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Searching for millicharged particles
CMS

big gap for heavier (~ GeV) low 
charged particles

Searches using colliders, effects 
on sun, stars and supernovae, 
cosmological bounds,… cover 
wide range in masses/charges

but

arXiv:1511.01122

Q = ϵe

NB: indirect 
constraints (CMB, 

BBN, etc…) can be 
evaded

Focus on expanding reach with 
new scintillator-based 

experiments at colliders and 
 neutrino beam sources
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• Key idea: use 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  

• Control backgrounds: signal in each 
layer within small (~15 ns) time 
window and pointing towards the IP  

• Modular design is easy to scale and 
adapt!

Scintillation based detection

V.MECHANICS,COOLING,ANDMAGNETICSHIELDING

Wearedevelopingthemechanicstosupportthedetectorinthedrainagegallerysitesoas

toallowbothmodularassemblyandmovementofthedetectortoastowedpositionduring

accessperiods.

Wehaveaworkingdesignconsistingofthreestacks,oneforeachofthethreelayers

alongthemCPflightdirection,thatcanbeseparatelyassembled.Thescintillatorbarsare

mountedontrayswithineachstackassketchedinFig.2.Thethreestacks,eachofwhich

mightweighupto⇠2000kg,willbemountedonanadjustableplatformthatcantiltthe

fullassemblytopointtowardthecollisionpoint,orberetractedtoahorizontalorientation

tobemovedasideduringaccessperiods.

FIG.2:Asketchoftheworkingdesignforthemechanicalsupport.Therowsofscintillator

barsandPMTsaremountedintrayswithinthreeseparatestacks.Themiddlestackis

o↵sethorizontallyby1/2unitasdiscussedlaterinthisdocument.Anadjustableplatform

supportsallthreestacksandcanbetiltedtopointtowardthecollisionpointfordata

takingorberetractedtoahorizontalorientationduringaccessperiods.

Thesidesoftheassemblywouldbecoveredwithamu-metalskinformagneticshielding

andenclosedfortemperaturecontrol.Thesizeofthedrainagegalleryleaveslittleclearance

atthecornersofthedetector,whichconstrainsthethicknessandmountinginthoseregions.

However,thespacealongthesidesofthedetectorisnotconstrained.Weenvisionusing
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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
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a
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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
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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)

PMT

3

Initial design in 2016 milliQan 
LOI: 1200 scintillating bars in 

three layers (400 pointing paths) 

mcP
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Scintillation based detection
SUBMETmilliQan

4

LHC with sensitivity for m < ~45 GeV
J-PARC with sensitivity for m < ~1.5 GeV 

Fermilab with sensitivity for m < ~5 GeV
For milliQan: proof of 

concept “demonstrator” 
installed at CERN

FerMINI Range of detectors with 
complementary sensitivity

1812.03998

1607.04669

2007.06329

mailto:mcitron@ucsb.edu
mailto:mcitron@ucsb.edu
mailto:mc3909@ic.ac.uk?subject=
https://arxiv.org/pdf/1812.03998.pdf
https://arxiv.org/pdf/1812.03998.pdf
https://arxiv.org/abs/1607.04669
https://arxiv.org/abs/1607.04669
https://arxiv.org/abs/2007.06329
https://arxiv.org/abs/2007.06329


M. Citron mcitron@ucsb.edu

• Place detector in CMS experimental 
site within existing ‘drainage gallery’ 

• Location 33 m from interaction point 
(including 17 m rock) → beam 
particles greatly suppressed

5

milliQan location

43.1˚

33
m

CMS

drainage gallery

drainage  
gallery

CMS

IP milliQan

top view

side view

CMS experimental site (P5)

84 deg

LHC beam

milliQan
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milliQan demonstrator 
• Around 1% prototype of full milliQan detector 

• Ran very successfully, collecting ~35/fb, 2000h 
of data in 2018 

• Operational experience in difficult environment: 
triggering/DAQ/DQM 

• Used for range of studies to prove feasibility of 
full detector: alignment, calibrations, 
background measurements 

• Fully simulated in GEANT4 (validated with data)

Installed on mount designed 
to hold full detector 0 100 200 300 400 500 600 700
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Search results

η, π

ω, ρ J/ψ  

Υ

With only 37.5 fb-1 and 1% of 
the full detector, the milliQan 

demonstrator achieves 
competitive constraints on 

mCPs

The demonstrator provides new 
exclusion limits, but also 

quantitative understanding of 
backgrounds and detector 

performance

→ Use this to guide future 
detectors! Published in PRD: 

PhysRevD.102.032002
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• Pick up where CERN PBC report/others have left off 

• Use data from demonstrator to make concrete 
sensitivity projections for scintillation based detectors 
at range of facilities: LHC, J-PARC, FERMILAB  

- Characterisation/understanding of backgrounds (and how to reject 
them) - dominant sources common between all locations 

- Fully validated simulation of signal/background and detector 
response 

• Guide design of future detectors based on experience 

- Funding secured for small four layer detector at the LHC for Run 3 

• Other locations? e.g. dedicated forward LLP facility at 
the LHC (see backup and FPF LOI) 

• Closely linked with more general millicharged particle 
detector LOI (previous talk)

8

Snowmass plans
Letter of intent: here

Update these current projections with full 
considerations of background and realistic 
detector performance (using demonstrator 

experience)
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• A large number of new potential detectors for 
millicharge particles coming online over the next years 
(including at neutrino beam sources) 

• All can benefit greatly from experience with milliQan 
demonstrator 

• Plan to robustly and consistently evaluate reach for 
scintillation based detectors at wide range of sites 

• Reach of neutrino detectors complementary - will be 
considered as part of larger LOI

9

Summary
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Backup

10
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• The following components potentially contribute to background: 

- PMT Dark Counts: overlap of dark rate from three in-line PMTs, or one PMT and 
two correlated background hits 

- Cosmic and beam muon shower secondaries, especially electrons and 
gammas, can cause a pulse in each layer of the demonstrator 

- Radiation from the cavern, bars, or surrounding material (mostly Pb shielded) 

- Afterpulses: Small, delayed pulses in PMTs caused by ionization of residual 
gases following an initial detection 

• A detailed detector simulation allows us to understand these 
sources in detail

11

Background Sources
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Fundamental lesson from the 
prototype

• Dominant background 
comes from cosmic 
muons creating 
“showers” of particles 

• This shower can cause a 
hit in each of the layers 
that mimics what we 
expect from signal 

• Much better rejection with 
four layers and expanded 
size of each layer

Muon (red) and 
shower secondaries: 

gammas (green), 
electrons (black), 
photons (cyan)
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scintillator panel

IP

Demonstrator components

• 3 layers of 2x3 scintillator+PMT 

- ~ 1% prototype of full milliQan detector 

• Scintillator slabs and lead bricks  

- Tag thru-going particles, shield radiation 

• Scintillator panels to cover top + 
sides 

-  Tag/reject cosmic muons  

• Hodoscope packs 

- Track beam/cosmic muons  

• Environmental sensors to measure 
humidity and magnetic field

dual digitiser 
readout

CAEN V1743 digitizer: 
16 chan, 1.6 GS/s, 

 640 ns window 
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• Signal: wide range of mCP production 
mechanisms considered! 

• Propagate to detector considering 
multiple scattering and CMS 
magnetic field 

• Passed to GEANT4 simulation 2m 
before detector face 

• Background: generate and propagate 
muons produced in LHC collisions and 
cosmic muons from the surface

- Interactions with the cavern and detector 
material are simulated in GEANT4

- Used to validate simulation and characterise 
backgrounds

14

Simulation
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• Generation and propagation

- Check beam muon occupancy agrees with 
expectation

- Measured rate: 0.20/pb-1 agrees well with 
expected rate: 0.25 ± 0.08/pb-1 

- Also validate angular spread of beam muons 
(see backup)

• Detector response

- Comparison of photon yields in data and 
simulation shows good agreement across a wide 
range of energy depositions 

• Detector calibrated and simulation 
validated → search for millicharged 
particles!

15

Simulation validation
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Signal selection and categorisation

Sample through-going mCP

• Selections: event must 
have exactly 3 hits, 
within 15ns, in a 
pointing path (all with 
well-behaved signal 
amplitudes) 

• Under these selections, 
backgrounds are 
reduced by 5 orders of 
magnitude 

• We categorise signal 
using # of PE and slab 
deposits to optimise 
sensitivity for a wide 
range of charges Q=0.1e

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


M. Citron mcitron@ucsb.edu

• Background predicted using ABCD method inverting timing and 
pointing path requirements in beam-on dataset (details in backup) 

• Beam does not contribute to background (confirmed from simulation 
and data) → validate prediction method using beam-off dataset  

• Agreement in validation check defines systematic uncertainty

17

Background prediction

Signal region predictions 
and observations

Good agreement with 
prediction in all SRs → 
derive exclusion limits on 

mCP mass/charge
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• Detector aligned and calibrated - measure 
backgrounds for full milliQan detector 

• Major lesson from demonstrator: dark rate 
subdominant background source 

• Motivates update to 'four layer’ design → 
achieve targeted background rate

18

Background measurement
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Using assumptions in Refs. [1, 2]

factor 
~ 300

Fourth layer tested in-situ

Backgrounds return to  
~ level assumed in LOI

Signal selection: coincident hits 
within 15 ns (pointing to IP)
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• Plans for mechanical structure 
mature: two adjacent detectors of 
864 bars in four layer configuration 

• Use experience from 
demonstrator: improvements such 
as additional layer will provide 
wide range of sensitivity 

• Initial funding secured to build 
small four layer detector for Run 3 
with significant sensitivity gains 

- Stepping stone for full detector for which 
we are actively seeking funding

19

Looking forward for milliQan

Composition of a
 detector module

2x2 scintillator  
unit group

support

side

9x6  
modules

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


M. Citron mcitron@ucsb.edu 20

SUBMET location
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Looking Forward for Millicharged Particles at LHC

• “ForMINI” experiment
• Saeid Foroughi, Felix Kling, Yu-Dai Tsai

• Forward MCP search

• consider missing productions

• various locations (esp. forward region)

• coming out ~ next week
• We will add other projections in the paper

• Projection of Millicharged Particle (MCP) 
sensitivity with different masses and Qx/e.

PRELIMINARY

Saeid Foroughi, Felix Kling, Yu-Dai Tsai

Also see Feng, 2020, Snowmass AF-EF-RF MeetingAdding a milliQan (FerMINI) - type detector

See, e.g., milliQan (arXiv:1410.6816 / 1607.04669 / 2005.06518), FerMINI (arXiv: 1812.03998)

MCP detector

Yu-Dai Tsai, Fermilab 2020

Saeid Foroughi, Felix Kling, Yu-Dai Tsai

The “ForMINI” Setup
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• Much larger angular coverage than external detector provides sufficient acceptance for 
models up to O(100s) GeV but sensitivity only for Q > 1/3 (FCPs) 

• Strategies: trigger on muons and look for low dE/dx hits in tracker (1210.2311, 1305.0491) 

• In phase 2, CMS outer tracker only provides binary output  

• Searches with dE/dX from (upgraded) muon system? Dedicated triggers? Dedicated low 
dE/dx readout bit? Timing measurement from MTD? Considerations for ATLAS/future 
detectors?

23

General purpose detectors at the LHC
Phase 2 tracker

Outer 
tracker

1210.2311
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