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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 3o sensitivity over the
range of neutrino masses from 5-1000 GeV for integrated luminosities of 300 and 3000 fb~! 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, €, is gen-
erally small, and results in particles obtaining very small charges
of O(e) 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
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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 0(10716) 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_ .
XVLUMUIVSNRFMU (1)

then if A=1 TeV and c is O(1), one finds an EDM of approx-
imately 107> e-cm. In a realistic model, one expects this to be
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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 eTe~
collider. Studies of detection through ete™ — vvy were carried
out, and the production cross section in ete™ 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 10717 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. lonization 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 Ap =
[T2E dt with

E,= (bz—i—v t2)73/2, (2)

4JTO

where t = 0 is the time of closest approach and eD is the size of
the EDM. Integrating gives an impulse of 4”6 vb2 Now suppose
the dipole is in the y-direction. The electric ﬁeld components are
now

D 5(3cos’0—-2)  (3)

Ex= eb (3sinf cos ) E,= ¢
X 3 YT Ameor

47 €qr
where r2 = b? + v2t? and cos¢ = 2. Integrating gives an impulse
in the x-direction which vanishes (as expected by symmetry) and
the impulse in the y-direction which is also 471 = Vb2 Finally, if the
dipole is in the x-direction, the impulse vamshes

Thus, the impulse if the dipole is in the plane perpendicular
to the neutrino’s motion is 4;2 5z 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 4M % Since the electron is moving non-

relativistically, the 1mpulse is converted into an energy transfer
Ap|? e*D?

A= 127 4)
2m 2m(471.50)2(vbz)2

This must now be cylindrically integrated over the impact param-

eter. The maximum energy transfer is AE = 2my?v? [27], thus

b2. =e’D/(2myv?(4mweg)) and

min

dE T e2
—=2nNz/ AE(b)bdb =7NZ Dy, (5)
dx 4 €g

bimin

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 x 10'! (Dy (N/N4)) MeVcm, where N, is Avogadro’s
number. In the usual units of MeVg~!cm?, this becomes 2.7 x
10'" (Dy(Z/A)) MeVg~! cm?, 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> times that of a muon (whose ionization energy loss
is about 2 MeVg~!cm?). Plugging this in, milliQan could poten-
tially set an upper limit on Dy of 8 x 10~'7 cm. Since y, for a
neutrino mass of tens of GeV, can be 0(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 B, 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 tan6w. 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, gqg — y* — Vv, where the
last vertex occurs through the EDM. On dimensional grounds, the
cross section must be proportional to D%, 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

(6)

do(§ Q¢a’D* < 4M2) 4M2
= sin” 6 1—-—
dQ 4 S
where M, is the heavy neutrino mass, Qq is the quark charge in
units of the electron charge and § 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/$ means that for very large EDMs, unitarity will be violated.
As noted in Ref. [26], the effective coupling is «D+/s and for EDMs
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Fig. 1. The expected 95% C.L. exclusion (solid) and 3o sensitivity (dashed) for heavy
neutrino EDM detection using the milliQan experimental setup at /s = 14 TeV,
assuming £ = 300 (3000) fb~! 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 10~1> 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 /5.

The angular distribution varies as sin®6, which differs from
that of millicharged particles which have a typical distribution of
1+ cos?6, 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 d‘i—‘d’y, where T =x1x and y = % In j‘(—; 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 (10717-10"1> 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 £ = 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 1T m x 1 m x 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 Dy > 8 x 10717 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~'. Based on these estimates, in Fig. 1 we show the
estimated 95% confidence level exclusion and 3¢ 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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