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Micropattern gaseous detectors (MPGDs) are a class of technologies that enable the full three-
dimensional spatial reconstruction of ionization tracks from nuclear and electron recoils in gas.
Anticipating near-future 30 m3-scale time projection chambers with MPGD-based readout, we forecast
the sensitivity of such directionally sensitive low-energy recoil detectors to neutrino interactions beyond the
standard model. We work in the framework of neutrino nonstandard interactions (NSIs), and calculate the
combined recoil energy-angle distributions of the electron recoil signal generated by solar neutrinos in
atmospheric-pressure He∶CF4 gas. We estimate the expected exclusion limits that such an experiment
could place on various NSI parameters, as well as the mass and coupling of a new light mediator that
interacts with electrons and neutrinos. We find that with an achievable background reduction of around a
factor of ten from current estimates for a 30 m3 optical-readout detector using this gas mixture, sensitivity
to NSI parameters would already approach Borexino’s sensitivity. Directionality also allows for event-by-
event neutrino energy reconstruction, which would provide a means to resolve some parameter
degeneracies present in the modified neutrino cross section in this formalism. Our results strongly
motivate the development of small-scale directionally sensitive gas detectors for neutrino physics.
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I. INTRODUCTION

Almost 70 years since the first experimental detection of
the neutrino, its fundamental nature and connection to the
rest of the otherwise well-tested standard model (SM) of
particle physics is still mysterious. Although neutrinos
remain challenging to detect, the pursuit of answers to
questions such as the origin of their mass and the precise
phenomenology of their oscillations has accelerated the
proliferation of many diverse classes of large and highly
sensitive detectors, see e.g., Refs. [1–21] for an incomplete
sample. Detectors are able to observe and study neutrinos
from a range of sources at the precision level, extending
from low-energy neutrinos created by human beings, to

ultra-high-energy neutrinos generated by extreme astro-
physical environments, see e.g., Ref. [22] for a review.
Although most successive generations of neutrino

observatories have increased in size over the years,
technological developments have also allowed for the size
of a detector that is capable of making competitive
measurements of a neutrino source to decrease—for exam-
ple by trading target mass for lower energy thresholds,
better signal reconstruction, and enhanced background
rejection. In the case of neutrinos produced by the Sun,
the first hints of detection by the liquid-xenon-based
XENONnT [23] and PandaX [24] experiments are setting
new records for the smallest physical size of a detector able
to observe neutrinos from an astrophysical source.
These recent detections are possible thanks to the

combination of the large cross section for coherent elastic
neutrino-nucleus scattering (CEνNS) [25,26] as well as the
excellent nuclear/electron recoil discrimination and low
backgrounds of modern dual-phase xenon time projection
chambers—the latter advance having primarily been driven
by the (so-far unsuccessful) hunt for galactic dark matter
particles interacting with nuclei [27–29]. These results,
when combined with the experimental measurements of
CEνNS by COHERENT [30–32] and CONUS+ [33], are
inspiring explorations into the possible manifestations of
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beyond-SM neutrino interactions at lower energies than
have been studied before, see e.g., Refs. [34–54]. However,
at the ≳keV recoil energy scale searched for by these low-
background detectors, the CEνNS process is actually
responsible for a subdominant number of neutrino events.
In terms of total numbers, elastic neutrino-electron scatter-
ing (EνeS) due to the solar pp flux is a stronger signal by
around an order of magnitude. Unfortunately, at present,
these events are hidden beneath a large background of
electron recoils due to radioactivity in the detector and
environment, making it challenging to perform precision
measurements of the neutrino-electron cross section. In the
long term, future xenon experiments like XLZD [55–58]
should be poised to set constraints on new physics
manifesting in low-energy EνeS at an interesting level
of sensitivity (given estimates for the sensitivity of the
current generation like LZ, XENONnT and PandaX
[34,46,59–62]), but this will depend strongly on the level
of electron recoil background that is achieved. At present,
the best limits still come from Borexino [63–70], whose
sensitivity mostly (but not entirely) supersedes [71,72] that
of experiments using terrestrial neutrino sources like beam
dumps or reactors [73–77].
Nevertheless, due to the relatively high energy threshold

of Borexino when compared to dark matter detectors,
attempting to test beyond-SM physics in the neutrino
sector using low-energy electron recoils remains a well-
motivated challenge. To meet this challenge, however, we
require detectors that are able to accumulate a sufficient
number of reliable neutrino events that are not buried
beneath backgrounds which would otherwise preclude the
robust measurements of their cross section required to
discern differences from the SM prediction. A promising
idea to achieve this—one which was proposed many years
ago in this context [78–80],1 but has only become experi-
mentally feasible recently—is to attempt the full spatial
reconstruction of the recoil track directions.
Although neutrino directionality is an important and

well-established observable at higher energies [4,9,18,82],
there are currently only a very limited number of techniques
able to reconstruct this information in the regime relevant
for the low-energy solar neutrino fluxes [83–86]. So far,
directional detection of low-energy recoil tracks at the
necessary Oð10–100Þ keV energies has only been shown
to be experimentally feasible for time-projection chambers
(TPCs) using gaseous targets [87,88]. This technology has
seen significant advances over the last few decades, driven
partially by the goal of finding a dark matter detector that is
able to circumvent [89–93] the so-called “neutrino fog”
limit [28,94–102] imposed upon conventional direct detec-
tion experiments. It has been shown that a cost-balanced
trade-off is possible using the high-resolution capabilities

of highly segmented micropattern gas detectors (MPGDs),
which enable sub-mm spatial resolution and high signal-to-
noise reconstructions of fully three-dimensional ionization
tracks [88,103–105].2
The reconstruction of ionization tracks in gas can

provide a large amount of event-level information about
the recoils that generated them. However, the detrimental
effects of diffusion require that the distance over which this
ionization is drifted through the gas to the readout plane
must be kept to a minimum, i.e., 25–50 cm at most. This in
turn implies that a large-scale experiment of, say, 100 m3

volume or more, could only be achieved in a modular
configuration composed of multiple 10 m3-scale detectors.
Working towards the ultimate vision of a large-scale “recoil
observatory” of this kind is the goal of both the CYGNUS
Consortium [103,113–116] and the CYGNO Collaboration
[117–121]. The scale of an experiment necessary for a dark
matter search into the neutrino fog would be naturally
preceded by several stepping-stone detectors of Oð10 m3Þ
volume. These experiments—which are in development
now [121]—are the focus of this study as they will already
have a sufficient target mass and background level to obtain
sensitivity to solar neutrinos via EνeS.
As for the science case supporting a gas detector of this

scale over, say, a nondirectional liquid-based detector, there
are several notable advantages a directional measurement
offers. In particular, monodirectional sources like the Sun
or a neutrino beam are interesting because of the fixed
kinematic relationship between the neutrino’s initial energy
and the energy and scattering angle of the subsequent
recoil. In principle, a simultaneous measurement of the
recoil energy and angle (as enabled by MPGDs) allows for
the event-by-event reconstruction of the neutrino energy
spectrum. On top of this, a detector able to reconstruct the
full spatial distributions of recoil-induced ionization clouds
comes with a powerful intrinsic method for background
rejection and nuclear/electron recoil discrimination, both of
which have been shown to work down to ∼10 keV electron
recoil energies [115,117,122–128].
All of the advantages of directional gas detectors

mentioned above inspired Ref. [129], which evaluated
the detector requirements to perform solar neutrino flux
spectroscopy using EνeS. Here, we consider the extent to
which the science case for this kind of measurement
extends beyond this. As well as simply reconstructing
the neutrino flux, there will be additional, more subtle
information about the neutrino-electron cross section
accessible to an experiment measuring angular information
that might uncover corrections originating from new

1See also Ref. [81] for a similar proposal in the context of
geoneutrinos.

2This type of directional detection is referred to as “recoil
imaging” [88,104] to distinguish it from other, less powerful
types of directional detection that seek to only measure spatial
projections of ionization [106,107] or to infer directionality
indirectly [108–112], e.g., via daily modulation signals.
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physics. So in this paper, we extend Ref. [129] by
evaluating the size and performance of a gas-based direc-
tional recoil detector required to test whether or not
neutrino-electron scattering kinematics continues to be
described by the SM at low energies.
The paper is structured as follows: in Sec. II we describe

the theoretical calculation of the direction-dependent scat-
tering rate of solar neutrinos with electrons, within and
beyond the SM. In Sec. III we describe our model for the
detector technology, and discuss the relevant effects that
limit its ability to reconstruct the energy and direction of
neutrino events. In Sec. IV we explain our statistical
methodology, and then present results in Sec. V.

II. NEUTRINO-ELECTRON SCATTERING

We begin by describing neutrino-electron elastic scatter-
ing, both within the SM and after allowing for the
possibility of so-called “nonstandard interactions” (NSIs)
due to the presence of new mediators beyond the SM. We
also describe the helpful density matrix formalism, which
we adopt to handle the effects of NSIs on neutrino
scattering and oscillations in this formalism.

A. Directional event rate

For a detector containing NT scattering targets (e.g.,
electrons or nuclei) per unit detector mass, the differential
event rate for elastic neutrino scattering on those targets is
given by,

dR
dEr

¼ NT

Z
Emax
ν

Emin
ν

dEν
dΦ
dEν

X
α

PeαðEνÞ
dσα
dEr

: ð1Þ

Here dΦ=dEν is the neutrino flux, Er is the recoil energy,
and Eν is the neutrino energy. The quantity dσα=dEr is the
differential scattering cross section for the interaction of an
α-flavored neutrino with the target particle. The neutrino-
energy-dependent function PeαðEνÞ is the probability that
the electron neutrino νe produced in the solar core is
detected as a neutrino with flavor α ¼ fe; μ; τg after
oscillations. It is not possible to identify any flavor
information at the level of individual recoil events, so
we sum over α when computing dR=dEr.
To describe the directional dependence of the recoil

event rate, we follow the discussion in Refs. [90,130]. For a
detector with directional sensitivity, we expand the space of
observables to include the recoil direction q̂r, in addition to
the recoil energy, Er. To find the distribution of recoil
energies and angles we compute the double-differential
event rate, d2R=dErdΩr, where dΩr is a solid angle element
around q̂r. The expression for this is

d2R
dErdΩr

¼NT

Z
dEνdΩν

X
α

PeαðEνÞ
d2Φ

dEνdΩν

d2σα
dErdΩr

: ð2Þ

The first quantity inside the integral is the double-differ-
ential neutrino flux, which in the case of the Sun can be
written straightforwardly as

d2Φ
dEνdΩν

¼ dΦ
dEν

δðq̂ν − q̂⊙Þ; ð3Þ

where q̂ν is the incoming neutrino direction and q̂⊙ is the
unit vector pointing from the Sun to the detector. As for the
double-differential cross section, we can assume the scat-
tering is azimuthally symmetric, which means our solid
angle element is dΩr ¼ 2πd cos θr, or dΩr ¼ 2πd cos θ⊙ if
we work in a heliocentric coordinate system. The scattering
kinematics relates this angle to the neutrino energy and the
energy of the recoil via

cos θr ¼ q̂ν · q̂r ¼
Eν þm
Eν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er

Er þ 2m

s
; ð4Þ

so that

d2σα
dErdΩr

¼ 1

2π

dσα
dEr

δ

 
q̂ν · q̂r −

Eν þm
Eν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er

Er þ 2m

s !
; ð5Þ

where m is the mass of the target particle. Using Eqs. (3)
and (5) in Eq. (2), we find

d2R
dErdΩr

¼ NT

2π

Z
dEν

X
α

PeαðEνÞ
dσα
dEr

dΦ
dEν

× δ

 
q̂r · q̂⊙ −

Eν þm
Eν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er

Er þ 2m

s !
: ð6Þ

The δ-function in Eq. (6) can be rewritten as δðxþ 1
EÞwhere

we define

x¼ −
1

Eν
; y¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2Er

Er þ 2m

s
;

1

E
¼ q̂r · q̂⊙

y
−
1

m
; ð7Þ

where q̂r · q̂⊙ ¼ cos θ⊙. We can then perform the
δ-function integral over this new variable x to get

d2R
dErdΩr

¼ NT

2π

E2

y

�X
α
Peα

dσα
dEr

dΦ
dEν

�����
Eν¼E

: ð8Þ

1. Oscillation probabilities

The Sun produces electron-flavored neutrinos νe at its
core via nuclear processes [131]. The neutrino flavor states
then evolve during propagation through the solar matter
and in the vacuum until they are detected on Earth. The
Hamiltonian for neutrino propagation from the core of the
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Sun to the Earth in the flavor basis is given by

H ¼ 1

2Eν
U

0
B@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU†

þ
ffiffiffi
2

p
GFNeðxÞ

0
B@

1 0 0

0 0 0

0 0 0

1
CA; ð9Þ

where U is the Pontecorvo-Maki-Nakagawa-Sakata matrix
that transforms flavor eigenstates να to mass eigenstates νi,
and the mass-squared differences that govern the mixing
are labeled as Δm2

ij ≡m2
i −m2

j . The term
ffiffiffi
2

p
GFNeðxÞ is

the matter potential, capturing the coherent forward scat-
tering of neutrinos in the interior of the Sun. This term
depends upon the number density of electrons in the Sun,
NeðxÞ, which is a function of position x, which is measured
relative to the center of the Sun.
At the detector, the neutrino flavor state να can be

expressed as a superposition of νi, as follows:

Peα ¼
X3
i¼1

Pmðνe → νiÞjUαij2; ð10Þ

where Pmðνe → νiÞ is the probability of adiabatic transition
of νe to νi in the Sun. For a more detailed discussion and
derivation of Eq. (10), we refer to Refs. [132–134].

2. SM neutrino cross section

The expression for d2R=dErdΩr derived above applies to
both electron and nuclear scattering. However, we will now
focus our attention towards EνeS for the remainder of this
study. The motivation behind this is simply that the event
rate from solar pp and 7Be neutrinos is within reach of the
∼30 m3-scale gas detectors currently under preparation.
Nuclear recoils from the 8B neutrino flux could also be
measured, but require much larger gas volumes (∼1000m3)
as well as nuclear-recoil energy thresholds that still remain
challenging (∼keVr). We relegate a discussion of the
prospects for measuring solar NSIs through CEνNS to
Appendix B.
The SM differential cross section for EνeS

(ναe− → ναe−) is

dσα
dEr

¼2G2
Fme

π

�
g2Lαþg2R

�
1−

Er

Eν

�
2

−2gLαgR
meEr

2E2
ν

�
; ð11Þ

where me is the electron mass, GF is the Fermi constant,
and gL and gR are the SM couplings. The process
νee− → νee− can occur through both a charged current
viaW exchange, as well as a neutral current via a Z. On the
other hand the process νμ=τe− → νμ=τe− is purely a neutral

current interaction. As a result, the flavor-dependent SM
couplings are given by

gLe ¼ 1þ
�
sin2 θw −

1

2

�
;

gLμ ¼ gLτ ¼ sin2 θw −
1

2
;

gR ¼ sin2 θw; ð12Þ

where sin2 θw ¼ 0.2387 is the weak mixing angle [135].
The differential cross section for νμ interactions with e− is
the same as ντ interactions at tree level, but there are
percent-level differences between the two with higher-loop
corrections (see e.g., Refs. [133,134]). Since an experiment
of the scale we are interested in here will not be sensitive to
these differences, we neglect any radiative corrections
to Eq. (11).

B. NSI formalism

We have now laid out the expected rate of electron
recoils due to solar neutrinos under the SM. That calcu-
lation will form our null hypothesis, which we will test
against a possible extension to the SM. The extension we
consider is expressed in terms of the popular NSI frame-
work. For concreteness, we will consider NSIs due to a new
vector mediator and examine two limiting regimes for its
mass. A “light mediator” refers to one whose mass is
comparable to, or smaller than, the typical momentum
transfer q involved in the scattering process, while a “heavy
mediator” is one whose mass is considerably higher than q.
We expect qualitatively similar results for axial-vector
interactions, so for brevity, we do not explore these cases
here (compare figures for these cases in e.g.,
Refs. [34,46,48–51,72]). We emphasize that our motivation
in this study is to determine whether the size, performance
and background of a 30 m3-scale directional detector is
sufficient to distinguish NSIs from the SM at a competitive
level—an exhaustive comparison of phenomenologically
similar models is unnecessary to arrive at such a
conclusion.
Let us assume the existence of a new vector mediator Z0

of a gauged Uð1Þ symmetry extending the SM. The
mediator will couple to fermions f and neutrinos να.
The NSI Lagrangian in this case can be written as
[62,72,136,137]

LNSI ⊂ gZ0

�X
α

Qνα
Z0 ν̄αLγ

μναL þ
X
f

Qf
Z0 f̄γμf

�
Z0
μ: ð13Þ

Here, gZ0 is the NSI coupling andQi
Z0 denotes the individual

model-dependent vector charges. A few specific examples
of anomaly-free realizations of such models are given in
Table I. In this study, we will show results for only the
Uð1ÞB−L case, since the results for the various models are
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very similar. In the light mediator limit, the free parameters
of the model are ðgZ0 ; mZ0 Þ, wheremZ0 is the mediator mass.
When the mass of the mediator significantly exceeds the

momentum transfer of the interaction (mZ0 ≫ q), the
Lagrangian of Eq. (13) can be approximated as an effective
four-fermion operator interaction similar to the SM
Lagrangian [72,138–140],

Leff;NSI ⊂ −2
ffiffiffi
2

p
GF

X
f;P;α;β

εf;Pαβ ðν̄αγμLνβÞðf̄γμPfÞ; ð14Þ

where P ¼ fL;Rg is the projection operator. Here, we have
introduced the dimensionless effective coupling strengths
εf;Pαβ , which we take to be real valued. For vector NSIs in the
heavy mediator limit, we take the free parameters of the
model to be the following combination of L and R
couplings,

εfαβ ≡ εf;Lαβ þ εf;Rαβ : ð15Þ

In contrast to this, the axial-vector NSI coupling is
ε̃fαβ ≡ εf;Lαβ − εf;Rαβ . We will focus on the pure vector case

in this work by setting the axial-vector coupling ε̃fαβ to zero,

implying in turn that εe;Lαβ ¼ εe;Rαβ .
We label flavors as α; β∈ fe; μ; τg. Cases where α ¼ β

signify “flavor-conserving” interactions while α ≠ β are
“flavor-violating.” The models quoted in Table I are all
flavor-conserving, but it is possible to include flavor-
violating terms in analogy with Eq. (14), see e.g.,
Ref. [141].

C. Density matrix formalism

We now move on to describe the density matrix
formalism, which we adopt to handle the fact that the
introduction of NSIs modifies both the neutrino oscillations
and scattering at the same time. For more details on this
formalism, see Refs. [46,72,142].
We first write down the labeling for the scattering

processes, which will be

ναT → νfT;

where T represents the scattering target, να refers to the
neutrino flavor state taking part in the scattering, and νf
is the final neutrino flavor state. As mentioned above,

NSIs open up the possibility of flavor-violating terms
where f ≠ α.
In addition to scattering, neutrino oscillations allow the

neutrino flavor at detection (να) to be different from its
flavor at production—νe for the case of solar neutrinos—
which we label as

νe → να:

In order to account for the combined effect of neutrino
propagation and neutrino detection, one needs to combine
the two processes above, summing over the intermediate
state να.
Let Sint and Sprop be the S-matrices for scattering and

oscillation, respectively. The square of the amplitude of the
combined process can be written as

jAνe→νf j2 ¼
����
X
α

hνfjSintjναihναjSpropjνei
����
2

: ð16Þ

Any individual detected recoil event could be associated
with any neutrino flavor. So we take the sum over
amplitudes for all f when computing the rate, as follows:

dR
dEr

∝
X
f

����
X
α

hνfjSintjναihναjSpropjνei
����
2

: ð17Þ

We can manipulate this expression into a more convenient
form, as follows:

X
f

����
X
α

hνfjSintjναihναjSpropjνei
����
2

¼
X
αβ

X
γλ

ðSpropÞαγρeγλð0ÞðSpropÞ�βλ
X
f

ðSintÞ�fβðSintÞfα

≡X
αβ

ρeαβðLÞ
�
dζ
dEr

�
βα

¼ Tr

�
ρeðLÞ dζ

dEr

�
; ð18Þ

where ðSiÞαβ ¼ hναjSijνβi and we have used the fact thatP
α jναihναj ¼ 1. The term ρeγλð0Þ ¼ hνγjνeihνejνλi is the

density matrix element describing the initial neutrino
system at production. The quantity dζ=dEr is the gener-
alized scattering cross section, which accounts for the
correlation between different neutrino flavor-scattering
processes. The elements of this quantity can be written as

�
dζ
dEr

�
αβ

¼
X
f¼e;μτ

ðSintÞ�fαðSintÞfβ

∝ M�ðνα → νfÞMðνβ → νfÞ; ð19Þ

where the two matrix elements, M�ðνα → νfÞ and
Mðνβ → νfÞ describe the processes ναe− → νfe− and
νβe− → νfe−, respectively.

TABLE I. Qi
Z0 values for a few models.

Model Qe=νe
Z0 Q

μ=νμ
Z0 Qτ=ντ

Z0 Qu=d
Z0

B − L −1 −1 −1 1=3
Le − Lμ 1 −1 0 0
Le − Lτ 1 0 −1 0
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Finally, the neutrino density matrix ρeðLÞ at the detector
after propagation can be written as

ρeðLÞ ¼ Sprop ρeð0ÞS†prop

¼ e−iHL

0
B@

1 0 0

0 0 0

0 0 0

1
CAeiHL; ð20Þ

or, if labeling the matrix elements,

ρeαβðLÞ ¼ ðSpropÞαeðSpropÞ�βe: ð21Þ

Here, H represents the Hamiltonian of propagation (see
below) while L is the distance traveled by the neutrinos.
The resulting density matrix after oscillation is no longer
diagonal. Physically, this implies that the incoming neu-
trino at the detector before scattering is in a superposition of
flavor states.

1. Oscillation probability with NSIs

The inclusion of NSIs modifies the vector potential
influencing neutrino oscillations in matter, cf. Eq. (9). The
Hamiltonian for neutrino propagation from the core of the
Sun to the Earth in the flavor basis becomes

H¼ 1

2Eν
U

0
B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU†

þ
ffiffiffi
2

p
GFNeðxÞ

0
BB@
1þϵeeðxÞ ϵeμðxÞ ϵeτðxÞ
ϵ�eμðxÞ ϵμμðxÞ ϵμτðxÞ
ϵ�eτðxÞ ϵ�μτðxÞ ϵττðxÞ

1
CCA: ð22Þ

The ϵαβ are related to the NSI free parameters εfαβ defined in
Eq. (15) as follows3:

ϵαβðxÞ ¼ εeαβ þ ð2εuαβ þ εdαβÞ þ
NnðxÞ
NeðxÞ

ðεuαβ þ 2εdαβÞ; ð23Þ

where NnðxÞ is the neutron number density, and we have
implicitly assumed the proton number density NpðxÞ ¼
NeðxÞ for neutral matter. The above expression is already
appropriate for describing NSIs in the heavy mediator limit.
However, since the flavor conversion of neutrinos in the
presence of matter gets affected by the coherent forward
neutrino-matter scattering, we work in the q2 → 0 limit
when accounting for the effect of NSIs on oscillations. This
makes it possible to use the same expressions also in the
light mediator parametrization—we simply need to

translate ðgZ0 ; mZ0 Þ into an equivalent set of (flavor-con-
serving in our case) εfαα parameters, as follows:

εfαα ¼ g2Z0Q
f
Z0Q

να
Z0ffiffiffi

2
p

GFm2
Z0
: ð24Þ

Working in the one mass dominance (OMD) approxi-
mation (Δm2

31 → ∞), the density matrix elements can be
calculated using an effective three-flavor oscillation
scheme. The ðSpropÞ in Eq. (20) is given by

ðSpropÞαe ¼ Oe1

�
Oα1S

ð2Þ
11 þOα2S

ð2Þ
21

	þOα3Oe3e−iΔ33L:

ð25Þ

More details about how Sð2Þ11 and Sð2Þ21 are calculated can be
found in Appendix A.
After taking the average over the distribution of pro-

duction locations in the Sun (which differs for each
neutrino flux), the density matrix elements for general
flavor indices α; β∈ fe; μ; τg become

ρeαβðLÞ ¼ ðOe1Þ2½ðOα1Oβ1ÞP2ν
ee þ ðOα2Oβ2ÞPext

þ ðOα1Oβ2ÞPint þ ðOα2Oβ1ÞP�
int�

þ ðOα3Oβ3ÞðOe3Þ2: ð26Þ

The terms O≡ R23R13, P2ν
ee; Pint and Pext are defined as

O ¼

0
BB@

c13 0 s13
−s13s23 c23 c13s23
−s13c23 −s23 c13c23

1
CCA; ð27Þ

P2ν
ee ¼

1

2
ð1þ cosð2θ12Þhcosð2θmÞiÞ; ð28Þ

Pint ¼ −
1

2
hcosð2θmÞi sinð2θ12ÞeiδCP ; ð29Þ

Pext ¼
1

2
ð1 − cosð2θ12Þhcosð2θmÞiÞ; ð30Þ

where sij ¼ sin θij; cij ¼ cos θij, θij are the vacuummixing
angles and δCP is theCP-violating phase. We use the best fit
values given in Ref. [143]. θm is the effective mixing angle
in matter, calculated by finding the eigenvalues of the
Hamiltonian in Eq. (22) in the OMD approximation,
detailed further in Appendix A. The terms containing
factors of eiΔ33L rapidly oscillate as a function of neutrino
energy, and the resulting density matrix elements after
averaging do not depend on them.
The electron flavor diagonal density matrix component

is calculated to be
3Note that we take all ε parameters to be real valued in this

study, although in general they may be complex valued.
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ρeeeðLÞ ¼ s413 þ c413P
2ν
ee ¼ P3ν

ee: ð31Þ

Hence, the diagonal terms of the density matrices, ρee, ρμμ
and ρττ correspond to the measurement probabilities of the
system, i.e., Pee; Peμ and Peτ, respectively. These will
equate to the SM case, when all ϵαβ parameters in Eq. (22)
are set to zero.

2. Cross section

For EνeS we set f ¼ e in the Lagrangians of Eqs. (13)
and (14). In this work, we consider purely vector couplings
for which gL ¼ gR. The effects of the light mediator NSI in
the cross section can be included by modifying the
couplings in Eq. (11) [62,72], as follows:

Light mediator∶

gNSIL=R ¼ gSML=R þ g2Z0Qe
Z0Q

να
Z0

2
ffiffiffi
2

p
GFð2meEr þm2

Z0 Þ
; ð32Þ

where the chargesQ are chosen from Table I. In this case, it
is readily apparent that we recover the SM when we switch
off NSIs by setting gZ0 ¼ 0.
For the heavy mediator case, to account for flavor-

violating effects, we replace the SM cross section with the
generalized scattering cross section [46,72,142], as follows:

Heavy mediator∶�
dζ
dEr

�
NSI

αβ

¼ 2G2
Fme

π

X
f

�
GL

αfG
L
fβ

þGR
αfG

R
fβ

�
1 −

Er

Ev

�
2

− ðGL
αfG

R
fβ þGR

αfG
L
fβÞ

meEr

2E2
ν

�
; ð33Þ

where

GL
αβ ¼ gLβδαβ þ εe;Lαβ ; GR

αβ ¼ gRδαβ þ εe;Rαβ : ð34Þ

If we turn off NSIs by setting εe;Lαβ and εe;Rαβ to zero, the
generalized cross section becomes diagonal, and the
diagonal components ð dζ

dEr
Þ
ee
,ð dζ
dEr

Þ
μμ

and ð dζ
dEr

Þ
ττ
correspond

to the SM cross sections dσe
dEr

, dσμ
dEr

and dστ
dEr

of Eq. (11),
respectively. Note that the label αβ does not mean that α is
the initial and β the final neutrino state—they are both
initial-state indices, as shown in Eq. (19).

3. Double-differential event rate with NSI

A change of neutrino flavor during a scattering process is
disallowed in the SM. In terms of Eq. (19), this means that
the final neutrino state f should be the same as the initial

neutrino states α and β; i.e., f ¼ α ¼ β. This implies that
the generalized cross section is diagonal, and as seen in
Sec. II C 2, these diagonal elements correspond to the SM
cross sections. We also saw in Sec. II C 1 that the diagonal
elements of the density matrix ρe correspond to the
transition probabilities Peα. Thus, if we were to express
our SM event rate in terms of the density matrix and
generalized cross section, it would reduce to a product of
transition probability and cross section, as follows:

�
d2R

dErdΩr

�
SM

∝ Tr

�
ρe
�
dζ
dEr

��
SM

∝
X
αβ

�
ρeαβ

�
dζ
dEr

�
βα

δαβ

�
¼
X
α

Peα
dσα
dEr

:

However, with NSI effects included, we can have
f ≠ α ≠ β which means that the generalized cross section
can have off-diagonal terms. To account for all these
processes, we must express the NSI-modified event rate as

�
d2R

dErdΩr

�
NSI

∝ Tr

�
ρe
�
dζ
dEr

��
NSI

: ð35Þ

This expression is therefore a more general expression for
event rate calculations—it can be used for both SM flavor-
conserving interactions, as well as NSI flavor-violating
interactions.
So in summary, we rewrite the full expression for the

double-differential event rate that we wrote down in Eq. (8)
in terms of a density matrix and generalized cross section,
as follows:

d2R
dErdΩr

¼ NT

2π

E2

y

�
Tr

�
ρe

dζ
dEr

�
dΦ
dEν

�����
Eν¼E

: ð36Þ

Finally, we note that we must also calculate this rate for
each solar neutrino flux separately, as opposed to defining
Φ ¼ Φpp þΦ7Be þ � � � as the sum of all fluxes. This is
because the density matrix depends on the neutrino
production profiles within the Sun, which are different
for each flux. For electron recoils, we consider both pp and
7Be fluxes, with pp contributing around 75% of the rate.
The remaining solar fluxes contribute less than a handful of
events, given the detector volumes we are interested in here.
For nuclear recoils (Appendix B), we consider only the 8B
flux. For the full electron and nuclear recoil rates across all
of the solar neutrino fluxes, as well as prospects for their
detection and spectroscopy using directional gas detectors,
we refer to our previous study [129].

D. Comparison of SM and NSI total rates
and angular recoil spectra

In general, the inclusion of nonzero εeαβ leads to an
enhancement in the cross section and so a larger event rate
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compared to the SM prediction, roughly scaling as
R ∝ ðεeαβÞ2. That said, it is possible for interference
between positive and negative terms in the cross section,
leading to a suppression in the rate relative to the SM.
In Fig. 1, we display the total expected number of

electron recoils per year in a 30 m3 gas volume containing
a mixture of He and CF4 at atmospheric pressure. This
choice of volume and gas mixture is motivated further in
the next section—for now, we focus on the dependence of
the total rate on the NSI parameters, where Fig. 1 applies to
the heavy mediator limit. Here we consider varying one
NSI parameter at a time, with all others fixed at zero,
including εu;dαβ . We see that, in general, turning the NSI
parameters on leads to an enhancement in the total rate. The
most obvious exception is εeee ≈ −1.2 for which there is a
partial cancellation in the cross section. Cancellations also
occur for the other couplings but are very small in
magnitude and occur for small values of ε, so they are
not easily visible on the plot. For comparison, we have
highlighted the current range of εeαβ allowed at 90% CL,
from an analysis of Borexino’s Phase II spectral data [72],
under the same assumption that only one NSI coupling is
active at a time.
From Fig. 1, we can already conclude that while the

event numbers are at an observable level in an experiment

of this scale, obtaining statistics needed to discriminate
against the SM for εeαβ ≲ 0.5will require either a substantial
increase in exposure (volume × time) or an extremely low
electron recoil background. However, as we will motivate
now, the ability of MPGD-based experiments to reconstruct
both the recoil energy and the recoil direction independ-
ently will greatly alleviate the required background level.
To highlight the effect of the NSI parameters on the

energy-angle distribution, Figs. 2 and 3 display the double-
differential event rates. In this case, we are showing the
double-differential event rate in heliocentric coordinates,
i.e., in terms of cos θ⊙, where cos θ⊙ ¼ 1 corresponds to a
recoil pointed in the direction of the solar vector, q̂⊙. The
side panels of Fig. 2 also show the differential event rate as
a function of cos θ⊙ and Er alone, i.e., after integrating
d2R=dErd cos θ⊙ over energy and angle, respectively. Both
panels in Fig. 2 demonstrate that the recoil distribution
remains pointed towards the solar direction. Recall that
energy and angle are correlated: the highest energy recoils
carry more of the incoming neutrino’s forward momentum,
so they will have small scattering angles or values of cos θ⊙
close to 1. When NSIs are turned on, the event rate is
generally enhanced more at low energies than at high
energies, which means the angular distribution becomes
slightly less focused towards the solar direction. We show
two illustrative cases, one for the heavy mediator limit and
one for the B − L light mediator, but we have checked
many different configurations and find that the behavior
seen in Fig. 2 is generic.
To illustrate this latter point further, Fig. 3 shows the

relative difference between the SM and the heavy mediator
NSI cases, again when each coupling εeαβ is turned on,
while all others are fixed at zero. The blue colors show
regions of this space of observables where the NSIs lead to
a suppression in the rate compared to the SM, while pink
regions are where it receives an enhancement. We note that
while the general behavior is the same, there are subtle
differences in the effects of each set of αβ on
d2R=dErd cos θ⊙. These differences are not present at
the level of the total event rate (Fig. 1), where turning
on different εeαβ couplings can lead to identical values for
the total expected number of events. This result motivates
the use of a detector able to measure both Er and cos θ⊙ to
attempt to search for the presence of NSIs and identify
which interactions may or may not be active.

III. DIRECTIONAL ELECTRON-RECOIL
DETECTION WITH GAS TPCS

We now describe how we model a directional gas-based
detector. The first quantity to fix is the target medium. In
line with the promising simulations and sensitivity studies
performed in the context of the CYGNO experiment, we
will assume the use of atmospheric pressures of He∶CF4.
This gas mixture is an electron drift gas and can allow high

FIG. 1. Yearly expected number of electron recoil events with
energies Er > 10 keV, in a 30 m3 gas detector containing a
60∶40 mixture of He and CF4 at atmospheric pressure. Each line
shows the total rate as a function of a different εeαβ where all other
values of εeαβ are kept at zero. The case for the SM is shown with a
dotted gray line. The thick part of each line shows the range of ε
allowed by Borexino at 90% CL. The event numbers shown here
correspond to the sum over the pp and 7Be fluxes.
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gas gains of Oð106Þ with gas electron multipliers (GEMs),
at the minor cost of worse diffusion compared with
negative-ion drift gases like SF6. At the relevant energies,
electron recoils have much longer tracks than nuclear
recoils, but lower ionization densities, which means
enhancing signal-to-noise is preferable over spatial reso-
lution. The CF4 gas also scintillates in the visible range,
which as well as enabling the use of an optical readout (i.e.,
cameras), also means the light can be timed to use for
reconstruction of a track’s angle with respect to the drift
direction orthogonal to the readout. This is the strategy for
full three-dimensional spatial reconstruction adopted
by CYGNO.
The addition of helium to the CF4 has many advantages.

In particular, it provides more scattering sites without
substantially increasing the gas density, and so degrading
the directional performance. It also allows the detector to
operate at atmospheric pressure, simplifying the design and
engineering of the gas vessel.
In Ref. [129], we motivated the use of a 60∶40 ratio for

He∶CF4 at atmospheric pressure for solar neutrino detec-
tion. Since preparations are underway by the CYGNO
Collaboration for a 30 m3 scale detector using this gas
mixture, we will fix 30 m3 × 5 years as a near-term
exposure benchmark, but will entertain further scale-ups
if competitive sensitivity to some physics channel requires

it. Since ongoing design studies are now focused primarily
on materials screening and background reduction, our
discussion will primarily focus on the impact of the total
background rate Rbg as opposed to total volume.
Discussion of our assumed background model can be
found in Sec. III B.

A. Detector performance

Having derived the input theoretical double-differential
event rate d2R=dErdΩr in Sec. II, we now describe how
these event rates can be converted into functions that more
closely resemble the space of observables for a gas-based
time-projection chamber.
The two main quantities a direction-sensitive detector

aims to reconstruct are the total recoil energy and the initial
recoil direction. This is done by reconstructing the three-
dimensional ionization cloud produced when the recoil
deposits energy as it slows down in the detector medium.
The full three-dimensional ionization distribution is typi-
cally obtained by combining a two-dimensional projection
onto the highly pixelated MPGD readout, with the third
axis relative to that plane reconstructed using timing.
Depending on the type of readout involved, the arriving
charge can either be detected directly (electronic readout)
or the scintillation produced during the amplification stage
can be imaged with high-resolution cameras (optical

FIG. 2. Two illustrative cases of the double-differential event rates as a function of recoil energy, Er, and recoil angle with respect to
the Sun, cos θ⊙. The central colored panels display d2R=dErd cos θ⊙ for the NSI case. We assign a set of εeαβ as labeled for the heavy
mediator example (left), and (mZ0 ; gZ0 ) as labeled for the B − L light mediator example (right). The smaller panels to the left and above
the main panel in each case show the event rate integrated over angle and energy, respectively. In all panels, the solid lines correspond to
the NSI case while the dashed lines show the SM (∀ εeαβ ¼ 0 or gZ0 ¼ 0 for heavy and light mediators, respectively). In all of these cases,
the lines correspond to the rate after it has been normalized by the maximum value so as to highlight differences in shape (although the
total rate also differs, as shown in Fig. 1). In the main panels, the solid and dashed contours also delineate equal values of the rate
normalized by the maximum value—the four levels correspond to 0.75, 0.5, 0.25 and 0.1.
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readout). A detailed understanding of the expected ioniza-
tion distributions from recoils of a given energy and particle
type is then required to infer the initial energy and direction
from the reconstructed ionization track. This procedure
involves either fitting the distributions using traditional
methods, or using dedicated machine-learning algorithms
[88,114]. Since we are not performing full gas simulations
here, our goal is to write down simple functional descrip-
tions of the physical effects that limit the ability to
reconstruct the initial recoil direction and energy perfectly,
inspired by the performance of existing algorithms tested
on experimental data. We do this following the same
strategy as in Ref. [129], which we recap briefly here.
We emulate the performance of the detector by con-

volving the underlying theoretical event rate with several
performance kernels. These describe the major effects that
degrade the ability of the detector to reconstruct the correct
energy and cos θ. These effects are especially important at
low energies when the tracks become small and signal-to-
noise decreases. The most efficient approach to apply these
effects is at the event level, by running a Monte Carlo
simulation. The procedure we follow is described further in
Ref. [129], in short, it amounts to first generating recoil
energies and angles from d2R=dErd cos θ⊙, and then
resampling those energies and angles from a set of kernels
that describe the energy and angular resolutions. The final

step is then to randomly assign a vector sense to the recoil
direction according to a head-tail efficiency function. We
describe these functions below. Then, when those effects
are applied, we rebin the events into a new “observed”
double-differential event rate, d2Robs=dErd cos θ⊙.
The effect of finite energy resolution is captured by a

Gaussian with width σE that depends on energy. Given a
true underlying value of Er we draw a “measured” recoil
energy E0

r from the distribution, as follows:

KEðEr; E0
rÞ ¼

1ffiffiffiffiffiffi
2π

p
σEðErÞ

exp

�
−
ðEr − E0

rÞ2
2σ2EðErÞ

�
: ð37Þ

We use the following simple function for the energy spread,

σE
Er

½%� ¼ 11þ 21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Er=keV

p ; ð38Þ

which is fit to electron recoil data from the CYGNO-LIME
detector [144]. The reference energy of 35 keV is arbitrary,
but here we choose it to lie at the 10th percentile of the
recoil energy distribution above the threshold of 10 keV,
which means we can interpret the value of pE as the
resolution achieved by 90% of the recoil spectrum.
Next, the reconstruction of cos θ is degraded by an

angular resolution kernel taken to be a von Mises–Fisher
distribution [114],

Kθðq̂; q̂0; ErÞ ¼
κðErÞ

4π sinh κðErÞ
exp ðκðErÞq · q0Þ; ð39Þ

where the parameter that specifies the variance of the von
Mises–Fisher distribution is κ. Rather than quoting this
parameter, we will express the angular resolution in terms
of the more intuitive variable, the rms axial angular
resolution σθ, which is a monotonic function of κ that
can be evaluated numerically. We find this relationship by
calculating the rms axial angle between a sample of recoil
vectors generated according to the distribution above, and
then repeating this process over a suitable range of κ. The
von Mises–Fisher distribution has the advantage over, for
example, a truncated Gaussian, in that it reflects the fact
that the distribution exists on the sphere.
The rms angle between two axes approaches σθ ¼ 1

radian for completely uncorrelated directions (i.e., the limit
of no directional sensitivity). Following on from the
discussion of σEðErÞ above, we approximate the energy-
dependence of the angular resolution with the following
function form,

σθðErÞ ¼ pθ

ffiffiffiffiffiffiffiffi
Eref

Er

s
; ð40Þ

where pθ ¼ 10° for our baseline detector performance
benchmark, as inspired by results from gas simulations

FIG. 3. Similar to Fig. 2, only now we show the relative
difference in the energy-angle distributions of the recoils, which
quantifies the differences compared to the SM for all six of the
NSI parameters. More precisely, we are showing ðrNSI −
rSMÞ=rSM where r ¼ ð1=RÞd2R=dErd cos θ⊙ is the double-differ-
ential event rate normalized by the total rate. For each panel, we
set all other εeαβ to zero apart from the component labeled, which
we set equal to 1. This figure highlights that εeee, εeeμ, and εeeτ have
the largest relative impact on the angular distributions.
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of electron recoils at the relevant energies [144,145]. Note
that the Er appearing in this equation is the true recoil
energy, not the reconstructed energy, E0

r.
One important assumption that we should emphasize here

is that, by taking cos θ⊙ as our derived measurable quantity,
we are assuming that the detector has three-dimensional
reconstruction, and so the track direction can be rotated into
heliocentric coordinates. Although we do this for simplicity
(relaxing this assumption would force us to also consider the
event time and detector orientation), the ability to perform
three-dimensional direction reconstruction is considered to
be amajor design feature in allMPGD-based detectors being
developed right now. CYGNO is able to achieve this by first
measuring the two-dimensional projection of the recoil track
along the optical readout plane made up of highly sensitive
complementary metal–oxide–semiconductor cameras,
which are placed beyond an amplification stage made up
of GEMs. This projection is then combined with the one-
dimensional projection along the drift axis provided through
the timing of scintillation light detected by photomultiplier
tubes. The combination of these signals is what also enables
the precise reconstruction of the recoil energy.
The final detector performance effect we account for is

the limitation in reconstructing the correct � sense of the
recoil direction. This is a particularly important effect at the
lowest energies, where tracks are shortest and the ionization
density is low. It is possible at these energies that the track
alignments could be reconstructed even while the head and
the tail of the track are not. The head and tail of a recoil are
primarily reconstructed by using the differences in the
dE=dx along the track. Unlike nuclear recoils, which are on
the stopping side of the Bragg peak, the electrons deposit
more ionization as they slow down. So the tail (end) of the
track curls up and contains the most ionization. Since in our
simplified description, head-tail assignment is binary, we
simply randomly assign a � sign to each recoil vector with
a probability given by the function

εHTðErÞ ¼
1

2

�
1

1þ e−aHTðEr−EHTÞÞ þ 1

�
: ð41Þ

This functional form captures the behavior of head-tail
performance well for all recoils, which, by definition, must
begin at zero at Er ¼ 0, and plateau at 1 for high-enough
energies. For our baseline performancewe assume aHT ¼ 0.2
andEHT ¼ 20 keV. Since the neutrino recoils are restricted to
a single hemisphere due to the scattering kinematics (up to the
effects of angular resolution), the primary effect of the head-
tail performance is to limit the ability to distinguish neutrino
events from isotropic backgrounds.
The final effect we should include in principle is the

event-level efficiency of the experiment. This is more
difficult to quantify at present, as it will depend on the
specifics of a given detector and the way the data are
collected and analyzed. To keep the discussion in this study

as clear as possible for when our results are applied in real
detector simulations by the CYGNO Collaboration, we
simply incorporate a step-function efficiency curve by
imposing a hard threshold at 10 keV. Our results are
relatively weakly dependent on this threshold since the
electron recoil distribution due to pp and 7Be neutrinos is
not very steeply falling at these energies, and in any case,
all of our energy and angular performance curves have
already degraded significantly by this energy.

B. Backgrounds

The rate of non-neutrino electron-recoil backgrounds in
experiments of this type is the main quantity that will limit
their sensitivity. Fortunately, the directionality will provide
an excellent technique to reject backgrounds, which are
expected to be close to isotropic. Nevertheless, back-
grounds will appear in the signal region defined by
cos θ⊙ ∈ ½0; 1�, so we must incorporate some background
model that quantifies this.
We make an educated guess as to the rate and energy

spectrum of the background using recent background
simulations performed in preparation for a future 30 m3

scale-up of the CYGNO experiment to be located at
Laboratori Nazionali del Gran Sasso. Note that the general
design parameters of CYGNO-30, in terms of gas mixture
and directional performance, have already inspired most of
the choices we have made in this study so far. The
differential recoil spectrum for an isotropic background
model can be written as follows:

d2Rbg

dErdΩr
¼ Rbg

4πEbgðe−Eth=Ebg − e−Emax=EbgÞ e
−Er=Ebg : ð42Þ

For our chosen model we have Eth ¼ 10 keV and
Emax ¼ 700 keV. The model is parametrized by one free
parameter, the total background rate Rbg. We fix the scale of
the exponential fall off of the background energy spectrum to
be Ebg ¼ 67 keV, which we find to be a good fit to the
spectrum of the total internal background from a simulation
of CYGNO-30 [144]. This simulation includes all material
electron backgrounds in the 0–1000 keV energy window,
with the field cage being the dominant contributor to the
background budget, followed by the GEMs and camera
sensors.
As for the amplitude of the background rate, Rbg, to

make the discussion more intuitive, we will express its
value relative to the total event rate from solar neutrinos Rν

under the SM (see the gray dashed line in Fig. 1).
Importantly, the simulations for CYGNO [144] suggest
Rbg=Rν ∼ 500 is already achievable without any dedicated
background reduction which, as we will discuss, is quite
promising. In particular, this study did not account for the
possibility of using the ultra-low radioactivity kapton
presented in Ref. [146], and so naively a further

SEARCHING FOR BEYOND-STANDARD-MODEL SOLAR … PHYS. REV. D 112, 123021 (2025)

123021-11



background reduction is possible already. To see the impact
of the size of the background on the scientific reach of the
experiment we will explore a wide range of possible
background reduction factors, while keeping in mind that
Rbg ¼ 50Rν is a realistic expectation for a fully deployed
experiment of 30 m3 volume. To demonstrate the power of
directionality, in our likelihood analysis described in the
next section, we will float the value of Rbg as an unknown
nuisance parameter.

IV. LIKELIHOOD ANALYSIS

Having described all the necessary ingredients for cal-
culating a reasonable approximation to the neutrino signal
detectable by a gas-based directional detector, the final step
is to develop a statistical methodology. Our previous
analysis in Ref. [129] focused on the ability of the detector
to measure the neutrino flux over some experimental back-
ground. Here, our scientific question is slightly different.
Given an observed set of neutrino-induced electron recoil
energies and directions, is their distribution consistent with
the SM or not? Fortunately, the SM event rate can be
expressed as a special case of the more general NSI
formalism (i.e., ∀ εeαβ ¼ 0, or gZ0 ¼ 0) which means our
null hypothesis that the SM is true is nested within a more
general alternative hypothesis that the event rate is described
by Eq. (35). This then permits us to use the profile likelihood
ratio test and apply Wilks’ theorem.
We start by writing down a likelihood. To facilitate the

use of Asimov statistics (see below), we will use a binned
likelihood based on the event rate having been binned in
energy and cos θ⊙, i.e.,

Nij
ν ðεÞ¼MT

Z
cosθi⊙þΔcosθ

cosθi⊙

Z
Ej
rþΔEr

Ej
r

d2RobsðεÞ
dErdcosθ⊙

dErdcosθ⊙;

ð43Þ
where MT is the exposure (mass × duration) of the
experiment. Our bins run over the domain
cos θ⊙ ∈ ½−1; 1� and Er ∈ ½10; 700� keV across 50 linearly
spaced bins each. The exact binning scheme does not
impact our results since the finite energy and angle
reconstruction are already taken care of, as discussed
in Sec. III. For compactness, we use the shorthand here
ε≡ fεeαβg to denote the set of all ε values upon which we
are performing the statistical test. The background distri-
bution is constructed using the same binning scheme. We
parametrize the background using a normalization b whose
correct value is 1. This means we can parametrize an
expected number of events in bin ij as

Nij
expðε; bÞ ¼ Nij

ν ðεÞ þ bNij
bg: ð44Þ

We now construct a binned likelihood for the parameters
fε; bg given some observed data Nij

obs which we assume to

be Poisson distributed with mean Nij
exp, as follows:

Lðε; bÞ ¼
Y
i

Y
j

Poiss½Nij
obs;N

ij
expðε; bÞ�: ð45Þ

In practice, we use the log-likelihood, which can be
written as

lnLðε;bÞ¼
X
ij



Nij

obs ln½Nij
ν ðεÞþbNij

bg�−ðNij
ν ðεÞþbNij

bgÞ
�
:

ð46Þ

We neglect the Nobs! term which will cancel when we take
likelihood ratios.
We wish to construct a profile-likelihood ratio test that

quantifies the extent to which the null hypothesis of the
SM, i.e., ε ¼ 0, describes the data. To do this, we will
assume that the observed data are described by the SM and
forecast the expected exclusion limits one could then set on
ε. We write down the standard profile likelihood ratio test
statistic (TS) used for deriving exclusion limits as [147]

TSðεÞ ¼ −2ðlnLðε; ˆ̂bÞ − lnLðε̂; b̂ÞÞ;

where ˆ̂b is the maximum likelihood estimator (MLE) at
some fixed value of ε, whereas b̂ and ε̂ are the MLEs for the
full likelihood. Wilks’ theorem holds in this model setup,
which states that the distribution of TS asymptotically
follows a χ2n distribution where n is the number of
parameters in ε.
To make an estimate of the expected exclusion limit that

a future experiment could set, we employ the Asimov
dataset. The Asimov dataset is a hypothetical situation in
which the observed data exactly follow the expectation
under some assumed set of “true” parameter values. Since
we are projecting exclusion limits, where we imagine that
the SM hypothesis correctly describes the data, we set
Nobs ¼ Nexpð ∀ ε ¼ 0; b ¼ 1Þ. The MLEs are then b̂ ¼ 1

and ε̂ ¼ 0, while ˆ̂b can be found numerically by solving

∂ lnLðε; bÞ
∂b

¼
X
ij

�
Nij

obsN
ij
bg

Nij
ν ðεÞ þ bNij

bg

− Nij
bg

�
¼ 0: ð47Þ

As described in Ref. [147], the value of TS under the
Asimov dataset asymptotically approaches the median of
its distribution. That is to say, when we forecast an
exclusion limit using the Asimov dataset, we find a good
estimate of the level of sensitivity that at least 50% of
hypothetical experiments could achieve. To forecast a limit
at a given CL we then simply need to find values of ε at
which the TS crosses some threshold value. For setting
two-sided limits at the 1 − p level on the n parameters in ε
we use the 1 − p percentile function of the χ2n distribution.
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For one-sided limits, e.g., on the parameter gV in the light
mediator case, we use the 1 − 2p percentile function.

V. RESULTS

We will now show estimated median 90% exclusion
limits on the various εeαβ and ðgZ0 ; mZ0 Þ parameters for a
range of choices for the directional performance and
background conditions. Since we are motivated by the
upcoming 30 m3 detector being developed by the CYGNO
Collaboration, we will present results for this fixed total
volume, and provide an analytic scaling to understand how
to extrapolate our results to larger volumes. Our primary
goal is to motivate small-scale direction-sensitive gas
detectors in general, as well as to understand the level of
electron recoil background that is required to set relevant
constraints on the neutrino cross section using a detector of
this type.
To have something to compare our results against, it is

useful to define what we call an equivalent “nondirectional
experiment.” This is a hypothetical experiment that
observes an identical event rate as our directional experi-
ment, but does not have access to any cos θ⊙ information.
We can forecast limits for this experiment in the same way,
but instead of Nij

exp appearing in the likelihood, we first take
the sum over cos θ⊙ bins in the equation above, i.e.,

Nj
exp;non-dirðεÞ ¼

X
i

Nij
expðεÞ: ð48Þ

As another point of comparison, we also define an
“idealized performance” benchmark where the energy

and angular performances are not included. This
amounts to calculating Nexp directly from the underlying
d2R=dERd cos θ⊙ as opposed to d2Robs=dERd cos θ⊙ which
includes the performance effects. All of the figures in this
section will then show three benchmark experiments:
nondirectional, directional (realistic) and directional (ideal-
ized)—with the expected sensitivity improving in that
order. We reiterate at this point that our goal is not to
claim world-leading sensitivity to NSIs, but to highlight
that—thanks to directionality—a gas-based experiment can
make an interesting contribution to the global picture of the
neutrino’s properties, despite being several orders of
magnitude smaller and cheaper than its nearest competitors,
e.g., Borexino.
First, in Fig. 4 we show a set of forecasted two-sided

median 90% CL exclusion limits (TS ¼ 2.71) on various
εeαβ parameters in the heavy mediator limit. These are one-
dimensional constraints where we turn on one NSI cou-
pling from αβ ¼ fee; eμ; eτ; μμ; μτ; ττg, with all others set
to zero. As a direct point of comparison, we show the two-
sided 90% CL exclusion limits from an analysis of
Borexino Phase II spectral data [72]. In all cases, the
gas mixture, exposure time, volume, and pressure are fixed
as labeled in the figure. The three panels from left to right
vary only the background rate, Rbg, from 5 to 500 times the
SM neutrino rate. The latter value is the current estimate of
the background level from simulations, prior to any
dedicated screening or reduction efforts. We see that the
constraints for the worst background condition are not at a
competitive level, but after only a ×10 reduction, the
constraints for certain couplings like εeeτ reach within a

FIG. 4. Projected median 90% CL exclusion limits on each εeαβ parameter (assuming all other εeαβ ¼ 0). We assume a detector of 30 m3

volume with a 60∶40 He∶CF4 gas mixture at atmospheric pressure. The three panels from left to right are for different background rates,
measured relative to the total rate of neutrino-induced electron recoils under the SM, Rν. The various projected limits shown in blue are
for different levels of directional sensitivity: idealized performance, realistic performance, and no directionality, from lightest to darkest.
We emphasize that the “nondirectional” case has an identical event rate, energy threshold and energy resolution as the “directional”
cases. For comparison, in black we show the existing constraints from Borexino, demonstrating a competitive level of sensitivity despite
the small size of the proposed experiment.
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modest factor of Borexino’s. For an even more aggressive
reduction of a factor of 100, the exclusion limits almost
match those of Borexino. The case for directionality in
particular is made the most apparent for εeee where the
added information provided through the cos θ⊙ distribution
as well as the background rejection power allows for the
region around εeee ≈ −2 to be excluded—this point in the
parameter space is mildly degenerate with the SM because
it leads to the same total number of events. Across all cases,
we observe that the exclusion limit on ε scales as

ε ∝ ðMTÞ−1=4R1=4
bg : ð49Þ

It is also possible for multiple NSI couplings to be active
at once and to interplay with each other at the level of the
event rate. To capture this possibility, we show three more
examples in Fig. 5. Now we are showing two-dimensional
90% CL exclusion limits on 2 degrees of freedom
(TS ¼ 4.61), where two εeαβ are turned on, with all others
fixed at zero. The top and bottom sets of panels are again
for two background assumptions: 50× and 5× the neutrino

rate, respectively. Again, we see from comparing the
darkest blue contours (nondirectional) with the two lighter
contours that the power of directionality is apparent. It is
clearest again in the ee case, where the degeneracy with the
SM for large negative values of εeee is broken.
Then finally, we come to the light mediator example in

Fig. 6. As discussed in Sec. II we are showing only the
B − L model here with ∀Qe;να

Z0 ¼ −1, but have checked
that we obtain almost identical results for other models. We
adopt a slightly different definition for the exclusion limits
here and following the typical convention—here we have
forecasted the median one-sided 90% CL exclusion limits
on one parameter, gZ0 , with the two-dimensional constraint
then built up by repeating the test over a range of values
for mZ0. The Borexino constraint is again from Ref. [72].4

We note that there are various other constraints from stellar

FIG. 5. Projected median 90% CL exclusion limits when two εeαβ parameters are considered simultaneously (assuming all other
εeαβ ¼ 0). We assume a detector of 30 m3 volume with a 60∶40 He∶CF4 gas mixture at atmospheric pressure. The three columns
correspond to three different pairs of NSI parameters. The top set of panels is for a background rate that is 50 times the neutrino electron
recoil rate under the SM, while the bottom set of panels is for five times the neutrino rate. The various projected limits shown in blue are
for different levels of directional sensitivity: idealized performance, realistic performance, and no directionality, from lightest to darkest.
We emphasize that the “nondirectional” case has an identical event rate, energy threshold and energy resolution as the “directional” cases.

4We note that the Borexino constraint shown here is actually a
two-sided 90% CL exclusion on gZ0 rather than the one-sided
limit on jgZ0 j as we have shown. The differences between the two
definitions are almost invisible on the plot at the scale we have
shown it, so we choose not to debate this choice.
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cooling, fixed target experiments, and BBN=Neff (big bang
nucleosynthesis) that are also present for these light
mediator models that partially overlap this region. We
choose to remove these for the sake of clutter and because
our main message is the comparison between these two
solar neutrino experiments. We note that it is always
possible to model build around any of these constraints,
and not all are present for every instance of an anomaly-free
gauged Uð1Þ0 model.
As expected, the sensitivity shown in Fig. 6 is best at low

mediator masses where the deviation in the cross section
due to NSIs emerges at energies that are below Borexino’s
threshold. Borexino, of course, still leads at higher media-
tor masses. We show the case here for Rbg ¼ 50Rν, but
sensitivity scales slowly gZ0 ∝ ðMTÞ−1=8R1=8

bg , so the results
for 5Rν are similar.
For this figure, in addition to the forecasted exclusion

limits, we show another way to demonstrate the power of
directionality by forecasting a possible discovery. The
ability to make discoveries is another of the major moti-
vations behind directional detection that has been appre-
ciated for many years (see e.g., the discussion in the context
of dark matter in Ref. [88]). Although experiments like

XENONnT, LZ and PandaX have the statistics to set
constraints at a similar level to what is shown here in
principle, in practice, it is challenging for them to make
positive claims of a signal due to the high electron back-
ground preventing the robust identification of neutrino
events. This is not the case for a directional experiment,
where a much stronger statement about the probability of
any given recoil as being due to a neutrino is possible,
thanks to the angular domain being split into an (almost)
pure background hemisphere and a signal + background
hemisphere. To showcase this we show on Fig. 6
some example median 1σ discovery contours, given some
arbitrarily chosen hypothetical “true” value for ðgZ0 ; mZ0 Þ ¼
ðgtrueZ0 ; mtrue

Z0 Þ shown by the gold star. We calculate this
contour using a “discovery” test statistic, which essentially
amounts (in the Asimov procedure) to fixing
Nobs ¼ NνðgtrueZ0 ; mtrue

Z0 Þ þ Nbg, whereas previously for
exclusion limits we set gtrueZ0 ¼ 0. Comparing the resulting
contours between the directional and nondirectional exam-
ples, we again see the benefit that comes with directionality.

VI. CONCLUSIONS

In this paper, we have motivated the continued develop-
ment of 30 m3-scale gaseous detectors for the directional
detection of solar neutrinos through electron recoils. In
alignment with the message of Ref. [129], we argue that an
experiment of this type can perform neutrino physics,
trading in cost and overall size for the added signal
information and background rejection that comes from
directional sensitivity. We illustrated this in the context of
the neutrino NSI formalism, where the interaction between
neutrinos and electrons is modified by the presence of a
new vector Z0 mediator beyond the SM.
Our results are illustrated in Figs. 4 and 5 in the heavy

mediator limit (mZ0 ≫ q), where we permit both flavor-
conserving and flavor-violating interactions. Then, in
Fig. 6, we showed the case for a light mediator, where
we allow for only flavor-preserving interactions, as
expected in the gauged Uð1ÞB−L model. We have not
attempted an exhaustive study of all possible combinations
of NSI flavor structures, alternative mediator types, or other
Uð1Þ0 models, as the results presented here are sufficient to
convey our main message. We believe a background
reduction of around a factor of ten is needed from
preliminary detector background simulations to reach an
interesting level of sensitivity to neutrino interactions
beyond the SM using solar neutrinos.
Our results remain to be validated in a full Monte Carlo

simulation of a detector like this. This work, as well as the
background reduction efforts that we advocate for here, is
ongoing within the CYGNO Collaboration [144]. Our
results suggest a promising future for this technology.
The next stage of CYGNO and the detectors of other
groups within the CYGNUS Consortium [103] will be the

FIG. 6. Projected constraints on a light vector mediator under
the Uð1ÞB−L model, as a function of the coupling gZ0 and
mediator mass mZ0 . The solid lines show median 90% CL
exclusion limits for the three experimental benchmarks used in
the previous figures. The constraint from Borexino from Ref. [72]
is shown for comparison. The shaded regions show example 1σ
discovery contours if the true values of the parameters were
situated at the gold star. We emphasize that the directional
information (and the background rejection that comes with it)
is what would allow such a discovery claim to be made.
Following conventions, the shaded region encloses the excluded
parameter space, as opposed to the previous figures, where the
shaded regions were the allowed parameter space.
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first in a sequence of gas-based directional detectors to
bring a range of complementary capabilities to the fleet of
worldwide neutrino observatories.
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APPENDIX A: EFFECTIVE NEUTRINO
OSCILLATIONS

In Sec. II C 1, when describing the computation of the
density matrix in the context of NSIs, we referred to the
effective description of the neutrino oscillations in the Sun
within the OMD approximation, as well as the averaging
over the unknown neutrino production location. In this
appendix, we give more details of this calculation.
Within the OMD approximation, the Hamiltonian

in Eq. (22) can be rotated by O≡ R23R13, such that the
rotated Hamiltonian H̃ ¼ O†HO, and its evolution
S̃prop ¼ O†SpropO, is given by

H̃¼
�
Hð2Þ 0

0 Δ33

�
; S̃prop¼

�
Sð2Þ 0

0 e−iΔ33L

�
: ðA1Þ

Here, Hð2Þ is the effective 2 × 2 Hamiltonian and
Sð2Þ ≡ Evol½Hð2Þ�, describes the evolution in an effective
two-flavor scenario. Following the conventions in
Refs. [46,48,72,148] we get

Hð2Þ ¼ Δm2
21

4Eν

�
− cos 2θ12 sin 2θ12eiδCP

sin 2θ12e−iδCP cos 2θ12

�

þ
ffiffiffi
2

p
GFNeðxÞ

�
c213 − ϵD ϵN

ϵN ϵD

�
; ðA2Þ

where the terms ϵD and ϵN are related to the combined NSI
parameter ϵαβ defined in Eq. (23) by

ϵD ¼ c13s13ðs23ϵeμ þ c23ϵeτÞ − ð1þ s213Þc23s23ϵμτ
−
1

2
c213ðϵee − ϵμμÞ þ

1

2
ðs223 − ðs13c23Þ2Þðϵττ − ϵμμÞ;

ϵN ¼ c13ðc23ϵeμ − s23ϵeτÞ þ s13½ðs223 − c223Þϵμτ
þ c23s23ðϵττ − ϵμμÞ�: ðA3Þ

We then define the effective matter potential ACC and the
matter-modified mixing p and q, as follows:

ACC ¼ 2
ffiffiffi
2

p
GFNeðxÞEν; ðA4Þ

p ¼
���� sinð2θ12ÞeiδCP þ 2ACCϵn

Δm2
21

����; ðA5Þ

q ¼ cosð2θ12Þ −
2ACC

Δm2
21

�
c213
2

− ϵd

�
; ðA6Þ

to obtain the following relations for the mass-squared
difference and mixing angle in matter:

Δm2
21;m ¼ Δm2

21

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ q2

q
; ðA7Þ

sinð2θmÞ ¼
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þ q2
p ; ðA8Þ

cosð2θmÞ ¼
qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þ q2
p : ðA9Þ

Taking the spatial average of cosð2θmÞ over the different
production zones within the Sun, weighted by the fraction
of neutrinos produced in each zone fðxÞ, we get

hcosð2θmÞi ¼
Z

1

0

cosð2θmðxÞÞfðxÞdx; ðA10Þ

where x ¼ r=R⊙ is the normalized solar radial coordinate.
The production site distributions, fðxÞ, are different for
each flux, and are taken from Ref. [149].

APPENDIX B: COHERENT ELASTIC
NEUTRINO-NUCLEUS SCATTERING

1. Standard model

Given a nucleusN of massmN , under the SM the CEνNS
process νN → νN occurs only through neutral current
interactions via the Z exchange, which couples to all
neutrino flavors equally. As a result, this process is
flavor-blind at tree-level, and the cross section is
given by

�
dσ
dEr

�
SM

¼ G2
FmNF2ðqÞg2V

π

�
1 −

mNEr

2E2
ν

�
: ðB1Þ
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For a given nucleus with atomic number Z, mass number A
and the number of neutrons N ¼ A − Z, the SM coupling
gV ¼ ZgVp þ NgVn . Here, gVp ¼ 2gVu þ gVd ¼ 1

2
− 2 sin2 θw

and gVn ¼ gVu þ 2gVd ¼ − 1
2
which signify the couplings with

protons and neutrons respectively, in terms of the u and d
couplings. The form factor, FðqÞ, is used to capture the
effects of nuclear structure, which become important at
large momentum transfer, q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNEr
p

. The commonly
used Helm ansatz for the form factor is [150]

FðqÞ ¼ 3j1ðqrnÞ
qrn

exp
�
−q2s2

2

�
; ðB2Þ

where j1ðqÞ is the spherical Bessel function of first kind,

rn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5
3
ðR2

min − 3s2Þ
q

where s ¼ 0.9 fm is a measure of

the nuclear skin thickness and Rmin is the rms radius of the
proton distribution of the nucleus. The form factor plays an
essentially negligible role for recoil energies and nuclear
targets we are interested in here, so we do not require any
more sophisticated models than this—see e.g., Ref. [151].

2. NSIs for neutrino-nucleus scattering

Considering again the pure vector NSI case, we now take
the Lagrangian in Eq. (13) and set f ¼ fu; dg to build the
modified CEνNS process. Assuming that the new light
mediator has the same coupling with both u and d quarks,
the new interactions can be accounted for in the cross
section in Eq. (B1) by modifying

gNSIV ¼ gSMV þ 3g2Z0Q
f
Z0Q

να
Z0 ðZ þ NÞffiffiffi

2
p

GFð2mNEr þm2
Z0 Þ

: ðB3Þ

For a heavy mediator, mZ0 ≫ q, we consider the
Lagrangian in Eq. (14) with f ¼ fu; dg. Following the
same procedure as described in the main text in the context
of EνeS, the generalized cross section for CEνNS can be
written as [46]

�
dζ
dEr

�
NSI

αβ

¼ G2
FmNF2ðqÞ

π

�
1 −

mNEr

2E2
ν

�

×

�
g2Vδαβ þ 2gVGαβ þ

X
f

GαfGfβ

�
; ðB4Þ

where

Gαβ ¼ Zð2εuαβ þ εdαβÞ þ Nðεuαβ þ 2εdαβÞ: ðB5Þ

The double-differential event rate for CEνNS can also be
written in exactly the sameway as for EνeS—cf. Eq. (36)—
up to replacing the electron mass me by the nucleus mass
mN , and using NT to count the number of nuclei in the
target.

3. Nuclear recoils in directional gas detectors

The directions and energies of nuclear recoils are also
independently measurable in a gas detector through essen-
tially the same procedure as with electron recoils. In the
case of nuclear recoils, however, the sizes of the tracks at
the relevant energies (1–15 keVr for the nuclei in our
chosen gas mixture) are much shorter, at ∼cm in length.
This makes the effects of diffusion as the charge is
transported to the readout plane a major obstacle for
achieving good directionality. While directionality can still
be used for background rejection, the near-disappearance of
any details of the recoil tracks at low energies makes this
challenging. This is coupled with the fact that we need to
extend to much larger volumes to acquire sufficient
statistics in the case of CEνNS, since the only detectable
flux, 8B, is significantly weaker than that of pp neutrinos.
This is why we demote this discussion to an appendix, but
nevertheless, since this channel may be of interest in the
longer term, we show some example results here.
Largely inspired by the extensive study of nuclear recoil

directionality performed in the context of dark matter and
solar CEνNS in Ref. [103], we adopt an ambitious but not
unrealistic energy threshold of 3 keVr, taking all nuclear
recoil energies to be those before quenching. We set the
following performance parameters:

�
aHT;

EHT

keV
;
pθ

deg
; pE



¼ f0.1; 10.0; 25; 0.06g; ðB6Þ

using the same functional forms for energy resolution,
head-tail efficiency and angular resolution. Unlike in the
electron recoil case, the relatively straight nature of the
nuclear recoil tracks, combined with the washing-out of the
ionization distribution due to the diffusion, makes head-tail
much more challenging to measure.
In Fig. 7 we show forecasted 90% CL exclusion limits on

the two-dimensional space of u and d-type couplings, i.e.,
εuαα, εdαα across several possible flavor-conserving combi-
nations. Results for other parameters are qualitatively
similar. As can be readily observed from the plots, an
ambitious volume of 1000 m3 and an aggressive back-
ground reduction in the nuclear recoil channel down to 50
times the 8B neutrino rate is required to obtain a level of
sensitivity already met by XENONnTand PandaX via their
detection of this solar flux. This conclusion is in general
alignment with the sensitivity projections made in
Ref. [103]. Although detecting solar CEνNS using this
kind of experiment may be somewhat impractical in the
near term, we expect the situation to be much more
promising for detecting CEνNS with a higher-energy
neutrino source, which we will explore in a future study.
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FIG. 7. Projected median 90% CL exclusion limits for a directional gas detector at the required scale needed to measure CEνNS with
solar neutrinos, i.e., a volume of 1000 m3 with atmospheric pressure gas. We assume a nuclear recoil threshold of 3 keVr and
performance as described in Appendix B 3. We project constraints onto the two-dimensional plane of up and down type NSI couplings
across three example flavor-conserving interaction combinations, i.e., ee, μμ and ττ. For comparison, we show the constraints from
Ref. [48], for XENONnT’s recent measurement of 8B neutrinos [23]. This represents a further future and less immediate goal for a
potential large-scale recoil observatory, as designed for sensitivity to dark matter [103].
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