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What is a Feebly Interacting Particle?

• Common feature of “hidden sectors” in 
which dark matter is part of a hidden 
universe with no SM gauge 
interactions 

• Hidden universe can have complex 
structure and provide solutions to 
mysteries beyond DM 

• SM and new physics connected by a 
“feebly interacting” portal

Standard  
model

We are here

New physics
DM (maybe) here

“Feeble” 
portal

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu


M. Citron mcitron@ucdavis.edu 3

Light dark matter

B’B
SM dark  

sector

e.g. dark photon 
via kinetic mixing

allowed mass range for thermalization

FIPs in the MeV - GeV mass range

1808.05219

+ scalar, neutrino and 
axion portals

2101.10334

gμ-2 anomaly

~4.2 sigma deviation from SM 
could be explained by new 

light gauge boson!

conflicts with BBN violates unitarity

See talks by Andrew 
and Boris for 
ultralight FIPs 
(axions, …)!

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/1808.05219.pdf?
https://arxiv.org/pdf/2101.10334.pdf
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FIPs may be copiously produced at 
high energy/intensity accelerators

LHC
SPS 

beam dumps 
at CERN

Neutrino 
facilities 

(FNAL, J-PARC)
B factories

e-/e+ beam facilities  
(JLAB, SLAC,…)

Highest energy 
(access to Higgs 

etc…)

Highest intensity  - 
optimal for m < ~O(GeV) 

sensitivity 

> TeV ~100-400 GeV O(1-100 GeV)

Future HE 
colliders

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Searching for FIPs
Three generic signatures:

“Displaced”
decay to visible

Decay to invisible

Scattering/ionisation

Discuss detectors using 
wide range of technologies 

to achieve sensitivity

A’ q/l

A’

χ 

χ 

NB: dark photon example 
 (similar for other models)

χ 

χ A’

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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General purpose detectors do 
excellent job for wide range of 

signatures! 

but…

Low energy signatures from 
FIPs face huge backgrounds, 

are very difficult to trigger 
and require highly non-

standard reconstruction 

6

FIPs at the LHC
Did you  

see that?

Nope
NB: New trigger selections for Run 3 (started July 
2022) and detector upgrades for the HL-LHC will 

greatly expand sensitivity (see backup)!

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
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• Backgrounds mitigated by rock 
or dedicated shielding 

• Triggering simple (or don’t need 
trigger) 

• Reconstruction designed for 
targeted signature(s)

7

Dedicated detectors at the LHC

LHC

Rock or
shielding

Heavy 
FIP

CMS/ATLAS/LHCb

SM particles

Transverse 
detector

Forward 
detector

Light 
FIP

• Optimal detector design 
and position depend 
strongly on targeted 
signature: need range of 
different detectors!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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χ

Scintillator 
slab

PMT

χ
Scintillator 
end panel

Scintillator 
top/side panel

Scintillator bar

PMT
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Range of new detectors online for 
LHC Run 3!

LHC

Rock or
shielding

Heavy 
LLP

CMS/ATLAS/LHCb

SM particles

Forward 
detector

Light 
LLP

FASER/FASERν

7.2 < η < 8.6

η ~ 0

η > 9

milliQan

SND

Transverse 
detector

See next talk!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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FASER detector

Veto
Decay volume

Tracking spectrometerCalorimeter
FASERν

A’
e+

e-

NIMA 166825 (2022)

Radius = 10cm
Length = 7m

Resolution ~20 μrad  

Tracker uses 
ATLAS SCT

Spare LHCb outer 
ECAL modules

~1% energy 
resolution

Trigger

~500m 
to ATLAS IP

~ TeV scale 
momentum

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.sciencedirect.com/science/article/pii/S0168900222003096
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FASER first search with Run 3 data!
 

New sensitivity to dark photons!

Expect improvements in tracking/alignment, x10 more data 
and additional final state searches (HNLs, ALPs,…)

FASER-CONF-2023-001

Very low background 
after selections: 2.4x10-3 

 

Signal eff ~ 50%

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://www.sciencedirect.com/science/article/pii/S0168900222003096
https://cds.cern.ch/record/2853210/files/CERN-FASER-CONF-2023-001.pdf
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κe’
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Scintillator 
bar

Detector Concept
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milliQan:  A new detector for milli-charged particles at the LHC
Claudio Campagnari, Matthew Citron, Riccardo Escobar Franco, Connor Grady, Jonathan Guiang, Ryan Heller, Ryan Hensley, 

Leonardo Jappelli, Christopher Madsen, Bennett Marsh, Justin Michel, David Stuart, Jae Hyeok Yoo  (UCSB)

Theoretical Motivation

Demonstrator Plan

Andy Haas, NYU 5

Detector idea

● Aim to detect single photons in 3 adjacent large scintillators 
pointing back to IP, within a small time window (15 ns)

Detector unit: 5x5x80 cm scintillator + photomultiplier  

Produces light when charged 
particle passes through it

Converts light to 
electric signal

light

electric signal

20 x 20 x 3 unitsTo explain the existence of dark matter, a dark 
sector is introduced. A photon in the dark sector 

(dark photon) can mix with the photon in Standard 
Model, resulting in milli-charged particles.

FIG. 7: Expected sensitivity for di↵erent LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3� sensitivity (dashed), assuming 300 fb�1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb�1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (⇠ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.
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Target this region!  

GeV range unprobed, 
and would be 

produced at LHC

In order to estimate the feasibility of the experiment thoroughly, 1% of the detector is installed  as a “demonstrator”

LHC beam

CMS

Interaction 
point

milliQan

Jae$Hyeok$Yoo$(UCSB) No$mee2ng$(02/15/2018) 1

slab1

slab2

slab3

2x3

2x3

2x3

2x3$configura-on$$
@ 2x2$configura2on$not$touched$except$for$the$ch8$and$

ch9$
@ ch8$bar$and$ch9$bar$switched$
@ R7725$on$ch8$replaced$with$R878$

@ moved$sidecar$bars$to$the$top$right$side$of$each$layer$
@ sidecar$support$removed$

@ added$new$bars$to$the$top$leP$side$of$each$layer$
@ BoQom$layer:$OSU$bars$
@ Middle$and$top$layers:$UCSB$bar+PMTs

Slabs$
@ L@shape$support$for$slab$2$and$3$made$by$Rob$$
@ no$support$for$slab1$because$it$fits$nicely$between$HS$

packs$and$MQ$bars:$puZng$some$tape$would$be$enough$
@ slab4$(top,$not$shown$in$the$photo)$needs$a$mount$that$

Rob$will$make$

HV$spli6ers$
@ Moved$down$below$the$table$to$give$space$for$panels$
@ ET$box$under$boQom$layer$and$R878/R7725$boxes$under$

top$and$middle$layers

B
ri
a
n

Hodoscope$
@ Added$one$horizontal$pack$to$boQom$HS$$
@ Added$one$ver2cal$pack$to$top$HS
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MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))-MinIf$(time_module_calibrated,(layer==1&&nPE>=200)) {MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))>0&&MinIf$(time_module_calibrated,layer==1&&nPE>=200)>0&&beam}

beam
Entries  1769
Mean  1.956− 
Std Dev     8.824

MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))-MinIf$(time_module_calibrated,(layer==1&&nPE>=200)) {MinIf$(time_module_calibrated,((chan==8||chan==9)&&nPE>=200)||((chan==11||chan==10)&&nPE>=75))>0&&MinIf$(time_module_calibrated,layer==1&&nPE>=200)>0&&beam}

Double gaussian for beam/non beam component  
 → time allows strong non-beam background rejection

Beam on: Layer 3 time - layer 1 time
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Downward 
cosmic muons

Upward 
beam 

muons

Demonstrator can “see” muons from collisionsLocation of detector in tunnel above LHC collision point Installed demonstrator

Also installed auxiliary detectors in order 
to improve understanding backgrounds   

milli-charged particles go through 3 layers

Collecting data with the demonstrator 
in 2018 to understand the detector 

system and study the backgrounds in 
great detail. UCSB has been a key 

player in building and operating the 
detector as well as data analyses.

Matthew Citron
(UCSB)

Ryan Heller
(UCSB)

Jae Hyeok Yoo
(UCSB)

Installation team in front of the demonstrator
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Able to detect single photons

Max Swiatlowski
(U. Chicago)

Brian Francis
(OSU)

Josh De La Haye 
(CERN)

IP

Sc
in
%l
lat
or

PM
T

60
 cm

5 c
m

LHC

Run 3 milliQan 
detector

milliQan search for millicharged particles

• Use long scintillator bar array to 
detect (very) small ionisation from 
low charged particles 

• Expected signal: few scintillation 
photons in multiple layers → each 
bar + PMT must be capable of 
detecting a single scintillation 
photon  

• Require hits in multiple layers within 
a small time window for stringent 
background rejection 

• Modular design is easy to scale and 
adapt: proposals around the world 
include milliQan, FORMOSA (LHC), 
FerMINI (FNAL), SUBMET (JPARC)

χ

mcps appear in case of 
massless dark photon  
(charge proportional to 

kinetic mixing)

30m from IP (17m of rock 
blocks beam particles)

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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• Combination of two scintillator-based 
detectors will provide excellent 
sensitivity to millicharged particles

• Installed and taking physics data now! 

• Search will follow example of Run 2 
demonstrator

2104.07151

Run 3 milliQan experiment

Timing 
calibration

Beam  
muons

Cosmic  
muons

Elapsed time difference between 
bar detector end panels

σ ~ 2.5ns

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/2104.07151
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What could come next?
• The HL-LHC will provide over 

3000 fb-1 of p-p collisions 

• Many proposals for dedicated 
detectors (summary in backup)! 

• Focus on FPF: dedicated forward 
physics facility provides 
extensive probe of wide range of 
FIP-like signatures to fully exploit 
physics potential of the LHC! 

• Facility allows longer, wider and 
new detectors for optimal 
sensitivity!

 Detailed white paper with > 200 authors 
released in March 2022

FACET

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/2203.05090
https://arxiv.org/abs/1909.13022
https://arxiv.org/pdf/2203.08126.pdf
https://cds.cern.ch/record/2805287?ln=en
https://arxiv.org/abs/2201.00019
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Forward Physics Facility

Timeline
• Purpose built cavern ~600m in 

front of ATLAS IP  

• Five detectors provide 
comprehensive coverage of 
forward BSM and SM physics

2203.05090

FASER 2 FASERν2/AdvSND FORMOSA FLARE

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/2010.07941
https://arxiv.org/abs/2203.05090
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2x2x4 FORMOSA 
demonstrator

FASER

15

 
20x20 bars (25 times 

larger than Run 3 
detector!)

Longer bars (1m vs 
60cm) allows lower 
charge sensitivity

• FORMOSA: forward detector sees 
up to factor ~ 250 higher mcp 
rate compared to central location 

• Challenging location → prove 
feasibility with FORMOSA 
demonstrator in Run 3! 

• Considering upgrades including 
high performance scintillator 
(CeBr3)

FPF detectors: FORMOSA

2203.05090

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/abs/2010.07941
https://arxiv.org/abs/2010.07941
https://arxiv.org/abs/2203.05090
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FPF detectors: FLArE

16

 

EM shower in LAr

M. Diwan

• Measure showers from neutrinos or FIPs 
scattering/decay with ~16 ton LArTPC 

• Big advantage compared to emulsion for 
DM scattering: real-time readout! 

• ArgoNeuT shown feasibility of LArTPC for 
FIP searches!

Recent results from ArgoNeuT

τ HNL Axion

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/abs/2010.07941
https://indico.cern.ch/event/1110746/contributions/4701719/attachments/2381947/4070319/FLArE_2022_01_31.pdf
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FIP sensitivity at the FPF

17

 
Dark matter scattering millicharged particle

NB: just two examples 
of many!

expanded

See later for A’ → visible!

2101.10338

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/abs/2010.07941
https://arxiv.org/pdf/2101.10338.pdf
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• 400 GeV p beam (up to 
3x1018 pot/year could be 
upgraded to ~1019 pot/year)  

• 100-150 GeV e- beam (up 
to 5x1012 eot/year) 

• ~160 GeV μ- beam 
(currently ~1011 mot/year 
and up to 1013 mot/year 
after LS3)

18

CERN beam dumps

SPS

SPS provides multiple high 
intensity beams - ideal for 
FIP production!

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Current experiments
NA62 (ECN3)

NA64e (EHN1)

+ NA64μ (EHN2)

400 GeV protons

100 GeV electrons
New dark photon → visible search

2303.08666

160 GeV muons

Focus is kaon physics but can 
achieve dark sector sensitivity

Designed for dark sector searches: 
invisible, visible

Dark photon → DM search

kaon 
mode 

Running in proton dump mode 
(target removed)

2301.09905

2.8x1011 EOT

1.4x1017 POT

Dedicated talks 
Wed (Artur, Alina)!

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/2303.08666.pdf
https://arxiv.org/pdf/2301.09905.pdf


M. Citron mcitron@ucdavis.edu 20

What could come next in ECN3?
SHADOWS + HIKE (maintain kaon program)

SHIP + space for other ideas (LArTPC, TauFV, …)

HNL 
(e dominance)

Decision coming ~ end of 2023!

ALPs - change to SHIP only!

on axis

off axis
SPSC-EOI-022

Tracker 

Decay volume: 20m

Calo
MS

Decay volume: 50m
Spectrometer: 4x8m

Decay volume: 20m
Spectrometer: 2.5x2.5m

SPSC-I-258

Timing

HNL (electron dominance) sensitivityMIB 
(deflects  
muons)

Long-lived

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://cds.cern.ch/record/2799412/files/SPSC-EOI-022.pdf
https://cds.cern.ch/record/2839677/files/SPSC-I-258.pdf
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Facilities across the world: neutrino 
sources

N. Tran
FNAL will provide wide range of dark 

sector sensitivity (see Nhan’s talk!)

SUBMET millicharged particle detector at  
J-PARC (approved and under construction!)

ICARUS

e.g. M3 sensitivity compared to NA64μ 
for Lμ-Lτ gauge boson

1010 MOT

1013 MOT

1804.03144

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
https://arxiv.org/pdf/1804.03144.pdf
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• Experiments using range of 
facilities will provide 
complementary probes 

• Huge number of experiments 
not shown here (see Nhan’s 
talk for a summary)!

22

Other facilities across the world 

PADME at DAΦNE

550 MeV 
e+ beam

e+e-→A’γ

mA’ < 23.7 mEV 

A’ Invisible

Multiple detectors:
APEX, HPS, X17, BDX

A’ visible decays A’ scattering

APEX,  
BDX

HPS
X17

GlueX 
(9 GeV γ beam)

JLAB

Belle II at 
SuperKEKB

9.4 GeV e+e- collider

12 GeV  
e- beam

mailto:mc3909@ic.ac.uk?subject=
mailto:mcitron@ucdavis.edu
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Sensitivities: A’ → visible

Limits extended by orders of magnitude in charge and mass

NB: limits 
depend strongly 

on what A’ 
couples to!

2207.06905

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/2207.06905.pdf
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Sensitivities: A’ → DM
A’→ χχ 

2207.00597

Limits extended by orders of magnitude in charge and mass

Widely cover 
DM thermal 

relic density!

NB: limits 
depend strongly 

on what A’ 
couples to!

mailto:mcitron@ucdavis.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/2207.00597.pdf
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• An eco-system of dedicated experiments will fully 
exploit the physics potential of the LHC and high 
intensity facilities! 

• Range of beams/facilities and detector technologies 
crucial for comprehensive coverage 

• Many detectors taking data now - excellent prospects 
for discovery 

• Experiments at future facilities (DUNE, HL-LHC,…) cover 
much of the “interesting” phase space that explain gμ-2 
and/or give correct DM relic density

25

Summary

mailto:mcitron@ucdavis.edu
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