: ->now several other proposals!

European Strategy Updata for Particle Physics 2025/2026
will play a significant role in selecting/prioritizing
If we would observe one significant anomaly ...







Long Lived Particle

Examples of the distance travelled before decay in a central detector
(example for ATLAS) depending on lifetime and kinematics

e.g. for ct = 5 cm, <By>~ 30 200 ps e.g. for ¢t = 50 cm, <By>~ 30 2ns
\ A

60% in

: 15% in
calorimeters

calorimeters

P (decay)
P (deca\j)

Jdwoud, o5 |
JoXdel] Ul 9,62
1dwoud, °% L0
1901} Ul %¢

distance +yvavelled

distance +tyavelled




Long Lived Searches: E

displaced jets

displaced leptons

dark photons
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Long Lived Particles @L

Signatures Some of the Challenges

Triggers: Tracking detectors
Displaced dimuonsin a@r€ powerful but difficult

Muon detector ; )
the muon system
showers :g/ W % Y to use In trigger

HSCP Displaced/delayed  SM backgrounds often low.

Displaced dileptons (+ MET)

photons (+ MET)

Disappearing - S e But need special studies
tracks - Sl || (punch through, secondary
\ ST §‘ interactions, tails, cosmics...)
Displaced/delayed /5
dlets &, N Displaced vertices Special reconstruction is
> (+MET)  ggsm F ded
Emerging jets B lepton often neede
----- neutral B quark
— Charged photon
~— any charge manything|  Some detector upgrades for

High-Luminosity LHC (>2029)
address these issues.




Developments @ LHC A

Triggers improvements:

— Examples LHCb software trigger, displaced objects,
timing, ... (see eQ:2210.14675)

Data collection improvements
— Scouting of data & data parking techniques
Analysis improvements

— Better use of the detector capabilities, timing, LLP search
In all subsystems eg muon system, new reconstruction
methods, Machine Learning...

Detector upgrades for HL-LHC:

— Extended fast timing (4D reconstruction) and improved
triggers (displaced tracks), smart FPGAs in DAQ...

New/extended experiments @ LHC -> next




Example: Heavy Neutr

Neutrino portal: vMSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3

Addresses the masses of neutrinos, baryon asymmetry and dark matter

[ m
—

~GeV ~BeV|

NZ n 2

MeV 1 eV

n

10 ke’
: Y
mi
g || .
0511 Mev
-1

rifl o
1057
muo

10 ' 5 100

15.11.17 My (GeV)

Now we have LHC studies with displaced jets/lepton analyses with L~ 1m



Future LHCDb Sensitiv-

Dark photons: new muon and electron ID

 Better tracking-based muon ID - massive improvement at low momentum

- can be / going to be further improved with NNs
* Monotonic and fast Lipsitz NN for electron ID

arXiv:2203.07048
w1072 g

107> S VIR TV Y YT TP ooy e -
107 =
L \‘\_\7'\= oLHCY (¢ = 14 ym) o
107 > =
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The MoEDAL Experim

...A search for Magnetic Monopoles and more... See talk J. Pinfold

MoEDAL = ~ 75 physicists from
22 institutes and 11 countries

-> MoEDAL is a passive detector,
sensitive to new physics

Monopole search in heavy ion data
LHCb MoEDAL using Schwinger model

Drell-Yan production with B-independent coupling May 2021 —%- Neutron Stars Vv = 276 Tev
.............................. 120
—+— Pb-Pb Run-2 (MoEDAL-MMTs) Lows = 184.07 ub~?

S L M°EDA';;‘,‘,’,“,3 estim— e Pb-PbRUN-1BP; Epig = 1 MeV (Form-factor) M
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C e —— e, 2l 100 =e- Pb-Pb Run-1 BP; Eping = 0.015 MeV (hard-core interaction)
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MoEDAL is THE prototype of a small dedicated BSM experiment @LHC



Trapping Particles
arXiv:2110.13837

» Proposal for Detecting LLPs Trapped in detector material:

-> 2x2x2m?° dense target (rods), turned into a LAr calorimeter
« Sensitivity studied for e.q. R-hadrons

Ab er

103

e Take the absorber apart (brass rods, 1cm x 1cm) 3
. (O] 21 1fy
e Submerge into LAr, leave 1cm space between rods gm V7.
7/ g-gx°

» Apply voltage to each rod and attach readout electronics - Constructon e =7 gos
» LAr calorimeter!

Detection time:= 30 days
Number of RPC hitsirequired.=2"
Absorber Py

Trap the particles and wait for its decay N S i0

Reach longer lifetimes: > weeks, months! Not been followed
up recently... ®




MATHUSLA
Module 0

Proposal for MATHUSLA-10 (Canada)
» Dimensions ~10 x 10 m2, H~flexible
> Prototype for the detector technology

» To be placed above CMS, and even as a stand-
alone module can extend the LHC reach for LLP

MATHUSLA-10

A/
V.
\AAN

U
/

32 bar assembly

« Manufacturing and operating the building ’
blocks of the large scale detector. ~eom o : :

« Exercise on real data: tracking, efficiency and Fy —
timing resolution using CR, at UofT. v T 7 : :

» Characterize “beam-associated backgrounds" ¢
(rare SM particles in HL-LHC by operating at LHC

CERN P5 during LHC runs. CMS

Rock




FACET
CMS Forward Region
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History of FASER and

 FASER: proposed in 2018
— Approved in 2019
— Partially using spare parts from ATLAS and LHCDb
— Partially “private” sponsored (Simons Foundation)
— Passive Neutrino added in 2019 (FASERNu)
— Construction started 2020/finished 2021

« SND@LHC: proposed in 2020
— SND detector technology partialy based on SHIP proposal
— TDR end of 2020. Approved March 2021
— Construction started 2021/finished 2021!!

Both experiments were ready to take data in Run 3 in May 2022!



Neutrinos from the L

Direct Neutrino observation by SND@LHC and FASER fM
Neutrino observation with electronic detectors e

e Analysis strategy:
o  Full Run 3 2022 dataset, 39 fb™ ~ -
. . ! . u;\h_‘ ﬂ -
o Observe v, Charged Current interactions with electronic detectors only "
H_-" '
o  Maximise S/B, counting-based approach ’(}
o ~10° muon events: apply cuts with a strong rejection power to reach a negligible N TRy
backaround level

SND@LHC: 2305.09383
FASER: 2303.14185

Aug 11t 2022

= Collision axis

HADRONIC

s &8 & &

CALORIMETER AND
e MUON SYSTEM E :1V S i
= VERTEX DETECTOR AND [SD mmma. ‘ . 1
ELECTROMAGNETIC o b % L @ %0 e o
r CALORIMETER
Electromagnetic calorimeter Hadronic calorimeter §
~40 Xo ~10 A

HIHI IIIIHT

Collision axis

e Observed v, candidates: 8 (expected 5)

e Preliminary estimate of background yield: 0.2 dg SEERE e

(BN |
300 350 400 &0 500 550

600
zfem)




Neutrinos at the LHC

Cross section/neutrino energy

= F energy ranges of

.9F-accelerator data E- oscillated v measurements

E 1 F<— IceCube v., v, VT
F<—8Kv,,V,

F<—{ OPERA v,

10° 10° 10° 107 10° 10*
E, (GeV) E, (GeV) E, (GeV)

* Highest neutrino energy made by man-kind
* Behavior of neutrinos at TeV energies?

* Lepton Universality in neutrino scattering?
* v; and heavy quarks = Flavor anomaly e.g. Rp

* Any new physics effects at high energy?




FASER: Axion-Like Particl

b/S t/C/u S/d ::;?ﬁawr Veto scintillator scintillator
.; .; .; station (2 layers) Instation (3layers) Magnets station (2 layers)
b A ; '
W et I T— o e R | -
g(LWW = =~ ~ - Faserv tungsten/emulsion detector Timing T 4 _ — A Calorimeter
a ~ -~ scintillator : :
station Tracking spectrometer stations

Mainly from

B decays CERN-FASER-CONF-2024-001

e Currently sensitive to axion-like particles ASER
(ALPs) coupling to SU(2), gauge bosons Preliminary

L =57.7fb"!

[1/GeV]
o

“- Expected Limit (+10,,,, 90% CL)

e Signature: : | g e
e decay a-> yy with >1 TeV in calorimeter g sumrin
e No signal in veto counters 8" E—p
e In time with LHC collision 2 i

| nasz + NAdsiz Limit

e Background dominated by neutrinos 0
interacting in the detector material!

4 B coFLimit
4 M ~AszLimit

10°®

1 event observed/ 0.4 +/- 0.4 expected



FACE

Dark Photons

Mingxuan Du, Rundong Fang, Zuowei Liu and Van Que Tran, Enhanced long-lived dark photon
signals at lifetime frontier detectors, arXiv:2111.15503v1 [hep-ph] 30 Nov 2021

my, = 15 GeV, e =0.01]
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Experimental T

Central Detector Forward Detector

/ —

~ e.g. light dark matter

missing energy scattering

e.g. dark photon
long-lived particle
CT>>m

prompt resonances
cT<<m




FASER and SND

Experiments to search for forward produced LLP (ALPs, Dark Photons,
and neutrinos

Charged
particles g

- W o 3 Ny R
IV

Residual Lhe LHC Residual
. 100 m rock hadrons megnets ) magnets hadrons 100 m rock ‘

pp collisions

FASER

Slide Show veto system

Tracking spectrometer stations Scintillator

veto system

Electromagnetic
Calorimeter

FASERvV emulsion
detector

Tracker (IFT)

Trigger / timing
scintillator station

z
Trigger / pre-shower Siagnets ./

scintillator system



Light Long Lived Particl

There are light long-lived particles in the SM: muon, pion, kaon, neutron ...

many BSM scenarios also include (light) long-lived particles

Example: dark photon
similar to the SM photon but with mass mA’ and couplings to SM particles suppressed by €

1 5/
L= Smal A A%+ 3 Fi 9 ceqr 4)f

- decay into pairs of f
A charged particles

AI

if light enough: mA’<mpi - long-lived if e<<I F
produced via meson decays lifetime




FASER: Dark Photon Search %

« Signal: m/n - A’y or pp - ppA’, A’ travels 476 m through rock/concrete, then
decays A' —» e*e”. Probes thermal target: m ~ 10 — 100 MeV, e ~ 107> — 10~%.

Tracker Tracker Tracker Tracker

Decay volume
. -

Magnet Magnet Magnet Calorimeter
Veto Veto Timing Preshower
PLB 848, 138378 (2024)
» After unblinding, no events seen in signal — bark Photons: U(1) gauge group

rdSca
L=27.0fb"'

region. Background ~ 1073 events, FASER
sets limits on previously unexplored
parameter space.

NInNeuc ixing €

Expected Limit
""" (+1Gpyp, 90% CL) |

___ Observed Limit
(90% CL)

 First incursion (with NA62) into the thermal
target from low coupling since the 1990’s.

Relic Target
my=0.6m,, az=0.1

+ Background-free bodes well for the future: B . !
FASER2 has ~60,000 better sensitivity. W L




NEW: The Forward Physic

Originally for searches for New Physics 2203.05090
Extended to cover Neutrinos, QCD, Astroparticle Physics, Dark Matter Searches

QCD: PDFs, very forward
production of light and charmed
mesons, very low-x (1077)

and very high-x regions eg
intrinsic charm, v-DIS...

sterile
neutrinos

axion-like

lepton
particles P

dark universality

photons V non- v

¢
irk standard t:“_‘
quirks A interactions neutrinos
neutrino

millicharged  neutralinos
particles Mcs

Neutrino: TeV scale neutrinos,
about 1000 Tau neutrinos, tau
and anti- neutrino separation...

nuclear
PDFs

dark
sectors 2
o Moo iysics My ere

dynamics
scattering Y X . y '
elastic I intrinsic M low-x
h PDFs
DM charm ¢

forward
hadron
production

Astroparticle physics: improve
the modelling of high-energy
hadronic interactions in the
atmosphere. Help to understand
the atmospheric neutrino flux

inflaton prompt
DM  atmospheric
indirect heutrinos muon
detection puzzle

Timeline: a proposal for Run4 starting ~ 2030



FLArE

Forward Liquid Argon Experiment (FLArE)

» FLArE: a liquid argon time projection chamber (LArTPC) detector in FPF to detect neutrinos and dark matter from LHC
» Fiducial mass of 10 tons (1x1x7 m3) is needed for good statistics and sensitivity to dark matter
» Detector needs to have good energy containment and resolution for neutrino physics

* Muon and electron ID. Very good spatial resolution (~1 mm) for tau neutrino detection

LArTPC | HadCal |MuonFinder Hadca Aantinder

LArTPC: 1.8x1.8x7 m3 N

Length (mm)| 0-7000 | 7250 - 8300 | 8300 - 8660 N
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Neutrinos from the LHC-
r

SINE: Surface-based Integrated Neutrino Experiment

Y¢ ATLASIP == Beam line *
Y¢ ALCEIP == Lake Intersection S
Y CMsSIP X surface Exit

Y& LHCbIP

Shipping Container

Latitude (aeqg)

Front Scintillator
Panel

Back Scintillator
Panel

Longitude [deg]

A
v

26m
e Scintillator panels arranged along the

front and back of shipping crates

500

.. [ Land Beam from CMS
400 - [ Lake Geneva FASER envelope
]

00p ettt Y¢ CMS Interaction Point
‘a

e Arranged in three sets of 3x2 crates 200 5t
« Signal definition: up-going muons “ %

Elevation w.r.t. Lake [m]

from neutrino interactions in bedrock  ® -9, 5000 ey 5 10550

Distance from CMS Interaction Point [m]

20000




SHINESS
SHINESS proposal SHINESS

JHEP 03 (2024) 148 arXiv:2311.18509 [hep-ex]

* We propose a liquid scintillator tank (42 ton active Hamamatsu
volume) to detect neutrino interactions and HNL decays. PMT R12860

* Detector is placed 25 m far from the \)”
beam target off-axis in the backward & ' LAPPD
direction (to suppress backgrounds).

- Light is detected by large-area @
PMTs and Incom LAPPDs, which T
allow to distinguish between N o ‘ v
Cherenkov and scintillation, o W ;:f:s;/

enabling directionality. |

Experiment proposal for ESS




