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What milliQan is …
Complementary LHC hidden/dark sector experiment
• Searches for dark sector particles inaccessible to ATLAS/CMS detectors, but with  

distinctive signature “easily” observable with “simple”, “cheap”, ancillary detector 
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If consider BSM extension with massless dark photon kinetically mixing with SM 
photon then any “dark” fermions will have fractional EM charge (after EWSB) — 
Holdom PLB 196-198 (1986)
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How milliQan works — basic idea
• Want to be sensitive to 

dark fermions produced in 
LHC collisions with EM 
charges down to Q/e 
~10-3 

• Generically call these 
millicharged particles 
or mCPs 

• For mCPs with Q/e ~10-3 

dE/dx is 10-6 that of a MIP 

• Need long, sensitive, 
active length to see 
signal, 𝒪(1) PE. 

• Long “bars” of scintillator 
(+ PMTs with custom 
amplification) in an array 
pointing back to CMS  

• Use coincidence to control 
(otherwise dominant) 
random backgrounds

3



Michael Carrigan on Behalf of the milliQan Collaboration
June 23, 2022 – LLP13

milliQan Run 3 Detectors

1carrigan.20@osu.edu

Where: milliQan in a tunnel above CMS
• At CERN, off-axis from LHC 

• Detector in PX56 drainage gallery at P5 
(above CMS) 

• 33 m from CMS IP at an angle η≈0.1, ϕ≈43 

• 17 m of rock act as natural shielding of 
beam particles 

• Cosmic muon flux suppressed by factor of 
100 (compared to surface)
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R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

Location
● MilliQan is housed in the unused drainage gallery of the CMS experiment

● 33m away from CMS IP at ɸ=43o and η=0.1 in CMS coordinate system

● Beam particles are shielded by the 17m rock

● Muon flux from cosmics is 100 times smaller than the surface
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Proof of Principle: milliQan demonstrator

R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

MilliQan demonstrator results
● 95% CL limits placed on mCPs with 20-4700 MeV and charges between 

0.006e-0.3e

● New sensitivity for masses above 700 MeV

9

Muon shower prediction and validation with data

• Installed prototype detector for LHC 
Run 2 in PX56 

• 2x3 radial “layers” of 80 x 5 x 5 cm 
BC-408 scintillator bars pointing to 
CMS IP  

• Collected 37.5 fb-1 physics data 

•  >2000 h trigger live-time 

• Validated GEANT simulation and 
analysis techniques 

• Learned invaluable lessons for Run 3 

• Got lots of operating experience 

• Powerful resource to study/optimize 
performance of detector 

• Bonus: able to (just) extend constraints 
on mCP in charge vs. mass plane
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MilliQan demonstrator results
● 95% CL limits placed on mCPs with 20-4700 MeV and charges between 

0.006e-0.3e

● New sensitivity for masses above 700 MeV
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Muon shower prediction and validation with data

Phys. Rev. D 102, 032002

Phys. Rev. D 102, 032002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032002
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Improved Sensitivity for LHC Run 3

6Phys. Rev. D 104, 032002

• Incorporated lessons 
learned in Run 3 detector 
design 

• Added 4th layer 

• Added FPGA based 
trigger logic 

• Added 2nd array  

• Published expected 
sensitivity for new design in 
2021 

• The milliQan Run 3 
detector will probe a 
significant chunk of 
unexplored parameter 
space

VI. CONCLUSIONS

We have reported on the expected sensitivity of
detectors that we intend to install for Run 3 of the
LHC. Data from the milliQan demonstrator has been
used to calibrate and validate the simulation of the
shower background and the simulation of the detector
response. The background expected to be seen by the
detectors has been estimated and the reach for milli-
charged particles evaluated. With a combination of a
bar and slab detector, the existence of particles with
mass between 10 MeV and 45 GeV could be excluded
at 95% confidence level for charges between 0.003 e
and 0.3 e, depending on their mass. At the HL-LHC, a
full bar detector is shown to extend this reach to
particles with mass between 10 MeV and 80 GeV
for charges between 0.0018 e and 0.3 e, depending
on their mass.
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Charge limited region: very high 
mCP flux but low efficiency 

(Bars) 
Acceptance limited region: high 

efficiency but mCP flux is low 
(Slabs) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032002
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Residual Background
• With quad 

coincidence, 
random 
backgrounds 
negligible 

• Dominant 
remaining 
background 
from cosmic ray 
showers 

• Correlated 
hits between 
layers 

• Veto by thin 
scintillator 
“panels” 
surrounding 
detector
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Bar Detector Construction/Installation
• “Modules” built at US institutes in Winter/Spring 2022 

• Installed in PX56 in Summer/Fall 2022, finished Winter 2023

8

R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

Bar detector construction

13

Supermodule assembly using 4 units

Two supermodules mounted in the detector

4 bars assembled into a single unit
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Bar Detector Commissioned 
• Fixed “usual” problems that arose during installation in Spring 2023 

• All channels now fully operational
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Slab Detector Construction/Installation 
• Slab modules built at US institutes Summer 2022 

• Mechanics built at CERN, installed June 2023 

• 1st layer of slab modules in place, remainder will be 
installed by end of Summer 2023 

• Currently taking commissioning data with 1st 
layer!
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Pictures
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R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

Fun doing hands-on work

● Encourage others to come over to CERN and help construct the slab 
detector

7

● Neha leaves on July 1st
● Michael leaves on July 14th
● Giacomo unavailable from 

July 17th - August (Work, 
vacation etc)

● Jasper leaves Aug first 
week

● Teresa leaves Aug 4th (2 
days per week on MilliQan)
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Remote DAQ & Trigger Monitoring 

11

DAQ FW/SW Update
Run 1114 from friday ran steady for ~5 days, restarted run today

9

dominant trigger still 3 in 
a row

zero bias 0.5Hz

cosmics top+bot

• Web-based interfaces/DBs to run & monitor the detector 

• Stable continuous data taking since June 1st 
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Alignment & Calibration 

• Combination of radioactive sources + 
integrated LEDs allow energy calibration 

• e.g. nPE/keV from 109Cd (for bars) 

• Thoroughgoing muons from CMS IP 
used for timing calibration + alignment 

• Expected cross-section is ~1/pb-1 , 
measurement in progress …
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R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

First results

● Cd109 source runs show good performance and the ability to separate the 

source peak from the SPEs

● We are looking into the first few physics runs at the moment

16

Area [pVs]

SPE peak

Source peak
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Summary & Outlook
• milliQan is two dedicated detectors 

sensitive to millicharged particles 
(mCPs) produced by LHC at CMS IP 

• Complementary approach to probe 
dark sector  

• Sensitive to Q/e < 0.3 particles over 
wide mass range 100 MeV — 100 GeV 

• Bar detector is fully assembled, taking 
physics data! 

• Slab detector being assembled, will be fully 
commissioned by end of summer 2023 

• Currently analyzing collision data from LHC 
Run 3 produced by both detectors 

• milliQan will collect ~30 fb-1 in 2023 

• First physics results by ~Winter 2024!
13

Pictures

12



Additional Material
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milliQan Collaboration meeting 2022
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2022 MilliQan collaboration meeting

18
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Run 3 Bar Detector Design
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detector (“milliQan demonstrator”). With data from the
demonstrator we have already excluded some of the
previously unconstrained parameter space for millicharged
particles. More importantly, this prototype detector pro-
vided crucial insights into the dominant sources of back-
grounds, the efficiency of detection for millicharge signals,
and the design of other milliQan-like experiments proposed
at accelerator facilities around the world [18–21].
Having secured the necessary funding, we are preparing

to install two complementary detectors at the P5 exper-
imental site for the data taking period of the LHC starting in
2022 (Run 3); a “bar” detector upgrade of the milliQan
demonstrator and a novel “slab” detector design. In this
paper, we provide prospects for these detectors, as well as
for an extension of the design for the high-luminosity LHC
(HL-LHC), demonstrating achievable sensitivities for milli-
charged particles of masses in the range 10 MeV to 80 GeV
with Q ∼ 0.0018 e to 0.3 e.

II. DETECTOR DESIGN

As detailed in Ref. [17], the milliQan experimental
cavern is located in an underground tunnel at a distance
of 33 m from the CMS IP, with 17 m of rock between the IP
and the detector that provides shielding from most particles
produced in LHC collisions. In order to be sensitive to
particles with charges as low as 0.001e a large active area of
scintillator is required. For Run 3, two detector designs are
planned for deployment; a bar detector and a slab detector.
In the CMS coordinate system [22], the bar detector will be
positioned at an azimuthal angle ðϕÞ of 43° and pseudor-
apidity ðηÞ of 0.1. The slab detector will be placed around
5 m behind the bar detector at ϕ ¼ 38°, a distance of 37 m
from the IP.
The Run 3 bar detector is comprised of a 0.2 m ×

0.2 m × 3 m plastic scintillator array. The array will be
oriented such that the long axis points at the nominal CMS
IP. The array will contain four longitudinal “layers”, each
containing sixteen 5 cm × 5 cm × 60 cm scintillator
“bars” optically coupled to high-gain photomultiplier tubes
(PMTs) in a 4 × 4 array. Surrounding the array is an active
muon veto shield composed of six 5 cm thick scintillator
panels that cover the top and sides of the array. Each panel
will have two PMTs at opposing ends to increase light
collection efficiency and to provide some positional infor-
mation (using relative pulse sizes and ∼ns timing reso-
lution). An additional small scintillator panel at each end of
the bars will complete the Hermiticity of the shield. These
end panels will also be used to discriminate higher charge
signals from the deposits of muons originating at the CMS
IP using the pulse size, as in Ref. [17]. A diagram of the bar
detector may be seen in Fig. 1.
The bar detector design closely follows the design of the

milliQan demonstrator, with several important upgrades.
These are an increase in surface area from 150 cm2 to
400 cm2, the addition of a fourth layer for improved

background rejection, an increase in the scintillator veto
panel thickness from 0.5 cm to 5 cm, the inclusion of an
amplifier attached to the readout of each PMT to allow
single photoelectron pulses to be reconstructed with near
100% efficiency, and an LED flasher system for calibration
and monitoring. The LEDs will be used to measure the
average area of single photoelectron waveforms for each
channel following the method outlined in Ref. [23]. The
response for millicharged particles will be calibrated using
the measured area of known energy depositions from a
range of radioactive sources as well as cosmic muons.
As will be shown in Sec. V, the sensitivity for a χ with

mass above ∼1.4 GeV is limited by the angular acceptance
of the detector and not the efficiency of the scintillator bars.
This motivates an additional detector that makes use of a
large active area of thinner scintillator; the “slab detector”.
While the thinner scintillator results in a reduction in
sensitivity at the smallest charges, its expanded geometric
coverage allows the slab detector to improve the reach for
higher χ masses.
The slab detector will be comprised of 40 cm × 60 cm ×

5 cm scintillator “slabs”. These will be arranged in four
layers of 3 × 4 slabs. There are therefore a total of 48 slabs
in the array. The segmentation of the layers in the slab
detector is driven by a compromise between practical
considerations, including mechanical constraints and limit-
ing the number of channels, as well as the desire to sharply
define pointing paths to the IP to reduce accidental back-
grounds. Each layer of the slabs will be held by a simple
shelving unit. A drawing of the slab detector may be seen in
Fig. 2. Similarly to the Run 3 bar detector, an LED flasher

Scintillator 
end panel

Scintillator 
top/side panel

Scintillator bar

PMT

FIG. 1. A diagram of the milliQan Run 3 bar detector
components. The scintillator bars are shown in blue connected
to PMTs in black. The side and top panels are shown surrounding
the bars in transparent green while the end panels are shown in
transparent yellow. The PMTs are not shown for the side and top
panels. All components are installed on an aluminum tube. The
path of a millicharged particle from the IP is shown in gray.

A. BALL et al. PHYS. REV. D 104, 032002 (2021)
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• Bar detector for Run 3 is 
a straightforward 
upgrade of the 
demonstrator 

• Optimized for 
charge limited 
region 

• Expanded size 

• 4 layers of 4x4 
scintillator bars 

• Each layer contains 
5 x 5 x 60 cm3 bars 

• Thicker veto panels 

• Re-uses retractable 
support installed 
with demonstrator 

~0.2 x 0.2 x 3 m3 
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Run 3 Slab Detector Design
• Optimized for 

acceptance limited 
region 

• Covers large 
area for low cost 

• 4 layers of 12 40 
x 60 x 5 cm 
“slabs” 

• Surface area 
equivalent 
to ~1100 5 x 
5 cm bars! 

• Efficient down to 
Q/e~0.01e 

• 2 PMTs 
(summed 
together) on 
both ends of 
slab for optimal 
light collection 

• 4 PMTs total 
per slab
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system will be installed, and radioactive sources and muons

used to calibrate the response.

For the HL-LHC, should additional funding become

available, we consider an upgraded bar detector design.

This detector would be composed of a 1 m × 1 m × 3 m

plastic scintillator array. The arrays are subdivided into nine

steps stacked on top of each other held in place by a

mechanical cage supported by a rotatable mechanical

structure. Each step contains six modules in four longi-

tudinal layers, each containing four 5 cm × 5 cm × 60 cm

scintillator bars, in a 2 × 2 array. There are thus a total of

864ð9 × 6 × 4 × 4Þ bars in the array. The detector is

Hermetically surrounded by 5 cm thick veto panels on

each side and each end.III. EVENT GENERATION AND SIMULATION

The basic principles of the Monte Carlo generation and

simulation of signals and backgrounds are detailed in

Ref. [17]. Briefly, pairs of millicharged particles of spin

1
2 are generated at ffiffiffi

s
p

¼ 13 TeV from modified Standard

Model processes such as Drell-Yan, decays of vector

mesons, and Dalitz-decays of light mesons. These particles

are transported through the CMS magnetic field and the

rock in the cavern to the drainage tunnel where the milliQan

detector is installed. The response of the detector and the

readout electronics is modeled with a combination of

GEANT4 [24], test data from cosmic rays, and bench tests

with an LED flasher.

The understanding of backgrounds arising from cosmic

muons that shower in the rock and detector material

(“shower background”) is crucial for the detector design

and to estimate the expected sensitivity of the proposed

detectors. The shower background is estimated from

simulation. The simulation is validated with data taken

with the three-layer demonstrator reconfigured in a hori-

zontal position in order to be able to place two additional

bars at its end to form a (partial) four-layer detector.

A sample of 7.7 × 105 cosmic triggers were collected

with the four-layer demonstrator in a beam-off period of

1800 hours. The GEANT4 based simulated cosmic data set is

normalized to the number of data triggers, yielding a

cosmic flux consistent with the measurements in

Ref. [25]. The probability of multiple cosmic ray muon

events is taken into account in the simulation [26].

A further normalization is needed to calibrate the

probability of the cosmic muon to produce a shower. To

this end, we select events in data and Monte Carlo with a

PMT hit in each layer, passing basic quality criteria. We

find that the simulation needs to be scaled up by a factor of

three in order to reproduce the rate of these events in data.

After this rescaling we find good agreement in the number

of scintillator bars with a detected pulse in data and

simulation (Fig. 3), indicating that the spatial distribution

and multiplicity of showers is well modeled. In addition, in

Figs. 4, 5, and 6 we compare the modeling of the number of

photoelectrons (npe ), the ratio of the maximum to the

minimum npe , and the Δtmax which is defined as the

maximum jΔtj between layers with a sign then determined

as positive (negative) if the layer further from (closer to) the

IP has the later pulse. The tails in the Δtmax occur from a

range of sources, including random coincidence of PMT

dark pulses, particles that are produced from electrons,

photons and neutrons far from the detector or reflecting

from the walls of the cavern, and PMT after pulses. As will

be discussed in Sec. IV, the npe ratio and the Δtmax are

quantities used to define signal regions for the millicharged

Scintillator slab

PMT

FIG. 2. A diagram of the milliQan slab detector components.

The scintillator slabs are shown in red connected to PMTs in

black. The support structure is not shown. The path of a

millicharged particle from the IP is shown in gray.
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FIG. 3. The number of scintillator bars with a detected pulse in

cosmic muon events for data (blue) and simulation (red).

SENSITIVITY TO MILLICHARGED PARTICLES IN FUTURE …

PHYS. REV. D 104, 032002 (2021)
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near the sides and top/bottom of the detector must point by an angle of about 1 degree
di↵erently than those in the center. This is accomplished simply by spacing the slots of the
grid supporting the modules in the back of the detector farther apart than in the front grid.

The slab detector structure is designed with a di↵erent concept. The slabs are expected to
be in a horizontal position. The structure is designed to support four to six slab layers. Each
layer is an independent module as shown in Figure 10. It is composed of three main parts
(see Figure 11): the supporting frame, holding the slab layers and attached to the ground,
the synchronization mechanism, giving the same angle to all layers and finally the lifting
mechanism, enabling the smooth transition from the installation position to the working
position. The structure is made such that installation is done at a low height (installation
position, Figure ??) and the detector is functional at a full height (working position) as in
Figure 11.

Figure 10: The slab layer that can work as independent module. A PMT locations shown
are indicative.

6.3 High-voltage

The requirements of the HV system are driven by the number and organization of the PMTs
used to readout the various scintillator elements of the two primary detector compartments,
the bar and slab detectors. For the bar detector, 64 HV channels for the bar PMTs along
with 14 HV channels for the active muon veto (two PMTs for each of the six central panels
and one PMT for each of the two end-panels) are needed. The slab detector is comprised
of 48 slabs, each readout using either 2 or 4 PMTs, necessitating a total of either 96 or 192
HV channels.

15
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Trigger and DAQ

19

• Uses new “trigger board” 
to trigger the detectors 
• PMT data input to CAEN 

digitizer 
• Digitizers send triggers 

from PMTs to trigger board 
• Trigger board logic 

determines if board should 
fire 
• Uses FPGA to program our 

trigger menu
PMT 
Pulse

Scintillator Bar

Trigger Board

DAQ Computer

Trigger Information
Digitized Pulses

Global 
Trigger

Channel Triggers

CAEN Digitizer
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Bar Trigger and DAQ (Slab ~same)

20R. Schmitz (schmitz@ucsb.edu)S. Santpur (ssantpur@ucsb.edu)

Trigger and DAQ

14

● Amplified output from each bar is 

recorded using a 16 channel CAEN 

digitizer with 0.4 GHz sampling 

frequency and 2.5 μs readout window

● Trigger decisions are made using a 

customized trigger board with Altera 

Cyclone IV FPGA
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Bonus Physics - Heavy Neutrino EDM

• milliQan also sensitive to BSM 
signals besides mCPs that 
would produce a small energy 
loss in matter 

• e.g. electric dipole 
moment from a heavy 
neutrino 
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The milliQan Collaboration has proposed to search for millicharged particles by looking for very weakly 
ionizing tracks in a detector installed in a cavern near the CMS experiment at the LHC. We note that 
another form of exotica can also yield weakly ionizing tracks. If a heavy neutrino has an electric dipole 
moment (EDM), then the milliQan experiment may be sensitive to it as well. In particular, writing the 
general dimension-5 operator for an EDM with a scale of a TeV and a one-loop factor, one finds a 
potential EDM as high as a few times 10−17 e-cm, and models exist where it is an order of magnitude 
higher. Redoing the Bethe calculation of ionization energy loss for an EDM, it is found that the milliQan 
detector is sensitive to EDMs as small as 10−17 e-cm. Using the production cross-section and analyzing 
the acceptance of the milliQan detector, we find the expected 95% exclusion and 3σ sensitivity over the 
range of neutrino masses from 5–1000 GeV for integrated luminosities of 300 and 3000 fb−1 at the LHC.

 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The overwhelming evidence for dark matter shows that physics 
beyond the Standard Model must exist, and yet the LHC has yet 
to find evidence for this new physics. One alternative which has 
been increasing in popularity is the possibility of a “dark sector” in 
which there is a sector that does not directly interact with Stan-
dard Model particles (see Section 6.22 of Ref. [1] and the extensive 
list of references therein). In such a sector, there can be one or 
more U (1) groups, and the dark photon will, in general, mix with 
the conventional hypercharge gauge boson. This mixing, ε , is gen-
erally small, and results in particles obtaining very small charges 
of O (ε) times the usual electron charge.

There have been numerous searches for dark photons [1–5]
and astrophysical and cosmological bounds on millicharged par-
ticles have been studied [6–12]. Additionally, some experimental 
searches for millicharged particles have been done [7,13–15]. How-
ever, these searches focus on the sub-GeV mass region. Recently, a 
new experiment dedicated to searching for millicharged particles 
of much higher masses has been proposed at the LHC [16–18]. 
The milliQan experiment will consist of layers of scintillator de-
tector situated in the Observation and Drainage gallery above the 
CMS experimental cavern. It is designed to search for very weakly 
ionizing tracks as expected from millicharged particles. Details are 

* Corresponding author.
E-mail addresses: mtsher@wm.edu (M. Sher), jrstevens01@wm.edu (J.R. Stevens).

found in the Letter of Intent [18]. It will be sensitive to charges 
as low as 0.3% of the electron charge, over the mass range from 
100 MeV to 100 GeV, a range that is currently unexplored. Another 
experiment near the LHCb detector, MoEDAL [19], is currently tak-
ing data, and while it is sensitive to millicharged particles, the 
luminosity is much smaller than that of milliQan.

Theorists have proposed a large number of unusual exotica that 
can be searched for at the LHC, including magnetic monopoles [19,
20], black holes [21], long-lived charged particles [22–25], etc. An 
attractive feature of the MoEDAL experiment is that it is sensi-
tive [19] to a wide variety of exotica. The milliQan experiment 
is much more focused and is designed only to search for mil-
licharged particles. The purpose of this paper is to point out that 
the milliQan experiment will also be extremely sensitive to an-
other form of exotica: the possible electric dipole moment (EDM) 
of a heavy neutrino.

The possibility that a heavy neutrino could have a large EDM 
was discussed fifteen years ago in Ref. [26]. It was noted that 
several models have leptonic EDMs scaling as the cube of the 
mass, and an explicit model was exhibited with a neutrino EDM 
of O (10−16) e-cm. The fact that such a large EDM could occur is 
not surprising. Writing the effective low-energy dimension-five op-
erator as

c
#

ν̄Lσµν iγ5NR Fµν (1)

then if # = 1 TeV and c is O (1), one finds an EDM of approx-
imately 10−15 e-cm. In a realistic model, one expects this to be 
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Fig. 1. The expected 95% C.L. exclusion (solid) and 3σ sensitivity (dashed) for heavy 
neutrino EDM detection using the milliQan experimental setup at √s = 14 TeV, 
assuming L = 300 (3000) fb−1 integrated luminosity in black (blue). (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

below 10−15 e-cm, this is less than unity, and thus breakdown of 
unitarity will not be a serious issue. Another way to see this is 
that the larger the EDM, the smaller the scale of the new physics 
which generated the effective operator, and for an EDM larger than 
10−15 e-cm, this scale is smaller than 

√
ŝ.

The angular distribution varies as sin2 θ , which differs from 
that of millicharged particles which have a typical distribution of 
1 + cos2 θ , and this will provide a method of providing a way to 
distinguish the possibilities. Alas, the MoEDAL experiment is for-
ward peaked and is thus less likely to see a neutrino EDM, but the 
milliQan experiment is at a 45 degree angle.

To estimate the sensitivity of the milliQan experiment to a 
heavy neutrino EDM we calculate the leading order proton–proton 
differential cross section dσ

dτdy , where τ ≡ x1x2 and y ≡ 1
2 ln x1

x2
. The 

partonic cross section in Eqn. (6) is convolved in the usual way 
with the parton distribution functions of Ref. [29], and summed 
over the u, d and s quarks. Signal Monte-Carlo events are then 
generated according to this cross section for a range of neutrino 
masses (5–1000 GeV) and EDMs (10−17–10−15 e-cm). The ex-
pected number of heavy neutrino pair events are then simulated 
for the 14 TeV center-of-mass energy collisions at the high lu-
minosity LHC, assuming an integrated luminosity of L = 300 or 
3000 fb−1.

The acceptance of the milliQan detector is estimated by requir-
ing the signal events have a heavy neutrino which impinges on 
the 1 m × 1 m × 3 m scintillator array of the experiment at the 
expected location, described in Ref. [18]. The expected number of 
detected signal events is given by the number of heavy neutrinos 
with Dγ > 8 × 10−17 cm, which is consistent with the require-
ment for millicharge detection sensitivity for the milliQan detector. 
The expected background rates are taken from the estimates in the 
milliQan Letter of Intent [18] as 165 (330) background events for 
300 (3000) fb−1. Based on these estimates, in Fig. 1 we show the 
estimated 95% confidence level exclusion and 3σ sensitivity of the 
milliQan experiment to a heavy neutrino EDM.

We emphasize that the production cross section assumed that 
the neutrino was a weak isosinglet. If it is an isodoublet, the pro-
duction cross section could be much higher, and that could lead to 
substantial tighter bounds. Thus, the expected sensitivity displayed 
in Fig. 1 are conservative upper bounds.

4. Conclusion

Occasionally, major discoveries in physics are made by detectors 
designed for something completely different – the classic example 
is the discovery of supernova neutrinos in detectors designed to 

search for proton decay. The milliQan experiment is designed to 
search for millicharged particles, which occur in several appealing 
models of beyond the Standard Model physics. Here, we point out 
that if a heavy neutral fermion has an electric dipole moment, then 
the same experiment may be sensitive to such particles, and have 
estimated the sensitivity attainable.

Our sensitivity estimates are based on the expected milliQan 
detector design parameters [18]. A more detailed study can be 
performed by the experimenters to identify if there are addi-
tional optimizations that may improve the sensitivity to a neutrino 
EDM. From the theoretical point of view, one can improve on the 
Jackson-level calculation of the ionization loss by considering shell 
corrections, density corrections and higher order corrections. This 
analysis is currently underway. In addition, the sensitivity will be 
substantially greater if the neutrino is an isodoublet (this would, 
of course, set a lower bound of around 45 GeV on the mass).

Should milliQan see a signal, of course, one would immediately 
want to distinguish between millicharged particles and a neutrino 
EDM. This would require measuring the angular distribution, which 
would be difficult for milliQan since it is fixed in a cavern. There 
might be an energy dependence that can be studied. Nonetheless, 
detection of a positive signal would rapidly lead to new experi-
ments and new detectors.
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suppressed by at least one loop, but large EDMs are certainly 
not impossible. By “neutrino”, we refer to a heavy neutral Dirac 
fermion, without regard for whether it is an isosinglet or isodou-
blet.

In Ref. [26], it was noted that there are few phenomenological 
bounds on such an EDM, especially if the neutrino is vector-like. 
At the time, there was great interest in a high energy linear e+e−

collider. Studies of detection through e+e− → ν̄νγ were carried 
out, and the production cross section in e+e− colliders was cal-
culated, assuming the neutrino was in a vector-like isodoublet. It 
was also noted there that such a neutrino would leave a weak 
ionization track in a detector. However, no studies from a hadron 
collider were presented, and there were, at the time, no experi-
mental searches sensitive to a large EDM.

In Section 2, the calculation of the ionization loss of a neu-
trino with an EDM is presented, and it is seen that an experi-
ment like milliQan could be sensitive, in principle, to EDMs as low 
as 10−17 e-cm. In Section 3, the cross-section for neutrino pair 
production (primarily via Drell–Yan production through a virtual 
photon) is calculated and used to estimate the sensitivity of the 
milliQan experiment. Finally, Section 4 contains our conclusions.

2. Ionization loss

Except through missing energy–momentum, detection of long-
lived neutral weakly interacting particles at the LHC is impossible. 
However, a neutrino with a large EDM does interact electromag-
netically and thus can lose energy in a detector. This ionization 
loss was discussed in Ref. [26] and we will follow their argument 
closely, with some minor modifications to account for relativistic 
effects. The derivation of the Bethe formula for ionization loss is 
given clearly in Jackson [27]. This formula is, of course, derived for 
a Coulomb interaction and we generalize it to an EDM.

Suppose a heavy neutrino travels in the x-direction and an 
atomic electron is at an impact parameter y = b. The impulse given 
to the electron will depend on the orientation of the dipole. In 
practice, one should consider a dipole in an arbitrary direction, 
however we will look at each of the three directions and average 
appropriately. Suppose the dipole is oriented in the z-direction, 
perpendicular to the plane of the neutrino motion and the elec-
tron. The electric field component (for distances greater than the 
size of the dipole moment, which is the case here) is only in 
the z-direction, and the impulse given to the electron is ##p =∫ +∞
−∞ e#E dt with

Ez = eD
4πε0

(b2 + v2t2)−3/2, (2)

where t = 0 is the time of closest approach and eD is the size of 
the EDM. Integrating gives an impulse of eD

4πε0

2
vb2 . Now suppose 

the dipole is in the y-direction. The electric field components are 
now

Ex = eD
4πε0r3 (3 sin θ cos θ) E y = eD

4πε0r3 (3 cos2 θ − 2) (3)

where r2 = b2 + v2t2 and cos θ ≡ b
r . Integrating gives an impulse 

in the x-direction which vanishes (as expected by symmetry) and 
the impulse in the y-direction which is also eD

4πε0

2
vb2 . Finally, if the 

dipole is in the x-direction, the impulse vanishes.
Thus, the impulse if the dipole is in the plane perpendicular 

to the neutrino’s motion is eD
4πε0

2
vb2 and the impulse vanishes if 

the direction is parallel to the neutrino’s motion. For a large num-
ber of interactions, which will be the case here, one thus expects 
a net average impulse to an electron to be half of this result, 

giving an impulse of eD
4πε0

1
vb2 . Since the electron is moving non-

relativistically, the impulse is converted into an energy transfer

#E = |##p|2
2m

= e4 D2

2m(4πε0)2(vb2)2 . (4)

This must now be cylindrically integrated over the impact param-
eter. The maximum energy transfer is #E = 2mγ 2 v2 [27], thus 
b2

min = e2 D/(2mγ v2(4πε0)) and

dE
dx

= 2π N Z

∞∫

bmin

#E(b)bdb = π N Z
(

e2

4πε0

)
Dγ , (5)

where N is the neutron number and Z is the nuclear charge. The 
usual logarithm in the Bethe formula is absent and the electron 
mass and neutrino velocity drop out. Plugging in numbers, this 
becomes 2.7 × 1011 (Dγ (N/N A)) MeV cm, where N A is Avogadro’s 
number. In the usual units of MeV g−1 cm2, this becomes 2.7 ×
1011 (Dγ (Z/A)) MeV g−1 cm2, where D is in units of cm and A =
Z + N .

What is the discovery potential of the milliQan experiment? 
They are sensitive to millicharged particles with charges of roughly 
0.003 times the electron charge, corresponding to an ionization 
loss of 10−5 times that of a muon (whose ionization energy loss 
is about 2 MeV g−1 cm2). Plugging this in, milliQan could poten-
tially set an upper limit on Dγ of 8 × 10−17 cm. Since γ , for a 
neutrino mass of tens of GeV, can be O (10–100), this shows that 
EDMs in the range of 10−17 e-cm are certainly accessible. It is, of 
course, essential that a reasonable number of these neutrinos be 
produced, and so we now turn to the production cross-section.

3. Production and sensitivity

As first noted in Ref. [28], the relevant operator consistent with 
gauge invariance involves coupling to the Bµν gauge boson, which 
contains a Z and a photon. Given our definition of the EDM, the 
coupling to the Z will be that EDM times tan θW . This coupling 
will have very little effect on the numerical results found here. In 
general, there could be an operator coupling the heavy neutrino to 
the SU (2) field tensor, but this will only occur if the neutrino is 
in a vector-like isodoublet. Such neutrinos would have to be above 
45 GeV to avoid large contributions to the Z width, and also would 
be accompanied by a heavy charged lepton. Since such an interac-
tion would have an arbitrary parameter, we will only look at the 
isosinglet case; if the neutrino is in an isodoublet, then we are as-
suming the coupling is not large enough to affect our results.

The parton-level cross section for neutrino production will then 
be through a virtual Drell–Yan photon, q̄q → γ ∗ → ν̄ν , where the 
last vertex occurs through the EDM. On dimensional grounds, the 
cross section must be proportional to D2, which already has units 
of area, and thus one expects the cross section to be constant at 
high energy. The total differential cross section is given by

dσ (ŝ)
d(

=
Q 2

q α2 D2

4
sin2 θ

(
1 + 4M2

ν

ŝ

)√

1 − 4M2
ν

ŝ
(6)

where Mν is the heavy neutrino mass, Q q is the quark charge in 
units of the electron charge and ŝ is the partonic center-of-mass 
energy. Note that if the neutrino were an isodoublet, there would 
also be a tree-level contribution, independent of the EDM, from 
a virtual Z , and this would increase the cross section substan-
tially. Note also that the fact that the cross section does not fall 
as 1/ŝ means that for very large EDMs, unitarity will be violated. 
As noted in Ref. [26], the effective coupling is αD

√
s and for EDMs 
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FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (mm, Q) where we fix mC = 10 MeV to maximize the heat capacity
of the CDM bath and the maximal ↵m↵C allowed by CMB bounds [14–18]. The dark blue contours give the mDM fraction fm required for a
given (mm, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a fixed fm the entire
region above the dark blue contour can be probed by reducing ↵m↵C (see text for details). For comparison, the dark green contour shows the
standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for mm < 10 MeV is robustly excluded
by BBN contraints on Ne� [7, 8, 10, 19], the two dotted lines distinguish between the case in which mDM is a scalar or a Dirac fermion. The
gray shaded area is a collection of di�erent constraints taken from Refs. [37, 87], plus limits on millicharge particles from milliQ at SLAC [35],
searches for low ionizing particles in CMS at the LHC [88] and the new constraints from LSND and MiniBooNE derived in Ref. [40]. The
region on the left of the blue line is excluded by CMB constraints on Ne� only when mDM couples to a dark photon with coupling gD = 0.1.
The green region is excluded by present direct detection experiments as shown in Ref. [47]. The green dashed line indicates our extrapolation
of the results in Ref. [47] to higher masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN e�ort
to probe mDM. Solid/dashed/dotted lines give a rough sense of the short/medium/long time scale of the proposal. Solid red is the ArgoNeut
sensitivity derived in Ref. [43], dashed red is the sensitivity of the Fermini proposal at NuMI [42] (see Ref. [43] for a more conservative
reach based on ArgoNeut at NuMI), dotted red is the DUNE reach [40] while dotted black is the LDMX reach [41]. Dashed magenta is
the milliQan reach as [38] while dotted magenta is the SHiP sensitivity [40]. The dash-dotted/dotted green lines indicate the reach of a
SENSEI-like dark matter detector on a balloon/satellite with 0.1 gram-month exposure [47].

constitutes a fraction fm of the total DM energy density. The
mDM-baryon long-range interaction is controlled by the mDM
charge Q, which may or may not stem from the presence of a
new light mediator. The novelty in our setup is that the mDM
fraction also interacts with the remaining CDM component,
of mass mC, through a distinct long-range hidden interaction
controlled by the coupling gmgC. The same interaction also
induces a CDM self-interaction proportional to g

2

C. The two
long-range interactions of our setup imply the existence of one
or two new light mediators with masses below a keV, which
is the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to mm .

200 GeV) and smaller dark matter fraction (down to fm &
10�8). This is because the cooling is now driven by the CDM
bath, with the mDM acting as a mediator between CDM and
the baryons. As we show in Sec. IV B, the CDM mass mC
must lie below a few GeV in order to have a large enough heat
capacity to cool the gas su�ciently.

The allowed parameter space of our framework is mostly de-
termined by ensuring that the mDM-baryon and mDM-CDM
couplings are consistent with CMB constraints, as discussed
in Sec. IV C. In Fig. 2, we show three contours on the mm – Q

plane where su�cient cooling of the baryonic bath is achieved
in our framework in order to explain the EDGES result for
fm = 10�4, 10�6 and 10�8. We have fixed mC = 10MeV
and gmgC; these two parameters can vary over a broad range
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The existence of millicharged dark matter (mDM) can leave a measurable imprint on 21-cm cosmology
through mDM-baryon scattering. However, the minimal scenario is severely constrained by existing
cosmological bounds on both the fraction of dark matter that can be millicharged and the mass of mDM
particles. We point out that introducing a long-range force between a millicharged subcomponent of dark
matter and the dominant cold dark matter (CDM) component leads to efficient cooling of baryons in the
early Universe, while also significantly extending the range of viable mDM masses. Such a scenario can
explain the anomalous absorption signal in the sky-averaged 21-cm spectrum observed by EDGES and
leads to a number of testable predictions for the properties of the dark sector. The mDM mass can then lie
between 10 MeV and a few hundreds of GeVs, and its scattering cross section with baryons lies within an
unconstrained window of parameter space above direct detection limits and below current bounds from
colliders. In this allowed region, mDM can make up as little as 10−8 of the total dark matter energy density.
The CDM mass ranges from 10 MeV to a few GeVs and has an interaction cross section with the Standard
Model that is induced by a loop of mDM particles. This cross section is generically within reach of near-
future low-threshold direct detection experiments.
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I. INTRODUCTION

Dark matter (DM)-baryon interactions can affect the
thermal history after recombination [1,2], possibly leading
to observable deviations in the 21-cm global signal com-
pared to the ΛCDM (cold dark matter) prediction [3].
Moreover, if the scattering cross section is enhanced at
small relative velocities, its impact on the cosmological
history is most prominent between recombination and
reionization, when the baryons are at their coldest. The
most optimistic scenario for identifying new physics in
21-cm observables is therefore realized if the DM-baryon
interactions are Rutherford-like, i.e., with a cross section
scaling as v−4rel , where vrel is the relative velocity between
particles. This may result from an exchange of a light
mediator with negligible mass compared to the typical
exchange momentum in the scattering process.
In most scenarios, however, the presence of a new

light mediator is strongly constrained by a combination

of fifth-force and stellar cooling bounds [4–6]. Accounting
for these constraints leaves little room for observable
effects from DM-baryon scattering in 21-cm cosmology
[7], with the only exception being a DM that carries an
effective electric charge Q, inducing DM interactions with
the SM [8]. Even in this so-called millicharged dark matter
(mDM) scenario, which has been studied extensively in the
literature [1,2,7,9–14], several stringent experimental con-
straints [7,9,11] apply. Most notably, measurements of the
CMB anisotropy power spectrum [15–19] and Neff con-
straints [11,20] limit the mDM to a small region of
parameter space, with mass 10 MeV≲mm ≲ 40 MeV,
charge 10−5 ≲Q≲ 10−4, and energy density between
0.01% and 0.4% of the total dark matter energy density.
These severe restrictions make simple models of mDM
unattractive as a significant source of cooling for baryons in
the early Universe.
In this paper, we revisit the possibility of baryon cooling

by a millicharged component of DM.We show that if mDM
also has an additional long-range interaction with the rest of
the dark matter (which forms a cold dark matter bath), it
may remain cold for longer, thereby greatly increasing the
effective heat capacity of the hidden sector. This substan-
tially improves the efficiency of baryon cooling, extending
the region of parameter space in which we expect large
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