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Direct detection experiments at the neutrino dipole portal frontier
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Heavy sterile neutrinos are typically invoked to accommodate the observed neutrino masses, by positing
a new Yukawa term connecting these new states to the neutrinos in the electroweak doublet. However,
given our ignorance of the neutrino sector, we should explore additional interactions such sterile neutrinos
may have with the Standard Model. In this paper, we study the dimension-5 operator which couples the
heavy state to a light neutrino and the photon. We find that the recent XENONIT direct detection data can
improve the limits on this “neutrino dipole portal” by up to an order of magnitude over previous bounds for
tau neutrinos. Future direct detection experiments may be able to extend bounds for all three neutrino

flavors down to the level probed by SN1987A.
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I. INTRODUCTION

The fact that neutrinos are massive is one of the key
observational facts indicating that the Standard Model
(SM) of particle physics is incomplete. Most models of
neutrino masses posit new right-handed states, which are
singlets under the SM gauge groups. These neutral fermion
singlets have been predominantly studied in connection
with neutrino masses via the neutrino portal interaction,
L D NHL, where N is the singlet fermion, L is the SM
lepton doublet, and H is the Higgs doublet. For this reason,
singlet fermions can play the role of a “sterile” neutrino
(i.e., uncharged under the electroweak symmetry), and they
mix with the left-handed neutrinos after the Higgs acquires
a vacuum expectation value. For a review of existing
bounds on sterile neutrinos, see Ref. [1].

However, the standard neutrino portal interaction may
not be the predominant interaction these states have with
the SM. They may also interact via a “neutrino dipole
portal” interaction, which after electroweak symmetry
breaking can be written as

’CNDP D d(l_/LGIwF”DN) + H.C., (1)

where F,, is the electromagnetic field strength, o,, =
£1¥p+75)> vr is the SM neutrino, and the coefficient d with

units of (mass)~! controls the strength of the interaction.
This interaction has been considered in the context of the
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MiniBooNE events [2—8] and has also been studied in the
context of IceCube data [9] and at the upcoming SHiP
experiment [10]. A summary of existing constraints can be
found in Refs. [9,10].

In this paper, we will study the neutrino dipole portal
(NDP) at the XENONIT direct detection experiment using
their approximately 1 ton-year exposure [11]. Despite not
finding evidence of dark matter (DM) scattering, XENONI1T
isnearly at the level where it can start seeing events from solar
neutrinos. Many prior works have used neutrinos at direction
detection experiments to study various beyond SM neutrino
interactions [12-23]. At the few kilo-electron-volt recoil
energies of XENONIT, the Boron-8 (B8) neutrinos make the
largest contribution, comprising approximately 0.02 back-
ground events in the 1 ton-year sample [11]. However, if
neutrinos have additional interactions beyond electroweak
forces, this rate could be larger and already detectable. To get
an approximate idea of the sensitivity to the NDP, we can
compare the SM cross section, do/dEg ~ G%02%my /4x,
with the NDP cross section, do/dEg ~ d*aZ*/Eg.

Thus, to achieve approximately 1 event at XENONIT,
we would very roughly expect

G202myE E
dg,/50%~10-6 eV [ (2)

where the factor of 50 comes from needing a 50-fold
increase in the SM cross section for the “neutrino floor” to
presently be detectable. We expect the estimate in Eq. (2)
to be valid up to singlet fermion masses of order Boron-8
energies, my ~ E, ~ 10 MeV. Although the above esti-
mates are simplistic, they provide us with ample motivation
to carry out a more complete analysis. Indeed, a dipole
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FIG. 1. These are the expected sensitivity curves for the tau-

flavored NDP based on the XENONIT data [11] and a future
SuperCDMS exposure (dashed curve for projection). The rel-
evant previously published exclusion limits of SN1987A [10],
IceCube [9], and DONUT [9,24] are also shown.

strength at the d ~ 107® GeV~! level is competitive with
a variety of known constraints on the NDP [7,9,10].
We summarize our main findings, which demonstrate that
XENONIT already provides the leading constraints on
coupling to tau flavor neutrinos up to 10 MeV masses, in
Fig. 1. The constraints provided by XENONI1T on electron
and muon flavor neutrinos are not novel as they are by
constraints from CHARM-II, MiniBooNE, and LSND [10].
Future high-exposure/low-threshold direct detection can
improve the bounds down to the SN1987A region.

We highlight that the bounds we derive are only weakly
dependent on the assumed lepton-flavor structure in Eq. (1).
However, existing constraints on this NDP interaction are
strongly dependent on the assumed flavor dependence of
the operator. In particular, muon- (Fig. 4) and especially
tau-flavored (Fig. 1) interactions are sufficiently weakly
constrained that the new bounds from direct detection
experiments provide new sensitivity. The bounds on electron
flavored NDP are already sufficiently strong from existing
data (see Ref. [10]) that the direct detection bounds consid-
ered here do not probe new parameter space, and we therefore
omit them in what follows.

The remainder of this paper is organized as follows. In
Sec. II, we compute a realistic spectrum of nuclear recoil
events at XENONIT from solar neutrinos mediated by the
NDP interaction. We find there that the new state will
typically decay outside the detector after it is produced
and that an incoming neutrino is unlikely to undergo much
up-scattering in the Earth prior to arrival at the detector.
In Sec. III, we look at what improvements can come in
the near term, focusing on a future run of SuperCDMS.

Then, in Sec. IV, we discuss the nature of models giving
rise to the NDP, along with potential ways in which future
work could refine and extend the analysis carried out here.

II. NEUTRINO TRANSITION MAGNETIC
MOMENT RATES

A. Mechanism

Incoming solar neutrinos may up-scatter to a heavy state
N through the NDP operator via the process shown in
Fig. 2. The coherent cross section for neutrino-nucleus
scattering via a NDP reads

im0
dER ER ZEDERmN ZED 2ED
_i mi(ER_mN) (3)
E, 8EXEim} |

where Z is the atomic number, Ej is the nuclear recoil
energy, E, is the incident neutrino energy, my is the mass of
the target nucleus, m, is the mass of the heavy sterile
neutrino, and F(Ey) is the nuclear form factor.

B. Event rates in XenonlT detector

Neutrino scattering at dark matter direct detection
experiments has been widely studied [17,25-34] and
depending on the range of energies may include contribu-
tions from solar, atmospheric, and the diffuse supernova
background. In fact, the original DM direct detection
proposal from Goodman and Witten [35] was an extension
of the detection method for solar and reactor neutrinos via
neutral currents by Drukier and Stodolsky [36].

The nuclear recoil spectrum of neutrino induced scatter-
ing events can be computed via

dR* d®¢ do®
— MT v vn—>Nn E E.dE 4
dER X /E;L“i“ dEy dER ( 12 R) v ( )

where @ = e, u, 7 indexes the neutrino flavor, MT is the
exposure of the XENONI1T experiment, and @, is the solar
neutrino flux. The ®B solar neutrino reaction creates electron

14 N

Xe Xe

FIG. 2. The neutrino dipole portal Lypp D d(710,,F*N)
allows for a neutrino to up-scatter off a nucleus to a heavy
neutral lepton state N. This produces a distinctive recoil spec-
trum, while the newly produced heavy neutral lepton decays
outside the detector.
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FIG. 3. Event rates of nuclear scattering via a NDP in the
Xenon 1T detector with d = 10" GeV~' for masses
my =1 MeV (red), my =5 MeV (green), and my = 10 MeV
(blue). Dashed (solid) curves represent scattering with tau/muon
(electron) neutrinos. Also shown is the standard model v-nucleus
scattering rate (black curve).

neutrinos which oscillate into muon and tau flavor states
before reaching Earth. For concreteness, we employ the
electron neutrino survival probability profile from Ref. [37]
to estimate flux rates for the three flavor states of solar
neutrinos.

The function EM"(ER) is the minimum energy of the
incident neutrino to up-scatter to the state of mass m, while
producing a nuclear recoil Eg:

mi + ZmNER
2|:\/ ER(ER + 2mN) - ERi|

The solar neutrino 8B flux provides the dominant
contribution to NDP nuclear scattering in the XENONI1T
experiment. We normalize the 3B spectrum to the flux
¢sp = 5.1 x 105 cm? s~! [38]. For illustration, in Fig. 3, we
plot the expected recoil spectrum for a range of possible 4
masses. As one would expect, at low masses, there is little
dependence on the recoil spectrum, while at masses around
approximately 10 MeV, the rate starts to get very suppressed.

A detected nuclear recoil event will create a signal of n
photoelectrons (PEs) given by a Poisson distribution with
expectation value 7, given by

EMn(Eg) = (5)

i = EgL,(ERg)g;. (6)

L (Ey) is the light yield as a function of Ey as shown in
Ref. [39], and detector photon gain is g; = 0.144 £ 0.007
[40]. The event rate is then given by

dR* dR*
pa /Eff[ER] dEn x Poiss(n|i)dEg, (7)
where Eff[E}], the efficiency as a function of nuclear recoil
energy, is given in Fig. 1 of Ref. [11]. Finally, we model the
total signal rate as

dRa Sl dRa
IS ;Gauss(Sl n,/n0.5) x et

(8)

with the 0.5 factor coming from the uncertainty of the 1 PE
bin size. We find that the range of applicable S1 values is
3 < S1 < 20, and we neglect signals outside of this range
for our analysis.

C. Exclusion curves

The result of the XENONIT experiment excludes a
portion of the my, d neutrino dipole portal parameter
space. Following a Bayesian approach, with a signal s
and background b, an upper limit on s can be determined as

|
Sup = EFZZ {p’2(n + 1)] - b, (9)

where F;zl is the inverse cumulative y? distribution and 7 is

the number of observed events such that 2(n + 1) is the
number of degrees of freedom. The p factor is given by the
expression

p=1-a(Fz[2b,2(n+ 1)), (10)

where a is 1 — CL and CL is the confident limit [41]. An
alternative statistical analysis may employ the Likelihood
Profile method [42] incorporating the binned energy data.
A check of the calculated exclusion curve for d for several
values of m, showed nearly identical results between a
rudimentary likelihood profile method and the y? approach
employed here.

For the XENONIT data of the 0.9 t reference mass, with
two observed events and an expected background of 1.34
events (the lower range of 1.62 events with 0.28 uncer-
tainty), s,, = 6.53. Figure 1 shows the 90% confidence
exclusion in the (my, d) plane. Also shown are excluded
regions from previously published results (see the caption
for details). For reference, we also show the current and
future direct detection sensitivity to the muon-flavored
NDP in Fig. 4.

D. Up-scattering and decay considerations

Notice that in principle the dipole interaction admits the
possibility of v — N up-scattering prior to the neutrino flux
arriving at the detector. At minimum, a neutrino traverses
approximately 1 km to reach the underground detector.
We will find that the process of up-scattering in the Earth is
irrelevant for the parameters of interest. The total cross
section for up-scattering is roughly estimated as [10]

4F?
6,y = aZ?|d|? xlog<4;>. (11)
4RHUC
For an incoming solar neutrino with Boron-8 energies E,, =~
10 MeV while traversing a distance of 1 km through the
Earth, we find that d would need to be
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FIG. 4. Expected sensitivity to muon-flavored NDP at
XENONIT and a future SuperCDMS exposure (dashed curve
for projection). Included are bounds from NOMAD [9,43],
CHARM [9,44], MiniBooNE [10,45], IceCube [9], and
SN1987A [10].

1
(1 km)ngaZ? log(-25-)

7
my R nuc

d~

~0.14 GeV~!, (12)

where we assumed that the dominant contribution to the
terrestrial density is silicon. Dipole strengths this strong are
already excluded by a number of independent probes
including DONUT and IceCube (v, transitions) [9] and by
CHARM-II, MiniBooNE, and LSND [10] (v, transitions).

Shortly after being produced through up-scattering in the
detector, the v, state will eventually decay. If this decay,
vy — v+7y, happens inside the detector volume, the
resultant photon could potentially cause the signal to be
thrown away as background. Of course, if the initial nuclear
energy deposition in the up-scattering v + Xe — v, + Xeis
sufficiently far from the final decay of the v4, one may still
be able to perform a search using either only the nuclear
recoil events or a dedicated search aimed at the spatially/
temporally correlated nuclear and photon signals unique to
the NDP model. Such an analysis is beyond the scope of
this work but could result in bounds stronger than the
analysis performed here.

To ensure that the nuclear recoil events we model have not
been vetoed by the collaboration, we only exclude regions of
parameter space where the newly produced v, state decays
outside of the detector. To do this, we impose a penalty factor
on the neutrino dipole portal scattering rates to account for
the possibility that the heavy state decays in the detector
shortly after being produced. This penalty factor takes the
form

PD — e_lda(/fD’ (13)

where /. is a characteristic length scale of the detector,
which we take to be 100 cm, and the boosted decay length for
a v, with energy Ej is

167TE4 E4 2
l’ﬂD = }/ﬂT = dgmi <_> - L (14)

my

The above penalty factor was inserted into the integrand of
Eq. (4), using E4 = E, — Ep. This penalty factor determines
the upper boundary of our exclusion curves in Figs. 1 and 4.
For the decay N — v + y to occur inside within 100 cm,
we would need d > 4 x 107* GeV~! for E;, ~ 10 MeV and
my = 5 MeV.

III. FUTURE DIRECT BOUNDS: SUPERCDMS
ULTRALOW THRESHOLDS

The SuperCDMS Collaboration [46] anticipates the
detection of low-energy nuclear recoil events which could
exclude values of d several orders of magnitude lower than
the Xenon 1T data. For an order of magnitude estimate, a
1 ton-year exposure of the SuperCDMS experiment was
modeled. Using the published efficiency curve of the
SuperCDMS experiment [47] (see Fig. 4 in Ref. [47]),
the estimated background from solar neutrino nuclear
recoils is approximately 460 events. For a 3o discovery
signal above the statistical uncertainty, approximately 65
signal events are required. Figure 1 includes a projected
exclusion curve of the SuperCDMS experiment.

Worth noting is the fact that the SuperCDMS
Collaboration may soon be probing the neutrino floor as
solar neutrino backgrounds become prominent in their data.
For exposures much higher than 1 ton-year, the detector
sensitivity plateaus and cannot probe any lower values of d.
This is shown in Fig. 5 as the neutrino background systematic
uncertainties (dominated by the ®B flux uncertainty of

5.x107" :
— my4=1MeV
2.x107} — ma=5MeV
- — My = 10 MeV
| -7L J
> 1.x10
()
O 5.x1078
e
2.x1078
-8 ‘ ‘ ‘
1x10% 100 1000 10* 10°
Exposure [kg yr]
FIG.5. Anticipated exclusion reach of the SuperCDMS experi-

ment as a function of exposure, eventually plateauing due to
systematic uncertainties.
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0.2 x 10° cm? s™! [38]) obscure a potential signal from the
neutrino magnetic moment.

Eventually, pp solar neutrinos may contribute to the
neutrino background at direct detection experiments. This
would require very low-energy thresholds and would result
in a large enhancement of the event rate. For the mechanism
of the neutrino transition magnetic moment discussed in
this paper, we estimate that a future detector would require
a recoil energy threshold below approximately 1 eV to
observe the pp flux, and only if m, is below approximately
100 keV.

The upper limit of m, that could be excluded by the
Xenon 1T experiment is approximately 10 MeV due to the
maximum incoming energy of the relevant solar neutrino
flux. For the exposure of the Xenon 1T data, this maximum
energy is that of the solar neutrino B8 flux. To probe higher
values of my, the atmospheric neutrino flux could be
employed, but this requires an exposure of approximately
107 ton-years for a Xenon experiment.

IV. MODEL DISCUSSION AND CONSISTENCY
WITH COSMOLOGY

Throughout the paper, we have assumed that the NDP
term, Lypp D d(71,0,,F*N), dominates the phenomenol-
ogy of the heavy singlet lepton N but have not commented
on the implications of such an operator. As discussed
in Ref. [10], if N has a large Majorana mass, the NDP
interaction can generate a large active neutrino mass.
However, this concern is mitigated if the Dirac mass is
large compared to the Majorana mass. Moreover, it has
been known that the Zee model [48] of neutrino masses can
naturally accommodate large magnetic moments [49].
Other models that have been shown to allow for large
magnetic moments consistently are the Barr-Freire-Zee
spin-suppression mechanism [50] and horizontal flavor
symmetries [51] (see also Ref. [52]).

Bounds additional to those considered here can be
derived from cosmology. In particular, the NDP interaction
can delay the decoupling of neutrinos from the thermal bath
in the early Universe [9]. In the standard scenario, neutrinos
decouple around temperatures ~ M eV, and departures from
this may negatively impact observations sensitive to the

radiation energy density. We roughly estimate that the rate
of neutron-photon collisions induced by NDP scales as
I, ~ d*T" /m}. By requiring that this be below the Hubble
rate T°/mp at mega-electron-volt temperatures, we find

that d < 107*/my/GeV. Given that this is weak com-
pared to the other bounds we show in the figures, we
ignore it.

V. CONCLUSION

We have shown that the recent XENONIT data can be
used to constrain the neutrino dipole portal for tau flavour
states at new levels of sensitivity. The solar neutrinos which
are nearly detectable at direct detection experiments would
already have been observed if the NDP interaction were
sufficiently large. Future improvements in searches such as
these will come from large scale, low-threshold experi-
ments which will be capable of seeing large numbers of
solar neutrino events.

We note that, although we have focused on nuclear recoil
events here, one could extend the analysis to include
electron recoil events. Given the reduction in the c.m.
energy from scattering on electrons, this method will only
allow sensitivity to sterile masses m, < 0.5 MeV.

Lastly, we note that our computation of the excluded
NDP strengths has been intentionally conservative. This is
largely due to the imposition of the penalty factor, Eq. (13),
which vetoes events in which the singlet fermion decay
vy — v+ y occurs within the detector volume and may
therefore complicate discrimination from e/y backgrounds
since it yields a nonstandard S1 and S2 signal in
XENONIT. A similar effect arising from DM-induced
nuclear excitations which redecay to photon final states on
short time scales was studied in Ref. [53]. A future analysis
may be able to conduct a dedicated search for the
nonstandard S1 and S2 signals associated with the NDP.
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