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Long Lived Particle searches
at the LHC
} -Proposals for new experiments

at the LHC
*Transverse experiments
*Forwards experiments
*Non-collider opportunities
*(Future Colliders)
*Summary/Outlook
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LHC: So far no New Ph

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2024 Vs=13TeV
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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
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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
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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.




Long Lived Searches: E

displaced jets

displaced leptons

dark photons
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Long Lived Searches:

delayed jets
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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




LLP Summary Plot for Hidden Sec

1 ATLAS Preliminary (March 2024) Ys=13TeV, 36-140 fo' Hidden Sector, m, =125 GeV
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Searches: 4
—..— Muon System (2 Vix Only), 139 fb"
Phys. Rev. D 106 (2022) 032005
—.— Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 ( 2019{)0152005
—— Calorimeter, 139 f
JHEP 06 (2022) 005
- . -. Tracker+Muon System, 36 fb ™"
Phys. Rev. D 101 (2020) 052013
. Tracker, 139 fb"
JHEP 11 (2021) 229
Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031,
—.— Monojet, 139 fb™’
ATL-PHYS-PUB-2021-020
H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052
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Long-Lived Particle

uDD, g-tbs, my =2500 GeV
UDD, g-tbs, mg =2500 GeV
UDD, t-dd, m; = 1600 GeV
UDD, t-+dd, m; = 1600 GeV
LD, £=bl, mi = 600 GeV
LQD, t-sbl, mi = 460 GeV
LQD, £-bl, m: = 1600 GeV

GMSB, §~gG, ms = 2450 GeV

GMSB, §-gG, mg = 2100 GeV

Spiit SUSY, ggdx2, m;= 2500 GeV

Spiit SUSY, §-gdxd, m;= 1300 GeV

Spiit SUSY (HSCP), £y, = 0.1, m; = 1600 GeV

mGMSB (HSCP) tanf = 10, t>0 , m; = 247 GeV

Stopped £, i=ty2, mi =700 GeV

Stopped §, §=qdx3. f5o=0.1, my=1300 GeV

Stopped §, §-+adx3 (uuxd). fz, = 0.1, m; = 940 GeV

AMSB, y *=yin* , m,: =700 GeV

G-qd@x? of 4,8,.x3 X =X3n *, m; = 1600GeV,m,; = 1575GeV
G-qxf or gx;F, X -x3n*, mg=2000 GeV, my = 1000 GeV
tatx? or by, xi —x°m*, mi = 1100 GeV, myz = 1000 GeV
GMSB, x:-HG(50%)/ZG (50%), my; = 600 GeV

GMSB, Y2 -HG (5 0%)/ZG (50%), my; = 300 GeV

GMSB SPSB, x—yG, m,z = 400 GeV

GMSE, co-NLSP, i~IG, mi= 270 GeV

H=ZpZ5(0.1%), Zo—sup, my = 125 GeV, my =20 GeV
HeZoZo(0.1%), Zojapi(15.7%), My = 125 GeV, mx = 5 GeV
H=XX(10%), X—ee, my =125 GeV, my = 20 GeV
H-XX(0.03%), X~II, my, = 125 GeV, my =30 GeV
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV
H-XX(10%), X-bb, my = 125 GeV, mx = 40 GeV
H-XX(10%), X~bb, ms = 125 GeV, mx = 40 GeV
H-XX(10%), X-TT, My = 125 GeV, myx = 7 GeV

dark QCD, mx_, = 1500 GeV, m._, =10 GeV, agonstic
dark QCD, myx,_, = 1500 GeV, m,_, = 10 GeV, GNN
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV
H-XX(10%), X-dd, my = 125 GeV, my = 40 GeV
H-XX(10%), X~Tf, my = 125 GeV, my = 40 GeV

Overview of CMS long-lived particle searches

CMS Preliminary March 2024
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X 1909.06166 (Delayed v(v)) [ 02=6im 77 o
i 18~
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x | 211213769 Displaced dim o  oow-0sm 011
x 14116977 (Displaced dielectron)  0000R-25m 00 @ TeV)
X 2110.04809 (Displaced leptons) [ 00010002 m 118 fb*
X 2012.01581 (Displaced jets) [ GU0T =053 132
x 211013218 (Displaced jets + Z) [0 0:004=0248'm| 17 b~
x 2107.04838 (Hadironic decays in CSCs) [0 O 2450 37w
X 210704838 (LLP decays in Cscs) [N 02 137
Yoo 2403.01556 (Emerging jet + jet) [0 000303 m 138 fb~?
Yoo 138 fb~*
x CMS-PAS-EX0-23-013 (Displaced Jets Run3) [0 00005 =2.5'm| 35 (13.6 TeV)
x CMS-PASEX0-23-013 (Displaced Jets Run3) [\ 0i0005=2.5'm 35 b (136 TeV)
X CMS-PASEX0-23-013 (Displaced Jets Run3) [0 0,001=055 | 3557 (13.6 TeV)
1 1 1 1 1
10-7 1073 10-3 107! 10! 10°
cr [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

Some recent results wil be covered in talks by
G. Landsberg, Alex Oh., Andrea Perrotta...




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



Search for Long Lived Lept

Search for long-lived
heavy neutral leptons (HNLs)

arXiv.2312.07484

Ven: Vi :Von = 1:0:0 13816 (13 TeV) VoV : Vo = 1:0:0 138fb (13 TeV)
2 TFeoms o M, dplcn ¢ “z CMS ‘ Ll
a JHEP 07 081 2

HNLs produced through mixing
with SM neutrinos in final state i -y

- Expected (median) | - -~ Expected (median)

-

102F - Eup ted (68% quantile) 102 g Expected (68% quantie)

of 2 charged leptons + 2 jets o

Low mass HNLs are long lived

-7 L 1 1 L 1 1 1 7 i 1 L 1 L 1 1
10 2 3 4 6 8 10 14 20 107 2 3 4 6 8 10 14 20
T X Mo 5 V -2 my (GeV) my (GeV)
N N NIl 1v on:Vyn Ve = 0:1:0 138167 (13 TeV) 1V en:Vy :Ven = 0:1:0 13811 (13 TeV)
o T T T E T T T
>21 i EanraSn HNL production TiE i >§ . EMS production T o
T 107 E g5 L upper q 10 F 95% CLupper limits
E —Dhservsd E f - —— Observag

- Expected (medial ) 1 I Expected (median)

Search for 2 leptons; one forms a wf | o=
displaced vertex with jets

Different sensitivities for Dirac and
Majorano neutrinos

T- 1 1 " 1 PR S ST R
2 3 4 6 8 10 14 20
my (GeV)




Search for Long Lived Lept

HNLs decaying in
Muon system

CMS 138 b1 (13 TeV)

- Observed I +1 std. deviation

- - Expected +2 std. deviation
a AN BN (L B B B
=3 Muon HNL ]

= Majorana
10_4 —
105 =
10—6 | | 1. | PR B
1.0 1.5 2.0 2.5 3.0 3.5 4.0
my [GeV]

Search for long-lived heavy
neutral leptons (HNLS)

Jets+lepton displaced vertex

CMS 138fb~" (13 TeV)

‘;—% 10 '959% GL exclusion limits, Majorana HNL
. > — Observed N 68% ted |
arXiv.2407.10717 1ok - Modanexpecied  mm s5% epocied
< arXiv.2402.18658 1;
arXiv.2403.04584 ]

HNLs from b-quark decays ]
107 -
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10-2 41..6 fb~1 (13 TeV) m [GeV]
CMS Majorana CMS 138fb~" (13 TeV)

(Fe, ry, <) = (0, 1, 0) O TR0 B RGRE RS EESS RERERAEE RRLT REEE REES

10-3 z E 95% CL exclusion limits, Majorana HNL ]
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108 =~ Median expected 95% expected .

104

[VnI?

1075

- CMS, JHEP (2022) 081
- CMS, arXiv:2402.18658

-6
10 —— Observed

—— Median expected
95% expected
I 68% expected

ATLAS, Phys. Rev. Lett. (2023) 061803
- LHCb, Phys. Rev. Lett. (2014) 131802
- Belle, Phys. Rev. D (2013) 071102
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Search for Long Lived L

Vs=13TeV,L=139fb~!

—— obs 95% CL
=== exp 95%CL
[ JEST) 3
+20

cus

35.9-138 tb~1(13 TeV) 0
T R rorrre S

N F ! _"""I rorrt a)
Z 400[ Majorana ] I os

> f =—— Observed E -

- [ --- Expected 106

Majorana, 2QDH (IH)

obs 95% CL —— 2QDH (NH) (0.06,0.48,0.46)
------ 2QDH (IH) (0.33,033,033) |
~== 1SFH (¢) (1,0,0)
—.= 1SFH (u) (0,1,0)

| 2405.17605 s

Muon Channel
— Prompt 12 + 2 displaced ¢
JHEP 07 (2022) 081 E
___ Prompt 1¢ + >=1 displaced jet E 10~4E
JHEP 03 (2024) 105 ]
___ Prompt 1t + MDS = H N L
arXiv:2402.18658 E N
___ Beparking 2¢+m ] \
arXiv:2403.04584 Ko
Prompt 32=(e,mu, 7) E Type I seesaw 3 N AL TST N,
arXiv:2403.00100 ] L
___ Same-sign 2+jet T m Od e I - . . . . .
JHEP 01 (2019) 122 = . ; . :
. VBF Same-sign 2¢ E
PRL 131 (2023) 011803
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e Displaced decays
e Neutrinos from B and W decays




Dedicated LHC Experiments
for Searches for Long Lived
Particles




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
..........
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



New Directions for Ex

Proposals/ideas
Taking data in Run-3

3
<
o
&
o/

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

! L ¥ interacting neutral
. 100m | 120m Surface Detector | " h partlcles
100m (sigde view)

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



Millicharged Particles

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

2022/23: being
commisioned

Run 3 Bar Detector

milliQan
Run 3 Slab Detector Results from the
Run-2 prototype

Q/e

A _—,‘:"“:
10-2 ‘

_____

=
” ", == Run 3 slab (200/fb)
! — . = = HL-LHC slab (3000/fb)

= Run 3 bar (200/fb)
SLAC MilliQl. . = ==""""7 == = HL-LHC bar (3000/fb)

~== 2016 milliQan LOI (3000/fb)
1073 4 T T
1071 100 10?

mass [GeV]

102




MAPP/MoEDAL

MAPP is a detector for the upgrade of MoEDAL See talk J. Pinfold
MAPP is a scintillator detector —like MilliQan— installed at CERN

-

MAPP

) _ ¢ PHASE-2 - MAPP-2
PHASES-1+2 - MAPP-1 : (2030-)
(2024 -) ' / 7°/ - :r N\ - ~ UGC 1
F 400 scintillator bars (10x10x75 cm3) in 4 sections readout by PMTs
Protected by a hermetic VETO counter system

gy | Y e —
: 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 . ! — romuosa1 (¢ o)
10~ 1 | Y S ot 1R 10 1§ 1 1 7 T I W Y T 1 I 7B TR T |

107

FORMOSA-1: DY+meson decays, 100% eff., no background 10 0 meev)




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!!



SUBMET Experiment at

SUB-Millicharge ExperimenT

107t
> Supermodule:
2x2 modules
(scintillator+PMT) 10°?
2
Ql
» Il

Cage: a structure that
holds twenty (5 x 4)
supermodules

Target low-mass & small-Q) region!

Table: a structure that aligns the
detector axis to point the target

m, [GeV/c?]

At the 30 GeV

proton beam of

J-PARC

(next to the T2K
near detector)

e Detector installed spring/summer 2024
e Comissionong run with beam July 2024
| e First Physics run this fall !




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




CODEX-b: Phy

Physics reach

» Many UV complete and

minimal benchmarks studied

» Two representative examples:

- h—> A'A" > 2e2e
e b > 5S> sF

» Unique reach from CODEX-b

wrt existing experiments

» Find many more scenarios in

the Eol [arXiv:1911.00481]

Br[h — A’ A’]

1072 |

10—3 L

107

107°

[T o T N DAY S R o IS I o Vo W N V)

m 4 = 0.5 GeV
T !

my = 10GeV
T T

10- (RS /| ¥

ATLAS 2DV ATLAS 1DV
CMS-EX0O-20-15 F I ATLAS 2DV
—— CODEX-b CMS-EX0-20-15
; ; 1 ; — CODEX-b
10! 10! 10? 10! 10! 103 1(
c7 [m] . ¢7 [m]
[arXiv:2203.07316]
10 ~ r e
LHCD, 3fb H pis
10" 0 -")“r\..\_lfl(‘l., :;nu,ki: ‘1 :
ES
o
10 12
CODEX-b_
1074 = T T T T
0.5 1.0 2.0 4.0
ms (GeV)




MATHUSLA

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

Proposed large area surface detector

located above CMS with robust tracking
and background rejection | 7 i~
e Large volume ~100x100x30m3 | ,,; .
e 4D tracking with ~ns time resolution e
e Can run standalone or “combined” to CMS

Multi-layer tracker &
Surface

Double layer tracker

~0m 10m




MATHUSLA

MATHUSLA to be build up from 9x9x30m3 modules * arXiv 1606.06298 \

e 6-layer tracking/timing detectors at the top  CERNLECC-A015-025

e Additional double tracking/timing layer at ground level
e Double tracking/timing layer at the floor level

Baseline technology: extruded scintillator bars
with wavelength shifting fibers (WLSF) connected
to SiPMs. Possibly with RPCs or cosmic ray data.
->2018 RPC test-stand feasibility study (2005.02018)

To reconstruct hit position along scintillator bar:
use difference in arrival time between separate
measurements at two ends

Lab tests: Target timing resolution ~1 ns

T1 T2




MATHUSLA

Recent devopments: rescoping MATHUSLA

e P5 confirmed that “auxiliary experiments like CODEX-b and
MATHUSLA can extend the sensitivity to BSM particle lifetime in Higgs
decays by several orders of magnitude”. However, it did not recommend
DOE to fund MATHUSLA in its full 100 m x 100 m scale and proposed it will
compete in the portfolio for the smaller scale Agile projects

4 layers ceiling Geling Tl 1m clearing to roof
17 m ] 2 flolPfiRker Tracker ~2-4 M 1 ~0.8 m between
Surface — layers
I 1 o ! am {
. 70m ; : | |
! ! 4m | ~125m | | : Adding tracking
80m ! ! LLP decay | | ; layers along back
! [ Roc height | LLP modules
l : X buiding . Decay improves signal
_{ %‘ | ] o height - Volum 1 efficiency by
B/ | p : @ i ~30%
s ! :
Side view i : Back tracker made of
I 1 same planes as ceilin
. . | | tracking layers with
Rescoping ongoing... | (|| Separaton "
New sensitivity studies being made | epoer—




A e |

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

Doublet layer Y

o 3 layers of

r 1" tracking stations
8 of ATLAS phase-2
n upgrade RPCs
= 7 e 2x1x1mS3 test
" PG ool T set-up deployed

—; e partial detector in

Triplet layer

2028+, full

Angular resolution
Spatial resolution
Per-layer hit efficiency

o -
a— T 1, detector in 2033+
Parameter Specification

Time resolution ot < 0.5 ns

da < 0.01 rad
dx,02 S 0.5 cm
e 2 98%




ANUBI

How close can ANUBIS get to the BBN limit?

100 , Higgs to 30 GeV LLP
ATLAS " Assuming zero
Original ANUBIS 10-1) / backgrounds
shaft-only proposal
-2 i
ANUBIS shaft, 19 =
including cavern E
2103 pd
decays ;{,n Z
- m
~ -
Current proposal: @ 107 S
ANUBIS ceiling o
configuration 10754 <
10-°
1077 . . : : : 3
102 107! 10! 10° 10° 10’ 10°
¢t (m)




ANUBIS

proANUBIS: A protoype for ANUBIS in the ATLAS cavern

* Neutron-air interactions, kaon decays and interactions: sources of background Likely
controllable from collimated pairs of charged tracks. But need to validate
background model in-situ... Calls for a prototype!

.~ BIS-7T RPC
Triplet layer B

The proANUBIS prototype is currently installed (again) in the cavern
for the 2024 run and being commisioned. Proof of concept for ANUBIS!



Sensitivities for an Example

I@s as a portal to the Dark Sector, with a long lived scalar states s

2019 versions

g

= For a given decay
volume length

- More solid angle if
closer to the IP

o Number of decays
higher if closer to
the IP (for shorter
decay lengths)

Br(h = ss)

Br(h = ss)

107}

ANUBIS
i oven

ATLAS
36"

- = MATHUSLA

Sab

s, 3ab !

ANUBIS
50 events

CODEX-h
20x 10x10 m”, 1ab !
7

1 ring vs.

/
i

standard

ms = 5GeV

me = 10 GeV

’
7 v
5 7,

ms = 40 GeV

10-?

|1‘m 1! 10¢
ct (m)

108

Br(h = ss) Br(h = ss)

Br(h = ss)

~= MATHUSLA

ANLUBIS
I ovents, 3ab !

6Mm"

Jab "’

ANUBIS
50 cvents

ATLAS - e O

CODEX-b

20 10x10 m”, 1ab !
7

extended

vs. standard

me = 5 GeV

me = 10 GeV

ms = 40 GeV

1072

t (m)

1ot 10"

108

The different proposals have different strengths and levels of complementarity
Studies regularly reported in PBC, FIP, and LLP meetings




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... ®




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




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




wo New Detectors at the LHC
FASER and SND@LHC




FASER and SN

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

Charged
particles mm———

------------------
-------------------
~~~~~~~~~

Residual Residual
LHC

LHC
. 100 m rock hadrons magnets magnets hadrons 100 m rock ‘

480 m

480m ATLAS
pp collisions

charged particles (P<7 TeV)

neutrino, dark photon
le

o
=R
e ~ 1

1
......
v .

i !

LHC magnets < >
p-p collision at IP - 100 m of rock

of ATLAS < 480 m

-
ol




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 @ 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

/E [10-% cm?/GeV]
o
'S
—t—
-
-
A
JE [10~* cm?/GeV]
o o <
i [=2]
N R -
.
- AN J.fl
)
=
w2
=
=
ceCube [
i

o
=)

E53 DONUT

o©
N
©
[N}

10° 10 102
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The FASER & FASERv Det

FASER: ForwArd Search ExpeRiment at the LHC

Documentation:
LOI: 1811.10243
TP:1812.09139
Detector Paper: 2207.11427

Front Scintillator
veto system

Tracking spectrometer stations Scintillator

veto system

=
-
=
-
©
-
-
-
-
=

Electromagnetic
Calorimeter

Interface FASERv emulsion

Tracker (IFT) detector

Trigger / timing y
scintillator station

z
Trigger / pre-shower W /

scintillator system



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)




SND@LHC & FASER

Emulsion detector analyses

Analysis of emulsion detector data is ongoing

SND@LHC
Preliminary

» Significant parts from 2022 data have
been already scanned. 2023 data to start

. - . » Examples of vertices found based on
10° tracks/cm<in 10 fb™" exposure predictions from electron detectors

Muon tracksin T mm? |




ve and v, Interaction Cros

o(E,)/E, [10738cm? GeV~1]

FASERwv detector, 730 films

Target for this analysis, 291 films

Lo~ |

Analyzed volume, 398 films

IH“ plmc by
(210 pm)

tungsten plate (1.1 mm)

emulsion film

10'=—— Analysed target mass of 1286 kg —
= Accgicrawor v —f a—
] rdSca
v
10°—
- L=
a T
| W e
- T .7
] Y
1071 —
= + FASERvo,
: B0 FASERv stat.+syst. unc.
- Bl FASERv stat. unc.
T + ES3 v, -- Bodek-Yang, ve
< 4+ ES3 7, - Bodek-Yang, U,
% DONUT «+ Bodek-Yang, weighted average
1072 T T L Rl | T T
102 10°

Neutrino Energy E, [GeV]

o(E,)E, [1078cm? GeV~1]

cmulsmn layers (65 pm)

10t

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)

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

2403.12520

1L L Lirnn

Accelerator v Astro v

L dSen

10°—
-
-
.
-1
107 =4
3 -- Bodek-Yang, v,
] —- Bodek-Yang, ¥, .1
- ® MINOS 10 O CCFR97 ¥ IHEP-JINR 96 ** Bodek-Yang, weighted average
A NOMAD 088 GGM-SPS 81 ¢ NuTeV 06 T FASERva, IceCube 17
~| OBEBC 79 V¥ IHEP-ITEP 79@ SKAT 79 7 FASERv stat +syst. unc. * IC HESE showers 17 (avg. of v, V)
O CDHsS 87 E8 FASERw stat. unc. © IceCube HESE 20 (avg of v, ¥)
10_2 T T Illllll T T IIIIIII T T IIIIIII T T T rrrrTr
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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




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
A’ _ -
Magnet Magnet Magnet

Veto Veto Timing Preshower

PLB 848, 138378 (2024)
Dark Photons: U(1)g., gauge group

Calorimeter

210

*  After unblinding, no events seen in signal
region. Background ~ 1073 events, FASER o
sets limits on previously unexplored
parameter space.

rdScA :
L=2701b"

---- Expected Limit ( £10,,, 90% CL)

e Observed Limit (90% CL)

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

+ Background-free bodes well for the future: |
FASERZ2 has ~60,000 better sensitivity. %o | E—

107
My, [MeV]




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



More BSM Searches to Com

»Eg. SND@LHC sensitivity for light dark matter Qﬁw\_ﬁ)

Production: consider a scalar y particle coupled to
the Standard Model via a leptophobic portal, v 3 )
P Fopv / ary _”* - v
Eloptophoh — —QBV”~.]5 + (]BV#(a;LXT/\ + /\/T([)#X) e , 7
(b) (c)

. - . . Meson Drell-Yan
Detection: y elastic/inelastic scattering off Proton dech o
N bremsstrahlung y P
nucleons of the target

_—— e - —_— P = =

m, =20 MeV, a, = 0.5

' y ' 0.001 " Excluded _ B
107 "
107°
p P
3 107°
e More channels to explore by SND@LHC oo —sweuc.
=> Higgs-like scalars, Heavy Neutral | " [GeV]

Leptons, final state radiation effects,
Quirks, LFV with tau excess, exotic
interactions...

JHEP 03 (2022) 006




FACET
CMS Forward Region

CMS < PPS »>
H 'TAsQ1-Q3 D1 TAN D2 Q4 Qs Q6
! ! | | === —HH ==
==
1 = .1 % I I‘:; ----- i-t — I|l
1] -
H FACET
I | I 5
IP5 100 m j 200 m
R= 50 cm Rour=30cm, Ra=18cm  R=125cm
R=10.6cm Thln window Thin window ' Fe TOROID ! ’
\ ’ + Si layers e ]
Additional &9 | E"" 2 [
Shielding l // LHC VACUUM \\ ~g? § EIIIE ;
DECAY VOLUME & 4 P
BEAMS — i
. %\ ________ e + M § 4| H2Y
Ad_dlthnal - & g E |3 £ e (
Shielding g A pp—— - . + : = = g
I < 18 m —; 3M 2m 05 2m 055

Z=101m Z=119m Z=127m




An Option for the FUTURE:
The Forward Physics Facility

owariiysics GO

59



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>




FORMOSA Demons

A small-scale version of the full FORMOSA
was installed during YETS 2023

— 2rows X 2columns x 4 layers

Located in the UJ12 cavern (behind FASER),
in the opposite side of the to-be FPF

The demonstrator allows to prove concept
and target new phase space

: \ ATLAS |
LHC Point 1

FASER /FORMOSA

UCDAVIS

Expected evolution over the next few years

(now)

HL-LHC
@FPF

2025
@UJ12




Non-Collider Experiments

e Neutrino Experiments
e Beam Dump Experiments
e High Intensitiy Experiments

Ongoing and planned projects:
Belle-II, BES-III,NA62, NA64, MixroBooNE, T2K, DAMSA, Shiness,
LUXE, SUBMET,...



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

SHIP is an optimized 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

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??,

a rXiV: 1907'083 11 J. THoMAS®!, J. Topp?, Y.-D. Tsar'®, Y.-T. Tsar*2, J. Yu" 6, anp C. Zuang!
e ———




ProtoDUNEs for BSM Se

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 to hunt for weakly interaction LLPs or
light dark matter scattering? The ‘beam’ comes for free!!

Dlstance T2 to detector _ 610m North area EHN1  Neutrino Platform The T2 target in the

e we vl North Hall “acts” like
é 4ooc;v !‘ i _"_;m"’ o — d beam dump fOr the
Magnets Magnets EHN1 ::::e“mm - 400 GeV SPS beam’

Soil

and can deliver
3.5x1018 POTs/year

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

107
107
107°°
1077
10°®
10~
10—10 -
10—11 e

107 107! 1
2305.01715 FIPS 2022 workshop report

o=




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 c

Snowmass21 process: . Several new ideas
experiments at the LHC proposed recently: 1

If we would observe one significant anomaly







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?




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]

104

10-°

10 0

L=3ab
N=35

= 2my
1

g
vl

m gy [ GC‘\'F)

@ 107
10°*
10"
10° g it iy
m y (GeV)




Heavy Stable Charged Parti

e ATLAS saw an intruiging excess in high de/dx particles in 2022 2205.0613
oCMS released a similar analysis to ATLAS but no excess observed

* ATLAS found a 3.30 global excess in their Run 2 analysis CM5-EXQ-18-002

* But CMS does not see any excesses in the same region

CMS Prellmlnary 1 01 fb (1 3 TeV)

—
Mass approach S|gr|al Reg|on * 'Data
. Background
—— HSCP § (m=1600 GeV)
HSCP g (m=2000 GeV
HSCP T (m=557 GeV)
------ HSCP 7 (m=871 GeV)

T T T T I T T T T T T T T T T T T T T T T

ATLAS (s =13 TeV, 139"

SR-Inclusive_High pI*>120 GeV, In| <1.8
m(g) 2.2TeV, m(“l) 100 GeV, 1(g)=10ns + Observed
m(x )=13TeV, 1 (i )=

m(“) 400 GeV, T () 10 ns
— Expected

Entries / 100 GeV
Events / bin

E
8
=
)
S
el

.Ll.l.l‘ll‘l. JJIJLN[ d

allan
L. | ST § BT, dediaian S IS
: e EGEL T SRR 3
© > E
& s
— 8
E 3 o | -~
810—1nl LA 4 vl vy e W {1 I\ AN ] g F E
© 0 1000 2000 3000 4000 5000 2 : : ‘ : : :
- 0 500 1000 1500 2000 2500 3000 3500 4000

m [GeV] Mass [GeV]

Also no significant excess in different ATLAS de/dx analysis \




Future Colliders
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FCC_ee reach for HNLs, for 5x1012 Z boson decays and a central detector
(IDEA or CLD type)

e~ > 7Z—>UN N - £W* > ¢£jj 2203.05502

1072 |
N Also LLP
10-+ RN studies on
axions and
Sl exotic Higgs
decays

Y 1078
10-10-

1012 oo, > HNLS thermal BT | HECATE \Reach for HNL decays at the

—— 2 HNLs, vanishing era-Z run of the FCC-ee
----- 3 HNLs, thermal '

-14 |
10 ——— 3 HNLs, vanishing

101 10° 10! 102 103 104
M [GeV]




ldeas for LLP Detectors Future

.
Important: take LLP requirements into account from the start! (Snowmass2021)

o Dedicated LLP Detectors at Future Facilities?

« FCC-ee baseline is consistent with having 2 or 4 detectors 104 ¢

DUNEB b

« Opportunities for new, creative designs! 0 )

UZ2:U2:U?
Ol 2 0

Lepton collider ideas:
o HECATE (EPIC 81 (2021) 546 / arXiv:2011.01005)

N \ \CEPC

NSh X HECATE 4

NOWNa CEPC Y
NN AN i Y

U2

 Instrument cavern walls with scintillators or RPCs
o Study at ILC (PRD 107 (2023) 076022 / arXiv:2202.11714)

SHiP N
' THUNDERDOME . > \‘

 Conclude that ILD still does better for LL ALPs _—
R " 1 2 5 10 20 50
Hadron collider ideas: M [GeV]
o DELIGHT (PRD 106 (2022) 095018 / arXiv:2111.02437)
Main collider detectors

« Transverse detector CMS, ATLAS, LHCb, FCC-hh Forward LLP détectors

o FORESEE (PRD 104 (2021) 035012 / arXiv:2105.07077) \
IP

» Numerical package to simulate sensitivity of far-forward detectors
o FOREHUNT (arXiv:2306.11803)
» Forward detector

I e CEPC studies: FAR detector 1911.06576

'y

From J. Alimena



ldeas for LLP Detectors Futur

HECATE: Instrument the cavern walls! Cover DLs up to 15 meters

LLPs @ FCC-hh, FCC-ee

HECATE: HErmetic CAvern TrackER. A long-lived particle detector :
concept for FCC-ee or CEPC

Proposal: 2011.01005

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

35300

« Cover detector cavern walls with scintillator plates or RPCs

« >= 2 layers of 1 m2 separated by a sizeable distance — timing
* >= 4 layers for good tracking

* 47t coverage LLP detector

* FCC main detector as active veto D
- Sensitive to a unique area of phase space | PR ] ~asm

W - -

1074 = R T T e

oo 2101« Cavern size: r~15 m and z~50 m
N - Main detector size =(10m)
Lo \cEPC ]
IS 10| 3 |
0% N R
« Example: HNLs @ FOCee . Ny,

* THUNDERDOME: Totally Hyper-UNrealistic 10-1° | i © NG
DEtectoR in a huge DOME (maximum By T HUNDERDOME-. ™
distance from IP=100m for comparison) 107 | BEN seesaw

1 PR ! . .
1 2 5 10 20 50




ldeas for LLP Detectors Fu

CEPC Studies: the Far Detector

1911.06576

16 options studied for
D

= 5-100m
L,B = 50-2000m
H = 10-80m
(X35 Y35 2Z,)
Far detector . .
3 Light Scalars from Exotic H Decays
=V3<¥i
X=X, 10 myx = 0.5 GeV
x5 Y15 2) II 104 o
P L] &
ol x - 10 2
II M 03 B
T
19 6 <= 104
= * 107
N £ z
I—_" 10-6 JEDL: D = 5 m (dashed),5.6 ab !
FD3 : D = 50 m (dashed), 5.6 ab™!
Near detector 107"

FD6 : D = 50 m (dashed), 5.6 ab™*

106 10-5 10 10~* 102 10~ 10° 10' 10* 10° 10°
(c7) [m]
the (central) Near Detector

See also Xuai Zhuang
The FD will extend and complement the sensitivity to the LLPs compared with



ldeas for LLP Detectors Futu

DELIGHT: A MATHUSLA or CODEX-b type of detector for the FCC-hh
integrated from the start!

DELIGHT (A): The same as the dimensions of the MATHUSLA detector,
ie. Az x Ay x Az =25 x 100 x 100 m>.

DELIGHT (B): Four times bigger than the MATHUSLA detector, xp=25m
ie. Az x Ay x Az = 100 x 100 x 100m®. yy=0m

DELIGHT (C): Twice the same decay volume as the MATHUSLA detector with 71 =—Az/2
different dimensions, i.e. Az x Ay x Az = 200 x 50 x 50m?.

LLP detector

DELIGHT

Detector for long-lived particles at
high energy of 100 TeV

2111.02437 y

2306.11803 Z"
Z

Collider
detector




ldeas for LLP Detectors Futur

Main collider detectors

FOREHUNT: a Forward Detector for FCC-hh QUMBIRGRCY el

like FASER @_,{J e S .
Xiv:2306.11803
2306.11803 FOREHUNT =

« Brand new proposal (June 20, 2023) « Assume main FCC-hh detector at z € [-25, 25] m and sufficient shielding
 Place dedicated LLP detector in the « Put FOREHUNT at at least 50 m in z
forward region at the FCC-hh « Option: put FOREHUNT-C slightly off z-axis
« Target LLPs from B-meson decays « 1 m off z-axis: acceptance drops by factor of 2
« 5 m off z-axis: acceptance falls drastically
. . B°—> D*rFN,,
Dark Higgs scalar: HNLs: B s kg
Bt 5 K*¢ B* - %N, .
S, o X Detector
1.0e-02 |- -~ \T\\& . Configuration | Radius (R) | Length (L4) | Position (Z)
1.0e-04 SRS, @100 TeV
- e . ; T ? FOREHUNT-A | 1 m 10 m 50 m
= 1.0e-05 RO e TSR L FOREHUNT-B | 2 m 20 m 50 m
R T W S | B FOREHUNT-C | 5 m 50 m 50 m
© 0e06 P e —— AN FOREHUNT-D | 2 m 20 m 75 m
wes oy, FOREHUNT-E | 5 m 50 m 75m
FOREHUNT-F | 5m 50 m 100 m
1.0e-07 ' ‘ — 1.0e-05 L 1 t
0.1 03 05 1 2 3.5 2 25 3 3.5
my (GeV) my (GeV)



FORMO

milliQan
10-1 prototype

102
Q
o
10-3 4 SLAC MilliQ
—— Run 3 milliQan
1074 4 ~— FORMOSA
T ~— FORMOSA demonstrator
Positive outcomes from P5 — supuer
— _mQ
-5
10 10! 100 10! 102

5.1.3 — New Initiative: A Portfolio of Agile Projects to Search W mass/Eey

for Direct Evidence of New Particles

Another strategy to look for long-lived particles at colliders is to construct auxiliary ex-
periments that are placed far away from the primary collision points. Proposed auxiliary
experiments like CODEX-b and MATHUSLA can extend the sensitivity to BSM particle
lifetimes in Higgs decays by several orders of magnitude. Experiments like FASER2 and
FORMOSA at the proposed Forward Physics Facility at CERN would be sensitive to the
hidden sectors through the vector and heavy neutral lepton portals. At Fermilab, PIP-II is
expected to make many more protons than needed for DUNE, and we anticipate propos-
als for experiments using the excess protons. These experiments should compete in the
portfolio for agile projects (see Recommendation 3a and section 6.2).

FORMOSA: An experiment to search for
millicharged particles in the LHC collisions.

FORMOSA mentioned explicitly as e e o
good example of “Agile” project experiment and is proposed to be housed
for dark sector sensitivity at the FPF.




New for ICHEP

P : 600
Sim). G
%(LLI;)‘t‘v G 400

P 300

200
100F- - :
$10° 102 10" 1 10 102 10°
3 (@) [ns]
* New results from re-interpretation of ot civect ciaus [ATL-PHYS-PUB-2024-007] + Displaced Leptons offer new

sensitivity to staus (but gaps still remain!)

Displaced Le

Displaced Leptons: Big Picture

July 2024
; 900 I | IIIIIII T |IIIIII| T IIIIIIII T IIIIIIII T IIIIIIII T T TTTTm
8 800 ATLAS Preliminary [ Displaced Leptons
iy V5=13,13.6 TeV, 140-196 fo! _ ATHAS CONF2024:011
© o Pixel dE/dx
£ 700 All limits at 95% CL arXiv:2205.06013
Stau,© — G [ dE/dx +B-calo
ATLAS-CONF-2023-044
— Observed " Direct Staus
---- Expected reinterpreted from arXiv:2402.00603
LEP

500

IIIlllIllllllllllllllllIllIllIlllllllIlll

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|III||IIII




HNLS

HNLs in the muon system

. . : : 2402.18658
Now we have published the first search for HNLs using MDS! CMS.EXD29.017

* The very large displacement acceptance translates to exquisite
sensitivity to small Vy; values in the mass range 1--3 GeV

* See talk by Martin Kwok for more details!

138 fb~' (13 TeV)

CMS 138 fbo-' (13 TeV)

o [ T —
< gl . : ]
Dirac HNL = g 1% CmS \\ ]
2.4 Ww [ ¢ Data ]
&) 15 o0 Background uncertainty ]
e EZ | B Z-o oy
20 12[” mm  Non-muon-induced b
[ %% my=2GeV,ctg=1m
18 9 E
1.6 6__ ]
14 r w—»#ew
31 o
1.2 i
7 7 7 7 7 7 7 7 >-0.0 Oj T R R N R ]
0 01 02 03 04 @5 08 07 08 08 1.0 10 Electron  Electron Muon Muon Muon

fe

CSC DT CcsC




HNLS

HNLs in the B-parking dataset

e i (18 T 2403.04584
* We present a search for LL 5 . cms o CMS-EXO-22-019
HNLs in our Run 2 B-parking 5 «wf s cy —ooommesn

—— Signal - 1.5 GeV, 500.0 mm

dataset 1o omen e e r1=(0.1.0 g
* Look for HNLs produced inB ~ “ A
meson decays: B = [ NX, a } L6 (13 Tev)

N - I

10.0

Dirac-like
0.9 My =1.0GeV

o N M O ®
T
1
=) P

* Provides excellent sensitivity in e _
intermediate my ranges, ~3-6 =
GeV L, =

* First EXO search using parking g
dataset! Anne-Mazarine Lyon’s &

talk will cover this result 0y e A
0001020304050607080910
re




Summary Plo

CMS and dark sectors

2405.13778

* New summary plots of parameter space coverage CMS-EX0.23-005

* Several LLP searches included in the combinations

R -1
CMS 132-140 fb™' (13 TeV) _eCMS 13877 (13TeV)
; 3500_1 T MELERLLL | LR T Ill]l-lll LR MELERLLL | LELRRRLL E é E
() [ 95% CL pp = 1L, T 1S3, S —» SG.S > g5 ] E |
o - observed limits mg = 100 GeV, “"5 =1GeV, m = 90 GeV 1 x L m 10 GeV
el -._ _- ) dark =
[ 3000F Stealth (SYY) SUSY (Prompt) Displaced jets . = 104 E Unflavored model
E - 7/, Phys. Rev. D 104 (2021) 032006 7777 Phys. Rev. D 104 (2021) 012015 . © 5 1 95% CL upper limits
. MS Clusters Trackless and OOT jets — ]
2500 7777 arXiv:2402.01898 7777 JHEP 07 (2023) 210 ] I 1 — Observed
- Displaced vertices ] 10 Fosseg El Expected (+10)
2000 7777 phys. Rev. D 104 (2021) 052011 — F
= . Emerging jets (agnostic)
o . 3 T arXiv:2403.01556
1500 - 102 -{  Emerging jets (GNN)
: ] 5 1 arXiv:2403.01556
- 1 I Muon system showers (CSC-only)
1000 ] | T arXiv:2402.01898
: 3 E
500 = g
102 10" 1 10 10> 10° 10* 10° N I ot T AT
CT~ [m m] 1000 1250 1500 1750 2000 2250 2500

me [GeV]




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 > =
1()'6_ | e | . ..\\.‘—.’.'I\“\wl:l.cm. gl ]

107 107! 1 10
ma [GeV]




CODEX-b Expresi‘

LHC coverage
(ATLAS, CMS, LHCb)

LHC coverage
(ATLAS, CMS, LHCb)

heavier (2 10 GeV) —
heavier (2 10 GeV) —

mrLLp
mrLp

g Forward

SCHEMATIC SCHEMATIC

+ lighter (< 10 MeV)
=
PN
Q>
&
N
+ lighter (< 10 MeV)
=
3
o

<near ~m far— +lighter ~ ¢, bb, 77 h, t heavier —

er V3

arXiv:1911.00481




CODEX-b

CODEX-b offers a competitive
sensitivity to a number of BSM
models at a relatively low cost

O($10 M):
® Abelian hidden sector
. mA/ = 0.5 GeV mA/ = 10 GeV
® Dark Higgs -
® Axion-like particles 0 | [
® Heavy neutral leptons . o
. . . F 10—2 L ..
® R-parity violating <
supersymmetry T
. = 1070 . )
® Relaxation models o
ATLAS 2DV ATLAS 1DV
® Neutral naturalness 1074 F — CODEX-b oy el ATLAS 2DV
N e AL3X (100fb71) — CODEX-b
® |nelastic dark matter 108 A . = MATHUSLA(200)f N s s
® Dark matter coscattering 107! 10' 10° 10! 10! 10° 10°
et [m] et [m]

® Dark matter from sterile

imi i i i k ph h
coannihilation Lower limit on the branching ratio of Higgs decay to two dark photons, where

the dark photons decay to leptons.
® Asymmetric dark matter

® Baryogenesis

® Hidden valleys

® And many more!




FASER

Unblinded results - I £Ased - ()

- Analysis also sensitive to other multi-photon signatures
¢ Exclude new parameter space for ALP-photon, ALP-gluon, U(1); and up-philic scalar
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Unblinded results - ||

FASER

FASER.

-> Analysis also sensitive to other multi-photon signatures
Exclude new parameter space for ALP-photon, ALP-gluon, U(1); and up-philic scalar
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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




4 Conceptional Design

Inject and absorb as many protons and produce as large
number of yin the dump as possible

> Allow higher coupling ALP’s to decay in the vacuum w/ as
small number of neutrons escaping the dump as possible

» Place the detector as close to the dump as possible on axis to
expand the mass reach to higher mass region

Search for ALP to two photons, dark photons to ee*

» Good vertex pointing
resolution for yy and e*e-

» Sub-ns timing difference
s resolution (0.1ns)

» Low E threshold identification
of ete-
» Good mass resolution

\ |
\ //
J

R=5m, L=10m |
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DAMSA

DAMSA Pilot experiment

Goal: do a physics demonstrator in the next 2 yrs
Beam: 300 MeV e-beams at Fermilab FAST

= greatly reduced neutron bkgds, compared to proton beam
Target: 5cm x 5cm x 10cm W target (~28.5X,)

Vacuum decay chamber : 10cm (R) x 30cm (L)

Detector: 6 layers of 10cm x 10cm Si tracker (LGAD) under
maghnetic field + Csl ECal total absorption (24X, )




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
HITTAAANNN
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We will try to do a physics run

during 2024-2025 (depending on

availability of the beam)

« With 50-100 cm L.
depending on background

« SiW-ECAL introduced again
(need to optimize mechanics
and readout software)

Will proceed to Setup-2 if
magnet is available
» Having prospects of magnet

Far future: (1)LC beam dump
experiment

ALP-y coupling [1/GeV]

ILC-250 (3 month)
ILC-1000 (3 month)

0.1
ALP Mass [GeV]

95



SHINESS

S ————
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
direction (to suppress backgrounds).

Incom

- Light is detected by large-area
PMTs and Incom LAPPDs, which
allow to distinguish between
Cherenkov and scintillation,
enabling directionality.




SHINESS

___ .
HNL sensitivity SHINESS

- The eTe™ can be detected in the liquid scintillator tank by looking for compatible energy
depositions and Cherenkov cones.

- Analogous studies have been conducted for other 7DAR experiments (e.g. LSND, JSNS2), but

the directionality capabilities of SHINESS, enabled by the LAPPDs, allow to reach world-
leading sensitivities in the 10-100 MeV mass range.
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sin’0

More Example

Singlet Scalar mixing with Higgs

10 B | Reatop, 107)po

10—7 K — & + invisible
based on E949 data)

MATHUSLA @ CMS, 3 ab-!

BBN (1> 1 sec)
PR |

107! 1 10
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Heavy neutral leptons

Tau coupling dominance: UZ:UZ:U? = 0:0:1

2009.01693

Inelastic Dark Matter Model
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Where could new physics be:

Particle Mass

TeIV
| >
0"
" Strongly Interacting
Heavy Particles
% €
EXPEF!TIVIENT
i -
B
5 impossible to Y N
P FASER . Y| discover . o
o \<‘/ C-) R
‘8 6 ‘ . THO .‘,0 Oe
s [0°1 Weakly Interacting L
£ Light Particles and _§ - ’L\Q\

Dark Sectors %

<




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



