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A search for millicharged particles, a simple extension of the standard model, has been performed with the
ArgoNeuT detector exposed to the Neutrinos at the Main Injector beam at Fermilab. The ArgoNeuT Liquid
Argon Time Projection Chamber detector enables a search for millicharged particles through the detection of
visible electron recoils. We search for an event signature with two soft hits (MeV-scale energy depositions)
aligned with the upstream target. For an exposure of the detector of 1.0⇥1020 protons on target, one candidate
event has been observed, compatible with the expected background. This search is sensitive to millicharged
particles with charges between 10�3e and 10�1e and with masses in the range from 0.1 GeV to 3 GeV. This
measurement provides leading constraints on millicharged particles in this large unexplored parameter space
region.

Millicharged particles (mCPs), i.e. particles (�) with20

an electric charge Q�=✏·e much smaller than the ele-21

mentary charge (✏ ⌧ 1), are a particularly simple, well-22

motivated, extension of the standard model (SM). In their23

simplest form they are just new particles that violate the24

quantization of charge seen in the SM. They can also25

arise in the low-energy limit of models in which charge is26

quantized but there exists a kinetically mixed dark pho-27

ton [1]. In addition, these particles could make up part of28

the dark matter in the universe [2–10].29

Millicharged particles can be produced at any intense30

fixed-target-produced beam via the decays of neutral31

mesons or direct Drell-Yan pair production arising from32

proton interactions in the target [11, 12] 1. Produced33

mCPs are relativistic in the lab frame. For example, for a34

120 GeV proton beam striking a target (as in the case of35

ArgoNeuT), the boost factors of the produced mCPs are36

in the range of 10-100. The opening angle of the mCP37

beam is large, of order 0.1 radians. Neutrino detectors38

located downstream of an intense proton beam striking39

⇤ ilepetic@hawk.iit.edu
† palamara@fnal.gov
1 The bremsstrahlung contribution to mCP production is not included

in this study, which may further enhance the sensitivity.

a target, nominally used to produce the neutrino beam,40

may be exposed to a large flux of mCPs that were pro-41

duced there. When traveling through matter, mCPs will42

lose energy by atomic excitation and ionization like any43

charged particle but with ionization and excitation rates44

reduced by ✏2. Therefore, the mCP ionization track is45

undetectable except when knock-on electrons energetic46

enough to themselves produce a visible signal are emit-47

ted. The distribution of electron recoil energies scales48

with the inverse squared of the electron recoil energy,49

d�

dEr
' 2⇡↵✏2

meE2
r

, (1)

where we have taken the relativistic mCP limit. Low-50

energy thresholds are therefore key to detect these “�-51

rays” produced by mCPs.52

The expected deflection of mCPs after each interac-53

tion is small. Therefore, mCPs will travel to the detector54

in an approximately straight path and will point back to55

the target [11]. Searches for mCPs have been conducted,56

with low-mass regions covered by low-energy experi-57

ments [13] and high-charge regions covered by collider58

experiments [14–17], but the mass m� >0.1 GeV and59

charge Q� < 10�1e region is unexplored.60

Liquid Argon Time Projection Chamber (LArTPC)61

detectors are well suited to search for these particles. As62
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FIG. 1. Schematic (not to scale) of the ArgoNeuT detector lo-
cation relative to the upstream NuMI target. The signal is a
double-hit event with a line defined by the two hits pointing to
the target (top). A background double-hit event generally will
not point to the target (bottom). Figure adapted from Ref. [11].

shown in [11], even a short exposure of the small Ar-63

goNeuT LArTPC detector to the Neutrinos at the Main64

Injector (NuMI) beam at Fermilab provides an opportu-65

nity to probe unexplored ranges of high mass (m� >66

0.1 GeV) and low charge (Q� < 10�1e). This is67

achieved thanks to the excellent spatial resolution and68

to the recently demonstrated [18] capability of resolv-69

ing individual energy depositions down to a threshold in70

the sub-MeV range. These low energy depositions in71

LAr appear as low amplitude signals (“hits”), detected72

by the wire planes of the TPC. When a mCP collides73

with an atomic electron and the recoil electron deposits74

enough energy in the LAr medium, a detectable signal75

(hit) is recorded by the TPC. Good background rejection76

is achieved by requiring two soft hits (MeV-scale energy77

depositions) aligned with the upstream target [11], as78

shown schematically in Fig. 1. In contrast, background79

double-hit events will be isotropically distributed in the80

detector volume and will only rarely align with the target.81

This Letter presents the results of a search for mCPs, the82

first reported for a LArTPC, with the ArgoNeuT detector.83

8485

ArgoNeuT was a 0.24 ton LArTPC placed in the86

NuMI beam line at Fermilab for six months in 2009-87

2010. The TPC is 47(w) ⇥ 40(h) ⇥ 90(l) cm3, with88

the longest dimension along the beam. Ionized electrons89

drift in the uniform electric field of 481 V/cm at a con-90

stant velocity of 1.57 mm/µs to a set of three sensitive91

wire planes, of which two are instrumented (one induc-92

tion plane and one collection plane). Each of the two93

instrumented wire planes contains 240 wires angled at94

±60 degrees to the horizontal and spaced at 4 mm. Sig-95

nals from the wires are sampled every 198 ns, with 204896

samples/trigger, giving a total readout window of 405 µs.97

ArgoNeuT was placed 100 m underground in the MINOS98

Near Detector hall. A detailed description of the Ar-99

goNeuT detector and its operations is given in [19]. The100

NuMI beam [20] is created by striking 120 GeV protons101

from the Main Injector onto a graphite target. The NuMI102

target was 15 mm thick, 6.4 mm wide and 95.38 cm103

long, with the longest dimension along the beam direc-104

tion. The NuMI beam is inclined by a 3� angle with re-105

spect to ArgoNeuT as it heads down into the Earth’s crust106

towards the MINOS Far Detector located 735 km away.107

The ArgoNeuT detector was located 1033 m downstream108

and 61 m below the target (see Fig. 1).109

The rate of expected mCPs passing through the Ar-110

goNeuT detector depends on the mass of the mCP. The111

geometrical acceptance varies between 10�5 to 10�7 for112

signal events [11]. The detection probability for double-113

hit signals is proportional to the fourth power of its elec-114

tric charge Q�. The detection signature of mCPs in the115

detector is elastic scattering with atomic electrons re-116

sulting in knock-on recoils above the detection thresh-117

old. Therefore, in order to be able to reconstruct mCPs118

which pass through ArgoNeuT, we search for small in-119

dividual energy depositions in the detector. As recently120

demonstrated, in ArgoNeuT we are able to reconstruct121

with very good efficiency electromagnetic energy depo-122

sitions as low as 300 keV [18]. Following the method123

suggested in [11], to cut down on possible backgrounds124

in our search for mCPs we look for events with two in-125

dividual soft energy depositions that are aligned with the126

upstream target, as shown in Fig. 1.127

We searched for the presence of mCPs in data from Ar-128

goNeuT’s antineutrino mode run. The trigger condition129

for the ArgoNeuT data acquisition was set in coincidence130

with the NuMI beam spill signal. A total of 4,056,940131

collected triggers have been analyzed. The vast majority132

of NuMI beam spills delivered did not produce an ob-133

servable neutrino interaction within the TPC due to the134

very low neutrino cross-section and the limited size of135

the detector, resulting in “empty” events. In this analysis136

we searched for the possible presence of mCPs in these137

empty events. Events containing a neutrino interaction138

inside the LAr volume and events containing charged139

particles (mainly muons) produced by neutrino interac-140

tions upstream of the ArgoNeuT detector and propagat-141

ing through the LArTPC volume are removed. The back-142

ground for the mCP search is due to ambient gamma ray143

activity, beta electrons from intrinsic 39Ar activity [21],144

fluctuations of electronics noise faking signals from true145

energy depositions, and low-energy electrons produced146

by Compton scattering of photons from inelastic scatter-147

ing of entering neutrons from neutrino interactions oc-148

curring upstream of the detector. To estimate the contri-149

bution due to the first three sources of background in the150

following we compare events acquired when the NuMI151

beam was operating at its typical high intensity (named152
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FIG. 5. ArgoNeuT limits (blue) in the m� � ✏ plane for millicharged particles at 95% C.L., where ✏ ⌘ Q�/e. The limit is drawn
where mCP are unlikely to produce more than the observed number of events. The thickness of the blue band accounts for the
systematic uncertainty in detector placement. Existing limits from other experiments, including SLAC MilliQ [13] and collider
experiments [14–17], are shown in gray.
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Figure 2: A sketch of the various probes of neutrino compositeness arranged by the

range of compositeness scales they are potentially sensitive to.

4 Accelerators, Beam Dumps, and Colliders

In this section we discuss the phenomenology of the composite neutrino at accelerators,

beam dumps, and colliders. We limit our attention to the case in which the right handed

neutrinos are kinematically accessible to the LHC, corresponding to a compositeness

scale at or below a TeV. The bounds on this class of models arise from a variety of

sources. We begin with a concrete and detailed calculation of heavy particle decaying

into composite neutrinos, which can be applied to understand the constraints from

rare decays of mesons and gauge bosons. Then we sketch the corresponding LHC

phenomenology of this model. For compositeness scales below a GeV, limits from the

rare decays of pions, kaons and B-mesons are also very constraining. Flavor violating

processes, in particular µ ! e+�, can potentially restrict the allowed parameter space,

up to the flavor structure of the composite neutrino. We also discuss the prediction of

the muon g � 2 from this model.

4.1 W , Z and rare meson decays

Right-handed neutrinos can be produced through mixing with the SM neutrinos and

thus can be searched for in on-shell decays of W± and Z, or in o↵-shell decays of the

W±, i.e. rare charged meson decays. In many cases the right-handed neutrino is as-

sumed to be unstable on detector timescales and the search is for its decay products.

The fermionic states of the composite sector also mix with the SM neutrinos, through

– 8 –

with paddy, chacko, zhen. 
we are currently confused.  

in a good way.

Figure 1: A sketch of the generation of neutrino masses in our framework. Elementary

neutrinos mix with composite right handed neutrinos and lepton number is violated in

the composite sector. The light neutrino mass may be explained either by small mixing

between elementary and composite neutrino, or by small lepton number violation in

the composite sector, with a continuum of possibilities in between.

tiny neutrino masses can naturally arise as a consequence of dimensional transmutation

in the strongly coupled theory.

In this paper we explore a class of models that realize this idea, and show that they

can lead to rich phenomenological consequences. We consider a framework in which the

neutrinos acquire Majorana masses through their couplings to right-handed neutrinos

that emerge as composite states of a strongly coupled theory, as shown schematically

in Figure 2.

In this framework right handed neutrinos are the hadrons of a new strong force.

From the perspective of the low energy theory, below the compositeness scale, the

smallness of neutrino masses is explained by the inverse seesaw mechanism. There are

two possible narratives for the lightness of neutrinos:

• Lepton number is maximally violated by the composite sector, but neutrinos are

light because the mixing of elementary states barely mix with composite states.

• Left handed neutrinos are fully mixed with the composite right-handed states,

but lepton number is an approximate symmetry of the composite sector1.

Of course, there is a continuum of possibilities that span these two extremes. In any

case, the small parameters required to explain the light neutrinos arise here from di-

mensional transmutation in the strongly coupled theory. We focus on the scenario in

which the compositeness scale lies at or below the weak scale. This allows the pos-

sibility of directly producing composite states at colliders, leading to striking collider

signals involving a hard lepton and multiple displaced vertices.

1This is reminiscent of baryon number in QCD.
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In addition to the next generation of beam-based neutrino experiments and their associated
detectors, a number of intense, low-energy neutrino production sources from decays at rest will be
in operation. In this work, we explore the physics opportunities with decay-at-rest neutrinos for
complementary measurements of oscillation parameters at long baselines. The J-PARC Spallation
Neutron Source, for example, will generate neutrinos from a variety of decay-at-rest (DAR) processes,
specifically those of pions, muons, and kaons. Other proposed sources will produce large numbers
of stopped pions and muons. We demonstrate the ability of the upcoming Hyper-Kamiokande
experiment to detect the monochromatic kaon decay-at-rest neutrinos from J-PARC after they have
travelled several hundred kilometers and undergone oscillations. This measurement will serve as a
valuable cross-check in constraining our understanding of neutrino oscillations in a new regime of
neutrino energy and baseline length. We also study the expected event rates from pion and muon
DAR neutrinos in liquid Argon and water detectors and their sensitivities to to the CP violating
phase �CP.

I. INTRODUCTION

The discovery that neutrinos oscillate, and therefore
have mass, has revolutionized our understanding of the
lepton sector of the standard model of particle physics.
Since this discovery, several generations of experiments
have been designed, been built, and collected data to bet-
ter understand the rich phenomenon of neutrino oscilla-
tions. Future experiments [1–3] are on the horizon to pin
down the few remaining unknowns associated with stan-
dard paradigm of neutrino oscillations.

While this paradigm fits the vast majority of data excep-
tionally well, a few unexplained experimental results per-
sist. The standard picture predicts that two “frequencies,”
governed by two neutrino mass-squared splittings, drive
all oscillations, however, evidence exists for a third, larger
mass-squared splitting that would indicate a beyond-the-
standard-model fermion existing and mixing with the light
neutrinos (see e.g. Refs [4–6]). In order to explore these
hints, and to over-constrain our knowledge of neutrino
mixing, it is imperative to measure oscillations in as many
domains as possible. When treating neutrino oscillations
in vacuum, a given oscillation probability is determined
by the ratio of the distance travelled by the neutrino to
its energy. We argue that measuring oscillation probabil-
ities for as many unique distances and energies is a com-
pelling way to over-constrain the standard three-massive-
neutrinos paradigm. Existing and planned measurments
of oscilation probabilities, as well as those we propose here,
are shown in Fig. 1 in the plane of neutrino energy and
baseline.

One specific source of neutrinos that has not been ex-
plored fully is that coming from processes in which mesons
and muons decay at rest (DAR) into neutrinos. When this
is a two-body decay, the neutrino flux is monoenergetic,
and if oscillations associated with these neutrinos are ob-
served, then the baseline length and neutrino energy of this
process can be determined nearly perfectly (see the pur-
ple star in Fig. 1). Neutrinos emerging from muon-, pion-,
and kaon-decay-at-rest have been considered [7, 8] and ob-
served [9–11], however – except for an oscillation-related

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star la-
belled “This work” corresponds to neutrinos coming from kaon
decay-at-rest travelling the distance between JSNS and Hyper-
Kamiokande, 295 km (see Sec. III). The proposals of Sec. IV
using ⇡DAR and µDAR overlap with the region probed by
DAE�ALUS.

interpretation of the anomalous muon-decay-at-rest result
of the LSND experiment [11] – these neutrinos have not
previously been measured after undergoing oscillations. In
this work, we present a potential capability within oscil-
lations from the three-massive-neutrinos paradigm: neu-
trinos from kaon-decay-at-rest produced in the J-PARC
Spallation Neutron Source (JSNS) [12], traveling several
hundred kilometers to Hyper-Kamiokande (HK) and inter-
acting in a water cerenkov detector [2]. While this mea-
surement does not provide any more powerful information
if the three-massive-neutrinos paradigm is assumed to be
true, it provides a consistency check on both current and
future measurements. A measurement of this nature can
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interpretation of the anomalous muon-decay-at-rest result
of the LSND experiment [11] – these neutrinos have not
previously been measured after undergoing oscillations. In
this work, we present a potential capability within oscil-
lations from the three-massive-neutrinos paradigm: neu-
trinos from kaon-decay-at-rest produced in the J-PARC
Spallation Neutron Source (JSNS) [12], traveling several
hundred kilometers to Hyper-Kamiokande (HK) and inter-
acting in a water cerenkov detector [2]. While this mea-
surement does not provide any more powerful information
if the three-massive-neutrinos paradigm is assumed to be
true, it provides a consistency check on both current and
future measurements. A measurement of this nature can
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Differential atom interferometer response

Two ways for phase to vary:

Gravitational wave

Dark matter

Each interferometer measures 

the change over time T

Laser noise is common-mode 

suppressed in the gradiometer

Excited state phase evolution:

Graham et al., PRL 110, 171102 (2013).

Arvanitaki et al., arXiv:1606.04541 (2016).



QIS theory postdocs:

Ciaran Hughes
2016-2019 Lattice 

2019-2021 quantum

Hank Lamm

2019-2022

We may have funds for more QIS? 
Simulation? Sensors?



Alex Macridin (staff)

QIS FQI people:

Andy  Li  
(postdoc, 2018-2021?)

Just moved to our floor:



QIS visitors→staff?:

Martin Savage

Coming mid-february for  ~ 1 year. 
Potentially staying for good.



1.5 Summary of Theory Tasks and Milestones

As a summery, we provide tables of tasks, with the member institutions that are planning to work on them,
and a table of milestone.

Area Task Institution(s)

Simulation Lattice scalar field theory: Caltech, Fermilab, UIUC, UW-INT
(state preparation, time-evolution,
scattering, topology, phase transitions,
entanglement, digitization)

Simulation Lattice gauge theory and QCD: Caltech, Fermilab, Purdue, UIUC, UW-INT
(qubit mapping and plaquettes,
time evolution, circuits,
inelastic processes and fragmentation,
entanglement, S-matrix, topology, scattering)

Analysis Algorithms for event ensembles MIT
Hybrid algorithms for preprocessing
QIS-inspired classical algorithms

Sensors Cavity sensor developement Fermilab
Dark SRF theory support
MAGIS-100 long range interactions
Dark photon searches w/ nonlin. optics searches
DM search w/ photon pairs in nonlin. optics
Quantum limited impulse detectors for DM
Quantum sensors for dark radiation
Spin precession experiments and neutrinos

Table 1.1: Research topics and collaborating institutions. Further details are given in the budget justification.
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