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Milli-charged particles

“Dark EM”
Mixing of dark photon and 

SM photon

Example: A new, dark sector U(1), could give dark sector particles a small 
effective SM charge through mixing

Search for milli-charged particles produced at LHC
The Massless Phase

Kinetic mixing portal minimal Lagrangian

Can diagonalize the Lagrangian again  
equivalent to:

Holdom - 1985, (Also Okun - 1982)

What happens when ?
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Would be produced at LHC, eg via Drell-Yan  
∝ invisible to detectors due to Q2 suppressed 
ionization
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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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→ Qeff ∝ 𝜅 gD

Adding Particles with Non-Quantized Charge 

If  there are new fermions charged under the new U`(1)

Gets rid of  “mixing term” and generates an apparent milli-hypercharge for the new fermions

After electro-weak symmetry breaking DS fermions acquire an EM charge

Thus in the massless phase, can have milli-charged particles!
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L = LSM � 1
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Q = gD cos ✓W
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Searches for milli-charged particles
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Detector design
Three layers of long scintillator bars, arranged projectively to beam spot; 
Search for triple-coincidence of ≥1 photon signals, in-time and in-line.

5x5x80 cm

FIG. 1: A sketch of the working design for mechanical support. The rows of scintillator

bars and PMTs are mounted in trays within three separate stacks. The middle stack is

o↵set horizontally by 1/2 unit as discussed later in this document. An adjustable platform

supports all three stacks and can be tilted to point toward the collision point for data

taking or be retracted to a horizontal orientation during access periods.

infrastructure available in the drainage gallery hinders the use of water cooling, but we ex-

pect the estimated heat load of a few kW could be managed with forced air cooling from a

locally positioned air conditioning unit.

Such a design seems workable without significant infrastructure demands, and we are

proceeding to study the specific options in more detail.

VI. POWER AND CALIBRATIONS

PMTs that meet the required specifications in terms of pulse rise time, dark current and

counting rates, and quantum e�ciency require applied high voltages (HV) between 1-2.5 kV

and have maximum current ratings of 0.2-0.5 mA. For the detector design using 12 read-out

channels per module, the HV power supply (HVPS) must provide approximately 10 mA per

module. In order to minimize costs, we aim to use one HV power supply to power 10 modules

(120 channels), and thus we require a HVPS rated to approximately 100 mA and 500 W. For

a 100 module detector, 10 HVPS are required and the total power requirement would thus be
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Proposed location

4
LHC beam

CMS

Interaction 
point

milliQan

Detector location
Situate near LHC collision point, with ~15 m of rock shielding 
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Proposed location
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Detector location
Situate near LHC collision point, with ~15 m of rock shielding 

Transporting the parts to the assembly location 

The Survey team marking the points 

 

 

 

 

 

“spelunking toward the dark sector”
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Milli-charged particles
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Original paper:
Expected sensitivity

Phys.Lett. B746 (2015) 117
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Milli-Charged Particles

Sensitivity

Of all the mCP that make it to our detector, how many are actually
recorded?

Made full Geant4 simulation of the detector!
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Milli-charged particles
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Expected sensitivity: estimated with GEANT
A Letter of Intent to Install a Milli-charged Particle Detector at

LHC P5

Austin Ball,1 Jim Brooke,2 Claudio Campagnari,3 Albert De Roeck,1 Brian Francis,4

Martin Gastal,1 Frank Golf,3 Joel Goldstein,2 Andy Haas,5 Christopher S. Hill,4 Eder

Izaguirre,6 Benjamin Kaplan,5 Gabriel Magill,7, 6 Bennett Marsh,3 David Miller,8 Theo

Prins,1 Harry Shakeshaft,1 David Stuart,3 Max Swiatlowski,8 and Itay Yavin7, 6

1CERN

2University of Bristol

3University of California, Santa Barbara

4The Ohio State University

5New York University

6Perimeter Institute for Theoretical Physics

7McMaster University

8University of Chicago

(Dated: July 19, 2016)

Abstract

In this LOI we propose a dedicated experiment that would detect “milli-charged” particles

produced by pp collisions at LHC Point 5. The experiment would be installed during LS2 in

the vestigial drainage gallery above UXC and would not interfere with CMS operations. With

300 fb�1 of integrated luminosity, sensitivity to a particle with charge O(10�3) e can be achieved

for masses of O(1) GeV, and charge O(10�2) e for masses of O(10) GeV, greatly extending the

parameter space explored for particles with small charge and masses above 100 MeV.
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FIG. 4: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.
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FIG. 4: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.
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A Letter of Intent to Install a Milli-charged 
Particle Detector at LHC P5 arXiv:1607.04669
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Milli-charged particles

8

Expected sensitivity: estimated with GEANT
A Letter of Intent to Install a Milli-charged Particle Detector at

LHC P5

Austin Ball,1 Jim Brooke,2 Claudio Campagnari,3 Albert De Roeck,1 Brian Francis,4

Martin Gastal,1 Frank Golf,3 Joel Goldstein,2 Andy Haas,5 Christopher S. Hill,4 Eder

Izaguirre,6 Benjamin Kaplan,5 Gabriel Magill,7, 6 Bennett Marsh,3 David Miller,8 Theo

Prins,1 Harry Shakeshaft,1 David Stuart,3 Max Swiatlowski,8 and Itay Yavin7, 6

1CERN

2University of Bristol

3University of California, Santa Barbara

4The Ohio State University

5New York University

6Perimeter Institute for Theoretical Physics

7McMaster University

8University of Chicago

(Dated: July 19, 2016)

Abstract

In this LOI we propose a dedicated experiment that would detect “milli-charged” particles

produced by pp collisions at LHC Point 5. The experiment would be installed during LS2 in

the vestigial drainage gallery above UXC and would not interfere with CMS operations. With

300 fb�1 of integrated luminosity, sensitivity to a particle with charge O(10�3) e can be achieved

for masses of O(1) GeV, and charge O(10�2) e for masses of O(10) GeV, greatly extending the

parameter space explored for particles with small charge and masses above 100 MeV.

1

ar
X

iv
:1

60
7.

04
66

9v
1 

 [p
hy

si
cs

.in
s-

de
t] 

 1
5 

Ju
l 2

01
6

A Letter of Intent to Install a Milli-charged 
Particle Detector at LHC P5 arXiv:1607.04669
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FIG. 6: 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.

regarding Geant4.
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A key assumption is that 
background is dominated  
by dark rate.
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Milli-charged particles

9

To measure the backgrounds and optimize the design, we installed a 
1% scale demonstrator for 2017-18 running.

MilliQan Demonstrator: running with 1% of full detector 

PMTs

Plastic scintillator bars

Lead & plastic 
shielding

Hodoscope

Support structure

Jae Hyeok Yoo 
(UCSB)

Ryan Heller 
(UCSB)

Matthew Citron 
(UCSB)

Brian Francis 
(OSU)

Max Swiatlowski 
(U Chicago)
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Milli-charged particles
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To measure the backgrounds and optimize the design, we installed a 
1% scale demonstrator for 2017-18 running.

MilliQan Demonstrator: running with 1% of full detector 

-Three pairs of bars + PMTs 
-Stacked 3 high 
-Scintillator panels between layers act as 
an active neutron shield 
-Lead shielding 
-A tent of scintillator veto panels 
-Scintillator based hodoscope for tracking 
-A few more tracking stations for position 
dependent cosmic ray testing
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Milli-charged particles
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Milli-charged particles
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Milli-charged particles
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Milli-charged particles
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Milli-charged particles
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To measure the backgrounds and optimize the design, we installed a 
1% scale demonstrator for 2017-18 running.
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-Three pairs of bars + PMTs 
-Stacked 3 high 
-Scintillator panels between layers act as 
an active neutron shield 
-Lead shielding between layers 
-A tent of scintillator veto panels 
-Scintillator based hodoscopes for tracking 
-A few more tracking stations for position 
dependent cosmic ray testing 
- B-field, temperature & humidity monitors
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Milli-charged particles
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To measure the backgrounds and optimize the design, we installed a 
1% scale demonstrator for 2017-18 running.

MilliQan Demonstrator: running with 1% of full detector 

-Three pairs of bars + PMTs 
-Stacked 3 high 
-Scintillator panels between layers act as 
an active neutron shield 
-Lead shielding between layers 
-A tent of scintillator veto panels 
-Scintillator based hodoscopes for tracking 
-A few more tracking stations for position 
dependent cosmic ray testing 
- B-field, temperature & humidity monitors
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Milli-charged particlesMilliQan Demonstrator: running with 1% of full detector 

E.g.,: muons from collisions

20

Learning a lot about operations and backgrounds.
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Milli-charged particlesMilliQan Demonstrator: running with 1% of full detector 

E.g.,: muons from collisions
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Learning a lot about operations and backgrounds.
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Milli-charged particlesMilliQan Demonstrator: running with 1% of full detector 

E.g.,: muons from collisions
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Learning a lot about operations and backgrounds.

Top-bottom hit time [ns]
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Jae	Hyeok	Yoo	(UCSB) PR	plots	for	Chris	(05/15/2018)

Luminosity	structure	within	a	fill
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I	used	7	fills	that	are	a	least	13	hours	long	and	have	similar	peak	
luminosity	(around	2.0E34)	and	calculated	average	rate	per	each	
Hme	bin	

FiVed	the	histogram	with	exponenHal	and	got	Hme	constant	13	
+/-	2	h.	From	one	of	the	fills	on	WBM,	I	get	Hme	constant	14	h.	

Milli-charged particlesMilliQan Demonstrator: running with 1% of full detector 

Jae	Hyeok	Yoo	(UCSB) PR	plots	for	Chris	(05/15/2018)
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E.g.,: muons from collisions
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Learning a lot about operations and backgrounds.

Top-bottom hit time [ns]
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Jae	Hyeok	Yoo	(UCSB) PR	plots	for	Chris	(05/15/2018)

Comparison	with	LHC	lumi
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They	show	very	good	correlaHon

Red =  cumulative MilliQan Q=1 yield
Black  =  CMS reported integrated luminosity 

Milli-charged particles
Learning a lot about operations and backgrounds.
MilliQan Demonstrator: running with 1% of full detector 

E.g.,: muons from collisions
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Measured Rate of 180 per fb-1 is consistent with expected rate from simulation of 220 per fb-1Jae	Hyeok	Yoo	(UCSB) PR	plots	for	Chris	(05/15/2018)

Occupancy	vs	lumi
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Milli-charged particlesSummary and Outlook
Have design with new sensitivity over a large range of charge and mass 

Engineering & mechanics at an advanced stage 
Final support structure already in place, module designs becoming mature 

Have installed 1% scale demonstrator in tunnel taking data since Sept. 2017 

Plan is to have experiment ready for physics before Run 3 (2020) 
Construction/Installation during LS2 

On track to meet schedule if funded.  M&S ~$1M
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Milli-charged particlesCollaboration meeting photo
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Milli-charged particles
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Additional slides
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PMTs
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Hamamatsu R7725 Electron Tube 9814B

High gain, fast PMTs 
($$) Older, slower PMTs 

(effectively free!)

Hamamatsu R878
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Setup and installation at CERN
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Lowering down the shaft
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Extracting cosmic light yield
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Extracting cosmic light yield
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Cosmic light yields

33

High voltage [V]
310

Pu
ls

e 
ar

ea
 [p

Vs
]

2−10

1−10

1

10

210

310

410

 = 6500
PE

Channel 1, N

 = 6200
PE

Channel 3, N

 = 5700
PE

Channel 7, N

High voltage [V]
310

Pu
ls

e 
ar

ea
 [p

Vs
]

2−10

1−10

1

10

210

310

410

 = 5200
PE

Channel 4, N

 = 4200
PE

Channel 5, N

 = 7400
PE

Channel 6, N

Pu
ls

e 
ar

ea
 [p

Vs
]

High voltage [V]

Pu
ls

e 
ar

ea
 [p

Vs
]

High voltage [V]

ET 9814B Hamamatsu R878

O(5000) photons for vertical muon 



Ryan Heller, UC Santa Barbara

Cosmic light yields
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High gain R7725s in B-field
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Measure hodoscope muon rate
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chi2/ndf=74.6/67

• Measured rate: 0.18 / pb-1 

• Expected rate: 0.22 / pb-1

36

N
um

be
r o

f m
uo

ns

LHC fill integrated luminosity [pb-1] 

Simulate propagation of 
muons from CMS

QCD
After 

propagation
Before 

propagation



David Stuart, UC Santa Barbara

Luminosity leveling
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Luminosity leveling
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Prototype upgrades
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Hermetic veto panels 
tag cosmic showers

side view

Improved magnetic shielding 
and monitoring

Additional hodoscope 
channels 

tag specific cosmic 
trajectories


