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FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄ee
� !

⌫̄ee
� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak

at 1016 eV is due to the W
� resonance, which we will discuss in greater detail in Section VII.

µ
�(kµ)

e
�(pe) ⌫e(ke)

q
2 = (p⌫ � kµ)2

W
+

⌫µ(p⌫)

FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p⌫ and an electron at rest
with 4-momentum pe. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq
2

dy
= 2meE⌫ . (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

Formaggio & Zeller 2012

Opportunities for astrophysical and terrestrial neutrino physics 



Solar neutrinos
74

Figure 3: (Color online) The solar neutrino spectrum, along with the SSM un-

certainties (Serenelli, Haxton & Peña-Garay 2011). A weak branch from the �

decay of 17F that contributes from the CN II cycle is included. The units for the

continuous sources are cm�2 s�1MeV�1.
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FIG. 4: Left: Regions which contain 90% of the events due to the specified source. The dashed (dotted) line shows the median
of the nuclear (electronic) recoil band. Right: Same as right panel, except now assuming an exposure of 0.2 kilotonne-years,
and zooming in on the vertical axis. Points represent simulated events from the indicated flux components.

TABLE I: List of detector configurations and their corresponding parameters modelled in NEST. Note that g2 is a derived
parameter calculated from more fundamental detector parameters, see [27] for the full detector files used for this analysis.

Configuration g1 (phd/�) g2 (phd/e) drift field (V/cm) electron lifetime (µs)

baseline 0.12 44 100 650

enhanced g1 0.3 44 100 650

enhanced g2 0.12 100 100 650

enhanced V 0.12 44 1000 650

enhanced e-lifetime 0.12 44 100 5000

all enhanced 0.3 100 1000 5000

C. Likelihood analysis

To evaluate the future potential for discovery and mea-
surement of the atmospheric neutrino flux, we perform
a binned likelihood analysis on representative (Asimov)
data sets [30], simulated with various detector exposures.
To generate these data sets, we first perform a Monte
Carlo simulation for each detector configuration, with 108

events for each source of neutrinos. To investigate the ef-
fect of retaining position information in our likelihood, we
obtained simulated distributions of events in two spaces:
{cS1, cS2} and {S1,S2,r,z}, where c in cS1 refers to the
S1 signal after correcting for position-dependent e↵ects
(as performed by NEST), and r and z refer to the radius
and depth of the event in the detector.

The distributions obtained for the ‘all enhanced’ detec-
tor configuration are shown in the left panel of Figure 4
at the 90% confidence level. The separation of signal and
background regions can be deceiving since the expected
rate for the solar components are orders of magnitude
greater than for the atmospheric rate. To visualize the
leakage of background events into the expected atmo-
spheric background region, we therefore show a sample
exposure of 0.2 kilotonne-years (kty) in the right panel

of Figure 4. This sample exposure highlights the futil-
ity of trying to define a background free region for an
atmospheric neutrino search and why we must rely on
statistical discrimination in the {cS1, cS2} plane.
The analysis is performed in a region-of-interest de-

fined by: 2  cS1  120 and 2  log10(cS2)  4.56.
Extending this range does not improve our results sta-
tistically, so this range is chosen to reduce the compu-
tational burden of the analysis by allowing us to focus
our simulation on the regions where our signal events are
expected. These regions are divided into NS1 = 120 and
NS2 = 120 bins, and the event positions are divided into
Nr = 3 and Nz = 5 bins. The Poisson likelihood function
is thus,

L(n|�(µ0)) =
NS1X

i=1

NS2X

j=1

NrX

k=1

NzX

l=1

Poisson(ni,j,k,l|�i,j,k,l(µ
0))

(4)
where Poisson(ni,j,k,l|�i,j,k,l(µ0)) is the Poisson probabil-
ity of observing ni,j,k,l events in the i, j, k, l bin, given an
expected (mean) number of events,

�i,j,k,l(µ
0) = bi,j,k,l + µ0si,j,k,l, (5)

for a given signal strength, µ0, expected background, b,



Flavor composition of solar neutrinos 

Nityasa Mishra & L. Strigari PRD 2023



Flavor-dependent corrections introduce a small day/night asymmetry in solar neutrino rate [Nityasa Mishra & L. Strigari PRD 2023]

\

Beyond tree level: 8B solar neutrinos

Radiative corrections to the CEvNS cross section induce small flavor dependences [Marciano & Sirlin 1980; Sehgal 1985; 
Tomalak et al. 2021] ; Charge radius contribution in CEvNS [Cadeddu et al. 2018; de Romeri et al. 2023]



Beyond tree level: 8B solar neutrinos

Brdar & Xu PLB 2024



Beyond tree level: 7Be solar neutrinos

Larger scale experiment similar to Borexino, e.g. JUNO, may be sensitive to non-unitarity in 3-flavor oscillations 
[K. Kelly, N. Mishra, M. Rai, LS 2024]



Borexino 2017, 2022

Time variation of solar neutrino flux  

Super-Kamiokande 2005 

Figure 1. Time variation from DM with a mass of 6 GeV when combined with the signal from solar
neutrino induced nuclear recoils, summed over all recoil energies. Combining the DM and neutrino
signals gives a new time-varying cosine with a di↵erent phase and amplitude. A larger DM-nucleon
cross section � causes the phase of the combined signal to shift to later times and reduces the size of
the overall residual. The shaded regions indicate uncertainty due to systematics in the neutrino flux.

including the annual variation in the Earth-Sun distance it is given by [26],

�⌫(t, E⌫) =
R(E⌫)

4⇡r2(t)
⇡ R(E⌫)

4⇡r2
0


1 + 2✏cos

✓
2⇡(t� �⌫)

T⌫

◆�
, (2.1)

where R is the neutrino production rate in the Sun, t is the time from January 1st, r(t) is the
time-dependent distance between the Earth and Sun, r0 is the average distance, ✏ = 0.01671
is the orbital eccentricity, T⌫ is the period and �⌫ is the phase. The Earth is closest to the
Sun around January 4th (implying �⌫ = 3 days). Measurements from Borexino [26] for 7Be
neutrinos give a period of T⌫ = 1.01 ± 0.07 years and a phase of �⌫ = 11.0 ± 4.0 days and
observations of 8B neutrinos by Super-Kamiokande [27] are consistent with equation (2.1).
Hence the di↵erential neutrino rate per unit detector mass is

d2N⌫

dtdE
=

Z
dE⌫ �(E,E⌫)�⌫(t, E⌫), (2.2)

where E⌫ is the neutrino energy (as opposed to the nuclear recoil energy E) which we integrate
out and �(E,E⌫) is the neutrino-nucleus cross section [17–19]. In this work we consider only
the 8B neutrinos as a background to DM searches as they dominate for the energy ranges
relevant for a light-DM search.

In order to calculate the rate of DM recoil events, and their annual modulation, we need
to know the distribution of DM velocities in the rest-frame of the Earth. The DM rate is
expected to vary by a few percent with an approximately sinusoidal modulation due to the
changing direction between the Earth and the DM over the year [28]. The di↵erential rate
of Dark Matter interactions with nuclei takes the form of

d2NDM

dtdE
=

⇢DM

mNm

Z vesc

vmin(E)

d3v
d�

dE
vf(v + vE(t)), (2.3)

– 3 –

Dark matter modulation should be out of phase with solar neutrino modulation [Davis 2014]

Time variability should be observable in G3 Xenon detector for electron and nuclear recoils [Zhuang, Strigari, Jin, Sinha, 2023, 2024]

3

Sun

Earth

December

June

WIMP

wind 

FIG. 1: A simplified view of the WIMP velocities as seen from the Sun and Earth. Due to the
rotation of the Galactic Disk (containing the Sun) through the essentially non-rotating dark matter
halo, the solar system experiences an e↵ective “WIMP wind.” From the perspective of the Earth,
the wind changes throughout the year due to the Earth’s orbital motion: the wind is at maximum
speed around the beginning of June, when the Earth is moving fastest in the direction of the disk
rotation, and at a minimum speed around the beginning of December, when the Earth is moving
fastest in the direction opposite to the disk rotation. The Earth’s orbit is inclined at ⇠60� relative
to the plane of the Disk.

that is subsequently detected. In the mid 1980s, the development of ultra-pure germanium
detectors provided the first limits on WIMPs [15]. Since then, numerous collaborations
worldwide have been (or will be) searching for these particles, including ANAIS [16], ArDM
[17], CDEX/TEXONO [18], CDMS [19–22], CoGeNT [23–25], COUPP [26], CRESST [27],
DAMA/NaI [28], DAMA/LIBRA [29, 30], DEAP/CLEAN [31], DM-Ice [32], DRIFT [33, 34],
EDELWEISS [35–37], EURECA [38], KIMS [39], LUX [40], NAIAD [41], PandaX [42], PI-
CASSO [43, 44], ROSEBUD [45], SIMPLE [46], TEXONO [47], WArP [48], XENON10
[49–51], XENON100 [52, 53], XENON1T [54], XMASS [55], ZEPLIN [56, 57], and many
others.

The count rate in direct detection experiments experiences an annual modulation [14, 58]
due to the motion of the Earth around the Sun (see Figure 1). Because the relative velocity
of the detector with respect to the WIMPs depends on the time of year, the count rate
exhibits (in most cases) a sinusoidal dependence with time. For the simplest assumptions
about the dark matter distribution in the halo, the flux is maximal in June and minimal
in December. Annual modulation is a powerful signature for dark matter because most
background signals, e.g. from radioactivity in the surroundings, are not expected to exhibit
this kind of time dependence. The details concerning the recoil energy and modulation
spectra depend on the specifics of both the particle physics model and the distribution of
WIMPs in the Galaxy. We discuss these possibilities in this review.

For more than a decade, the DAMA experiment [29] has been claiming detection of an
annual modulation. The experiment, which consists of NaI crystals, is situated in the Gran
Sasso Tunnel under the Apennine Mountains near Rome. By now, the amount of data col-
lected is enormous and the statistical significance of the result is undeniable. The DAMA



Low-energy atmospheric neutrinos 

Super-Kamiokande 
Collaboration 2016



Solar and geomagnetic effects 

Martucci et al. 2018

Time variation and geomagnetic effects depend on detector location [Zhuang, Strigari, Lang PRD 2021]
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Low energy atmospheric neutrino fluxes 

Honda et al. 2015, Zhuang, LS, Lang PRD 2021
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Solar and geomagnetic effects at DUNE and Hyper-Kamiokande 

• Over 11-year solar cycle, statistical significance for observing time modulation of atmospheric 
neutrinos is 4.8σ for DUNE and 2.0σ for HK. 

• Flux measurements at both DUNE and HK important for understanding systematics and oscillations in 
low-energy atmospheric neutrinos.

Kelly, Machado, Mishra, LS, Zhuang PRD2023



Terrestrial CEvNS

Experiments   

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection



CEvNS cross section measurements 



Flavor separation of CEvNS 
Figure 4. The ��2 curve for the CEvNS cross section
determined from the fit to data both with and with-
out systematic e↵ects. The standard-model prediction,
along with the 1 � error band from the form factor un-
certainty is given by the vertical grey band.

Figure 5. Contours for the flavored CEvNS cross sec-
tion. The best-fit parameters and the standard-model
prediction, along with ±1 � error bands from form-factor
uncertainty, are shown as pink markers.

eter space is a sensitive probe of BSM physics such
as neutrino-quark vector NSI which can a↵ect each
neutrino flavor di↵erently [14]. The flavored CEvNS
cross section result is uniquely possible using a flux
from a spallation sources with beam width less than
the muon half-life where flux of ⌫µ is separable from
the ⌫e flux in time.

The allowed contour in this parameter space
is shown in Fig. 5. This is consistent with
the standard-model cross sections, h�iµ = 197 ⇥
10�40 cm2 and h�ie = 172 ⇥ 10�40 cm2, which are
somewhat di↵erent values due to di↵erences in the

energy shape of the neutrino flux for each flavor.
The best-fit scales relative to the standard model
are 0.876 and 0.873 for h�iµ and h�ie, respectively.
Though the total significance of observing CEvNS is
very high, h�iµ and h�ie are found to be non-zero
only at 3.0 � and 1.4 �, respectively. This is much
lower than the total significance of observing CEvNS
because both cross sections are allowed to float – a
high h�ie can partially compensate for a low h�iµ
and vice versa.

We used this measurement to constrain heavy-
mediator, mV � Q, neutrino-quark NSI, commonly
parameterized as a matrix of "fij where i, j = e, µ, ⌧

and f = u, d, valid when Q2 is small compared to the
mediator mass. Existence of NSI could confuse on-
going e↵orts to measure the neutrino mixing matrix
parameters. Notably, it is possible to reverse the in-
ferred neutrino mass ordering from oscillation data
by choosing a suitable set of NSI parameters [15].
Also, NSI allow for additional CP -violating phases
which may bias constraints on �CP [16].

In Fig. 6, we show the constraint on "uee and "dee
with all other parameters fixed to 0 compared to
CHARM [47] constraints. This marks a significant
improvement over the previous COHERENT con-
straint from CEvNS on CsI[Na] [5] because of an im-
proved precision result and measuring the flavored
cross sections. There are also NSI constraints de-
termined from CEvNS data on Ar [6] and Xe [48],
though these limits are currently less precise and not
included here.

Fig. 6 also shows our sensitivity to "uee and "uµµ.
As before, all other NSI parameters are fixed at 0.
This combination is directly related to solar neu-
trino oscillation results. In the context of NSI, there
is a degeneracy in oscillation data between the large
mixing angle (LMA) and LMA-Dark solutions which
di↵er in the ✓12 octant and altering the interpreta-
tion of the neutrino mass ordering [49]. The shape
of the allowed parameter space again highlights the
power of the flavored CEvNS measurement as "u,Vee
and "u,Vµµ only a↵ect the CEvNS cross section for
⌫e- and ⌫µ-flavor neutrinos, respectively. If only the
total CEvNS cross section were considered, allowed
contours would form rings

5. CONCLUSION

We measured the CEvNS cross section using the
full dataset collected by the CsI[Na] scintillation
detector using a blinded analysis approach. With
doubled exposure and improved understanding of
systematic uncertainties, we have made the most
precise measurement of CEvNS to date, observing
CEvNS at 11.6 � and finding a flux-averaged cross

7

COHERENT collaboration 2021 Figure: Dan Pershey 



Sterile neutrinos and CEvNS 

Bisset, Dutta, Huang, LS, arXiv: 2310.13194Sterile neutrinos: Anderson et al. 2012; Dutta et al. 2016; 
Blanco, Machado, Hooper 2019; Miranda et al. 2020 
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FIG. 5. Left: The angular spectra of reactor neutrinos for He and F detectors in the SM. Right: The event yield per year in angular bins of size
of |Dqr|= 30�.

grangian we use is given by [11, 36, 47]

LS = n( fS + ig5 fS)nS+ Â
q=u,d

hq
S qqS+H.c. . (21)

In the lepton number violating case the neutrino coupling has
to be recast according to nTC ( fS+ ig5 fS)nS. As with the vec-
tor mediator, the scalar can be charged under a dark symme-
try. We do not consider axial or pseudoscalar quark couplings
since their contribution to the CEnNS cross section is small.

The quark-quark operators in Eqs. (20) and (21) induce the
following nucleus-nucleus couplings

Vector: CN
V = Z(2hu

V +hd
V )+N(hu

V +2hd
V ) ,

Scalar: CN
S = Z Â

q
hS

q
mn

mq
f n
Tq +N Â

q
hS

q
mp

mq
f p
Tq

, (22)

where mn,p are the neutron and proton masses respectively,
q is a quark label, and f n,p

Tq
refer to hadronic form factors ob-

tained in chiral perturbation theory using measurements of the
p-nucleon sigma term [48–50], with the most up-to-date val-
ues given by [49]

f p
Tu
= (20.8±1.5)⇥10�3 , f p

Td
= (41.1±2.8)⇥10�3 ,

f n
Tu = (18.9±1.4)⇥10�3 , f n

Td
= (45.1±2.7)⇥10�3 .

(23)

For vector interactions the contributions to the CEnNS cross
section are obtained from Eq. (3) by the substitution gV !
gV +xV [5, 36], where xV reads

xV =
CN

V FVp
2GF(2mNEr +m2

V )
, (24)

with FV = fV � i fA. The combination gV + xV leads to con-
structive or destructive interference depending on the relative
sign and size of the SM and NP contribution. Scalar interac-
tions do not interfere with the SM at leading order and their

contribution to the cross section, which has to be added to the
SM piece Eq. (3), is written as [11]

dsS

dEr
=

G2
F

2p
mNx2

S
mNEr

2E2
n

, (25)

with the new physics parameters encoded in

xS =
CN

S FS

GF(2mNEr +m2
S)

, (26)

where FS = fS � i fP.
The type of vector and scalar light mediator scenarios de-

scribed by the interactions in (20) and (21) are subject to a set
of constraints, which have been discussed at length, for exam-
ple, in Refs. [10, 11, 36, 47]. They can be classified into lab-
oratory bounds, and astrophysical and cosmological bounds.
In the first category most of the limits apply provided the me-
diators couple to charged leptons. In our case these couplings
are only present at the one-loop order and so can be safely
ignored. Other limits apply only on the neutrino-quark (nu-
cleon level) couplings, so they can be readily satisfied without
drastically diminishing the CEnNS signals. Bounds in the
second category can be tight but are subject to relatively large
uncertainties and can be circumvented through additional new
physics [51, 52] (an exception are limits from BBN, see dis-
cussion in Sec. VI B).

One of the most relevant bounds on the interactions in (20)
and (21) comes from COHERENT measurements. A recent
study, using a likelihood analysis that combines energy and
timing data, places bounds for mX = 1.0 MeV (X =V,S) [47].
The bounds are derived using a CsI target and can be rescaled
by Ai/ACs to convert them to the cases of He and F. The re-
sulting bounds are:

He : FVCN
V  2.2⇥10�8 , FSCN

S  1.5⇥10�8 , (27)

F : FVCN
V  1.1⇥10�7 , FSCN

S  7.3⇥10�8 . (28)

These values generate the maximum number of events con-
sistent with available data and will be used for the following
analysis.
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FIG. 3. Left: The angular spectra of SNS neutrinos for He and F detectors in the SM. The peaks occur at cosqr ' 0.56 for He and cosqr ' 0.51
for F, which translates into qr ' 56� and qr ' 59� respectively. Right: The event yield per year in angular bins of size of |Dqr| = 10�. The
total yield is roughly 2300 events for He and 11200 for F.

cleus, cosqr. In the laboratory frame they read

Er =
E2

n(1� cosq)
mN +En(1+ cosq)

,

Er =
2mNE2

n cos2 qr

(En +mN)2 �E2
n cos2 qr

. (17)

From these expressions one can see that the maximum recoil
energy is obtained at forward neutrino scattering (q = p) and
qr = 0, while for q = 0 and qr = p/2 the recoil energy van-
ishes. In practice, however, the maximum value for Er is de-
termined by the kinematics of the ingoing neutrinos, which for
the SNS is determined by En  mµ/2. For our reactor analy-
sis, we set En . Ere

n = 9MeV. This kinematic constraint can
be translated into an upper bound on qr by using the energy
conservation relation En = e with Eq. (13), resulting in

SNS : cosqr >
1

mµ

r
mNEr

2

✓
2+

mµ

mN

◆
, (18)

Reactor : cosqr >
1

Ere
n

r
mNEr

2

✓
1+

Ere
n

mN

◆
.

We can see that, for a fixed recoil energy, the heavier the tar-
get nucleus the smaller is the maximum recoil angle. For fixed
nuclide mass, larger values of recoil energy imply smaller re-
coil angles. Since (18) is a purely kinematic bound, it is valid
regardless of whether or not one assumes new physics contri-
butions.

Another constraint one could place stems from the condi-
tion d2R/dErdWr � 1, corresponding to the condition of the
DRS being measurable. Additionally, in contrast to the kine-
matic limit discussed above, this limit does depend on the
presence of new physics. If the new contribution enhances
(reduces) the DRS 3 a wider (narrower) cosqr region can be
measured.

3 Sizable reductions are possible only for a vector contribution (destructive

The limits are illustrated in Fig. 1 which shows the pos-
sible angular distributions for one-tonne helium (left graph)
and fluorine (right graph) directional detectors with SNS neu-
trinos. Note that we include qr ! �qr for illustration. The
measurable angular region is that within the dotted and solid
curves and can be extended further towards zero degrees by
increasing the exposure. One can see that He detectors have
access to larger angles than F detectors due to the lower mass
of the target. The dashed curves correspond to the angular dis-
tribution of nµ-induced events. It follows from the condition
En = e = (m2

p �m2
µ)/2/mp which translated into cosqr reads

cosqnµ
r =

2mp
m2

p �m2
µ

r
mNEr

2

 
1+

m2
p �m2

µ

2mpmN

!
. (19)

V. STANDARD MODEL SIGNATURES

A. SNS neutrinos

With the aid of Eq. (14) we can calculate the DRS as a func-
tion of nuclear recoil angle for different recoil energy values.
Fig. 2 shows slices of fixed Er of the DRS and contours in the
Er-cosqr plane for helium and fluorine. Note that we omit the
prompt neutrino contributions since they would manifest as a
d-function.

Notice that F leads to markedly higher event rates and al-
lows access to a much larger range of energies and angles due
to its mass. One small trade off is that He can lead to larger
scattering angles for the same recoil energy. This can be seen
by comparing the endpoints of the red curves of the same en-
ergy.

interference). Scalar interactions to a certain degree can destructively inter-
fere as well, but the amount of reduction is proportional to either left-right
neutrino mixing (in the case of Dirac couplings) or neutrino masses (in the
case of Majorana couplings).

Abdullah, Aristizabal-Sierra, Dutta, Strigari 
Phys.Rev.D 102 (2020) 1, 015009 2003.11510  

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection

CEvNS with directional detectors

Light mediators alter the shape of angular distribution 

Exploring Simplified Models of Neutrino NSI: Low-Energies vs. Long-Baselines

Ian M. Shoemaker1

1Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA
(Dated: June 10, 2016)

We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when

⌫

f

Neutral Mediator Models Charged Mediators Models

Z 0
S

f

⌫⌫ ⌫

f f

FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models

https://arxiv.org/abs/2003.11510
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Neutrino physics opportunities with dark matter detectors 

• 8B solar neutrinos likely to be the first 
astrophysical measurement of CEvNS

• Opportunities for atmospheric neutrinos 
at dark matter detectors  

• Flavor dependencies in CEvNS, and 
future precision measurements

• Opportunities with CEvNS and 
terrestrial detectors

• CEvNS experiments using decay in-
flight 


