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Direct detection of weak-scale dark matterWhat are the observables? 
The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

∫

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

∫

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius
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1) Indirect detection Standard model particles 
are produced in pair annihilation 

✦ Most closely connected to cosmology

2) Direct detection  
Dark matter scatters off nucleons in underground 
detectors

3) Direct Production  
Dark Matter produced in colliders during proton 
collisions

4) Astronomical methods  
Sensitive to e.g. self-interaction rate of dark matter, 
velocity at production

Aquarius simulation

Springel et al. 2008
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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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supernova rate as a function of z, with neutrino energies
redshifted as Eν/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 − 30 MeV, other
models have nearly the same shape but differ mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

∼
1 (where it rises by ∼ 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by ∼ 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 − 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

∼
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe ∼ 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant ν̄e + p → e+ + n
events would be extremely important for studying the re-
maining reactions, notably νe +16 O → e− +16 F, which
is exquisitely sensitive to the νe temperature and hence
neutrino mixing [20]. Hundreds of νe events could be ob-
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FIG. 1: Spectra of low-energy ν̄e + p → e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full efficiencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are efficiently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron



Solar neutrinos & CEvNS detection 

The first detection of CEvNS from astrophysical sources likely from 8B solar neutrinos 
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Solar neutrinos & electron scattering 
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FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
(right) energy spectra, with residuals. The sum of the individual components from the fit (black lines) are superimposed on
the data (grey points).
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FIG. 2. An example of the multivariate fit showing the radial
(top) and the PS-LPR (bottom) distributions of the events
(black crosses).

tion rates: (i) the light yield, (ii) a resolution parameter
which accounts for the non-uniformity of the response
and is relevant for the high-energy part of the spectrum,
(iii) a resolution parameter which accounts for the intrin-
sic resolution of the scintillator and e↵ectively takes into
account other contributions at low energy, (iv) the posi-
tion and width of the 210Po-↵ peak (to account for non-
uniform and time-varying spatial distribution of 210Po
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FIG. 3. Results of the fit for TFC-subtracted energy spectrum
zoomed in to the lowest energy region (an example obtained
with the analytical method) and residuals.

in the detector), and (v) the starting point of the 11C
spectrum, corresponding to the annihilation of the two
511 keV �’s. Leaving the above listed parameters free
gives the analytical fit the freedom to account for second-
order unexpected e↵ects or unforeseen variations of the
detector response in time.
The second method is based on the Borexino MC [14],

a customized Geant4-based simulation package [17],

• Borexino multi-component analysis of the Solar neutrino spectrum with ~ 150 keV electron threshold 
[Borexino Collaboration, Phys.Rev.D 100 (2019) 8, 082004 1707.09279]

• Discovery of the the CNO component of the Solar neutrino flux [Borexino collaboration,
Nature 587 (2020) 577-582 2006.15115]; implications for solar metallicity 

https://arxiv.org/abs/1707.09279
https://arxiv.org/abs/2006.15115


Low-energy atmospheric neutrinos 
3

True

�e+�e

��+��

G3 LXe

G3 LAr

Super-K

101 102 103

0.002

0.004

0.006

0.008

0.010

Neutrino energy, E� (MeV)

N
o

rm
al

iz
ed

fl
u

x
(M

eV
-

1
)

FIG. 3: The di↵erential fluxes of atmospheric neutrinos that
are accessible by various experiments, normalized to unity.
The electron and muon-flavored fluxes are indicated with the
dashed curves, and the solid black curve is the total atmo-
spheric neutrino flux, summed over all flavors. The features
in the neutrino fluxes result from pion and muon decay at
rest [19]. Future dark matter experiments will access an atmo-
spheric neutrino energy range that is not accessible to Super-
K.

III. METHOD

A. Detector properties

Dual-phase noble time-projection chambers (TPCs)
have proven to be a robust and scalable detector design
for direct dark matter searches [20–22]. Detectors of this
design are sensitive to O(1 keV) nuclear recoils and pro-
vide 3D position reconstruction of events. The position
reconstruction allows for detector fiducialization, where
one takes advantage in particular of xenon detectors to
self-shield, to achieve very low background in the central
target volume. This is achieved through the detection
of both the scintillation photons and ionization electrons
that are produced by interactions in the detector bulk.
The prompt scintillation light signal, S1, is measured di-
rectly by an array of PMTs on the top and bottom of the
detector. The liberated electrons are drifted to the sur-
face of the liquid phase and extracted into the gas phase
where, through an avalanche process, they produce the
delayed scintillation signal, S2.

We model a future Generation-3 xenon detector as a
scaled-up version of the LZ detector, with dimensions
scaled to obtain a fiducial region of 100 tonnes. The de-
tector is modeled using the NESTv2 code which simulates
the detailed micro-physics of the quanta production, re-
combination and final signal detection for electronic and
nuclear recoil events in xenon [13]. We use a series of

di↵erent detector configurations to investigate the e↵ect
of the di↵erent detector parameters on the results of the
analysis. The values for the parameters are chosen be-
tween two values: a baseline value, where the parameter
is similar to that already achieved in XENON1T [23, 24],
and an enhanced value that we deem achievable based
on ongoing work in the community. A summary of these
configurations is given in Table I. In all configurations, we
take the double-photoelectron detection probability to be
22%, the number of PMTs to be 1200, and we require a
3-fold PMT coincidence for detection. Further details of
the detector parameters, including the PMT properties
and geometry, are taken from Refs. [25, 26]. All analysis
code, configuration files and results are publicly available
for download [27].

For comparison we also model a future Generation-3
argon detector. As argon detectors are able to achieve
excellent electronic/nuclear recoil discrimination, no de-
tailed detector simulation is required. We instead as-
sume perfect discrimination above nuclear recoil energies
of 25 keV, i.e. zero electronic recoil background in the re-
gion of interest. Proper modelling of the detector would
be able to account for the roll-o↵ of discrimination ability
at low energies, allowing one to lower the threshold at a
cost of e�ciency. However, since the atmospheric rate is
not strongly dependent on threshold, the small increase
in signal would only have a correspondingly small e↵ect
on the present analysis.

B. Background components

In this analysis we only include intrinsic backgrounds
to an atmospheric neutrino search in xenon, assuming
all other backgrounds are subdominant. This seems re-
alistic in light of the current state of the art, with only
mild extrapolation needed to a Generation-3 detector.
The irreducible background consist of: electronic recoils
from solar pp and 7Be neutrinos, nuclear recoils from so-
lar 8B and hep neutrinos, the di↵use supernova neutrino
background (dsnb), and the ⌫⌫�� decay of 136Xe. The
⌫⌫�� background could be suppressed through depletion
of 136Xe, as explored in [11]. Here however we assume no
depletion, as 136Xe is not the dominant background and
will likely be desirable for a 0⌫�� search.

In this work, we use calculations of the solar neutrino
electronic recoil rate from Ref. [28], which account for
a ⇠ 23% suppression of the rate due to atomic binding
e↵ects. Additionally, we account for a ⇠ 9% reduction
of the charge yield for L-shell electron recoils, as recently
observed in electron-capture calibrations of the XELDA
detector [29]. This has the e↵ect of widening the solar
neutrino electronic recoil band and thus slightly increases
the number of electronic recoil background events in the
nuclear recoil signal band.

Newstead, Lang, Strigari 2020; 
Zhuang, Strigari, Lang 2022

Super-Kamiokande 

Collaboration 2016

DM detectors sensitive to extremely low-component of the atmospheric neutrino flux 

neutrino neutrino
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FIG. 3: The di↵erential fluxes of atmospheric neutrinos that
are accessible by various experiments, normalized to unity.
The electron and muon-flavored fluxes are indicated with the
dashed curves, and the solid black curve is the total atmo-
spheric neutrino flux, summed over all flavors. The features
in the neutrino fluxes result from pion and muon decay at
rest [19]. Future dark matter experiments will access an atmo-
spheric neutrino energy range that is not accessible to Super-
K.

III. METHOD

A. Detector properties

Dual-phase noble time-projection chambers (TPCs)
have proven to be a robust and scalable detector design
for direct dark matter searches [20–22]. Detectors of this
design are sensitive to O(1 keV) nuclear recoils and pro-
vide 3D position reconstruction of events. The position
reconstruction allows for detector fiducialization, where
one takes advantage in particular of xenon detectors to
self-shield, to achieve very low background in the central
target volume. This is achieved through the detection
of both the scintillation photons and ionization electrons
that are produced by interactions in the detector bulk.
The prompt scintillation light signal, S1, is measured di-
rectly by an array of PMTs on the top and bottom of the
detector. The liberated electrons are drifted to the sur-
face of the liquid phase and extracted into the gas phase
where, through an avalanche process, they produce the
delayed scintillation signal, S2.

We model a future Generation-3 xenon detector as a
scaled-up version of the LZ detector, with dimensions
scaled to obtain a fiducial region of 100 tonnes. The de-
tector is modeled using the NESTv2 code which simulates
the detailed micro-physics of the quanta production, re-
combination and final signal detection for electronic and
nuclear recoil events in xenon [13]. We use a series of

di↵erent detector configurations to investigate the e↵ect
of the di↵erent detector parameters on the results of the
analysis. The values for the parameters are chosen be-
tween two values: a baseline value, where the parameter
is similar to that already achieved in XENON1T [23, 24],
and an enhanced value that we deem achievable based
on ongoing work in the community. A summary of these
configurations is given in Table I. In all configurations, we
take the double-photoelectron detection probability to be
22%, the number of PMTs to be 1200, and we require a
3-fold PMT coincidence for detection. Further details of
the detector parameters, including the PMT properties
and geometry, are taken from Refs. [25, 26]. All analysis
code, configuration files and results are publicly available
for download [27].

For comparison we also model a future Generation-3
argon detector. As argon detectors are able to achieve
excellent electronic/nuclear recoil discrimination, no de-
tailed detector simulation is required. We instead as-
sume perfect discrimination above nuclear recoil energies
of 25 keV, i.e. zero electronic recoil background in the re-
gion of interest. Proper modelling of the detector would
be able to account for the roll-o↵ of discrimination ability
at low energies, allowing one to lower the threshold at a
cost of e�ciency. However, since the atmospheric rate is
not strongly dependent on threshold, the small increase
in signal would only have a correspondingly small e↵ect
on the present analysis.

B. Background components

In this analysis we only include intrinsic backgrounds
to an atmospheric neutrino search in xenon, assuming
all other backgrounds are subdominant. This seems re-
alistic in light of the current state of the art, with only
mild extrapolation needed to a Generation-3 detector.
The irreducible background consist of: electronic recoils
from solar pp and 7Be neutrinos, nuclear recoils from so-
lar 8B and hep neutrinos, the di↵use supernova neutrino
background (dsnb), and the ⌫⌫�� decay of 136Xe. The
⌫⌫�� background could be suppressed through depletion
of 136Xe, as explored in [11]. Here however we assume no
depletion, as 136Xe is not the dominant background and
will likely be desirable for a 0⌫�� search.

In this work, we use calculations of the solar neutrino
electronic recoil rate from Ref. [28], which account for
a ⇠ 23% suppression of the rate due to atomic binding
e↵ects. Additionally, we account for a ⇠ 9% reduction
of the charge yield for L-shell electron recoils, as recently
observed in electron-capture calibrations of the XELDA
detector [29]. This has the e↵ect of widening the solar
neutrino electronic recoil band and thus slightly increases
the number of electronic recoil background events in the
nuclear recoil signal band.

Newstead, Lang, Strigari 2020; 
Zhuang, Strigari, Lang 2022

Super-Kamiokande 

Collaboration 2016

DM detectors sensitive to extremely low-component of the atmospheric neutrino flux 

neutrino neutrino
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Next generation dark matter and neutrino detection
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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,
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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,

8B events at threshold

• Independent neutral current channel from 
SNO

• Large enough exposure improves the 8B flux 
normalization (Takeuchi, Rossi, Villante talks) 

• Measurement of neutrino energy spectrum

• Applications to sterile neutrinos (Billard, LS, 
Figueroa-Feliciano 2014)  
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Newstead, Strigari, Lang 2018

Detection of all components of the solar 
neutrino flux requires reduction of the 2-
neutrino double beta decay background 

Decay of 136Xe
<latexit sha1_base64="xsQUGfCJObS1rGVZoZ1+MArXUdY=">AAAB+3icbVBNTwIxEJ3FL8SvFY9eGomJJ7JLiHokevGIiXwkLCHdMkBDt7tpu0ZC+CtePGiMV/+IN/+NBfag4Etm8vLeTDp9YSK4Np737eQ2Nre2d/K7hb39g8Mj97jY1HGqGDZYLGLVDqlGwSU2DDcC24lCGoUCW+H4du63HlFpHssHM0mwG9Gh5APOqLFSzy1WSCBTEoRoaNZ7bskrewuQdeJnpAQZ6j33K+jHLI1QGiao1h3fS0x3SpXhTOCsEKQaE8rGdIgdSyWNUHeni9tn5NwqfTKIlS1pyEL9vTGlkdaTKLSTETUjverNxf+8TmoG190pl0lqULLlQ4NUEBOTeRCkzxUyIyaWUKa4vZWwEVWUGRtXwYbgr355nTQrZf+yXL2vlmo3WRx5OIUzuAAfrqAGd1CHBjB4gmd4hTdn5rw4787HcjTnZDsn8AfO5w85mJNJ</latexit>
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Detection of low-energy atmospheric neutrinos 

Super-Kamiokande 

Collaboration 2016
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FIG. 5: The median significance (dashed) and 1-� confidence interval, CI, band (green) obtained for xenon (left) and argon
(right) detectors as a function of the exposure. The e↵ect of variations in the flux normalization by ±20% on the median
significance is also shown (dotted).

and signal, s.
To calculate the expected statistical significance of dis-

covery for a given exposure and assumed signal strength
we use the test statistic

q0,A(µ
0) = �2ln

L(µ = 0|�(µ0))

L(µ̂ = 1|�(µ0))
, (6)

where the expected significance is given by
p
q0,A. We

additionally calculate the 90% confidence interval on the
signal strength parameter using the test statistic,

tµ(µ
0) = �2ln

L(µ = 0|�(µ0)

L(µ̂ = 1|�(µ0))
. (7)

IV. RESULTS

To explore the e↵ect of using di↵erent detector param-
eters (as given in Table I) we perform our analysis six
times with di↵erent configurations. First using the base-
line values and then the enhanced values one at a time,
and then all together. The expected significance of the
atmospheric neutrino signal after 1 kty is given for each
of the configurations in Table II. While there may be
significant correlations between pairs of the parameters,
these results clearly show that the parameter with the
single largest e↵ect is the mean electron lifetime. This
is because most of the parameters are independent of, or
scale with, the detector size. This is not the case for the
electron lifetime which, if left at 650 µs, results in far
fewer electrons making it to the liquid surface. Electron
lifetimes longer than 5 seconds where tested and found
to not further improve the detector performance.

The detector configuration with all parameters en-
hanced experienced an improvement beyond the sum
of the individual improvements, indicating that the en-

TABLE II: The expected significance (Z) of the atmospheric
neutrino signal for each of the detector configurations with a
1 kty exposure, with and without position information.

Enhanced significance Z significance Z

parameter (corrected S1 & S2) (position bins)

N/A 1.2 1.5

g1 1.6 2.0

g2 1.3 1.5

drift field 1.2 1.6

electron lifetime 5.7 6.0

all 7.0 7.2

hancements are acting synergistically. This can be ex-
plained by the observation that increasing g2 alone has
a negligible improvement on the sensitivity. One would
expect that an increase in the gain of the S2 signal would
improve electronic/nuclear recoil discrimination by re-
ducing statistical fluctuations in the S2 signal (and also
improve position reconstruction). However, if the elec-
tron lifetime is small, then there is no signal for g2 to
amplify, and no improvement is observed. We find that
including position information in the likelihood increases
the significance for all detector configurations, with the
worse performing configurations seeing the most improve-
ment.
To show the e↵ect of the systematic uncertainty on

the projected significance, we perform our significance
calculation varying the flux normalization by ±20%, i.e.
using Eq. 6 with values of µ0 = 0.8, 1, 1.2. The results
of these calculations for both xenon and argon detectors
are shown in Fig. 5. At an exposure of 1 kty, the system-
atic uncertainty is approximately ±1�, which is of the
same magnitude as the statistical uncertainty. Figure 6
shows the corresponding confidence interval obtained for

• Identification of atmospheric neutrino flux component depends on systematics in measurements 
of the atmospheric neutrino flux [Newstead, Lang, Strigari 2021; Zhuang, Strigari, Lang 2022]

• Detection of DSNB likely requires exposure > 10 kton-yr [Strigari 2009; Suliga et al. 2022]  



CEvNS & neutrinos from Galactic supernova

Neutrino signal from 27 Solar mass 
progenitor within 10 kpc (Lang et al. 2016)

SNEWS network
Khaitan 2018; Mukhopadhyay et al. 2020; 
Al Kharusi et al. 2021
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FIG. 43: The seasonal variation of the solar neutrino flux.
The solid line is the prediction based on the eccentricity of
the Earth’s orbit.

lated by the detector simulation described in Section III,
and BP2004 is used as a solar model. The solid line shows
the expected spectrum of 8B and hep neutrinos, and the
dashed line shows the contribution of only 8B neutrinos.
The observed and expected event rates are summarized

in Table IX and Table X. In these tables the reduction
efficiencies listed in Fig. 38 are corrected.
The uncorrelated and correlated systematic errors for

each energy bin are shown in Table XI and Table XII,
respectively.
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FIG. 44: Energy spectrum of the solar neutrino signal. The
horizontal axis is the total energy of the recoil electrons. The
vertical axis is the event rate of the observed solar neutrino
signal events. The error bars are a quadrature of the sta-
tistical and uncorrelated errors. The reduction efficiencies in
Fig. 38 are corrected. BP2004 SSM flux values are used for
the 8B and hep MC fluxes in this plot. The dashed line shows
the contribution of only 8B.
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FIG. 45: Integral energy distributions for the hep solar neu-
trino analysis. The horizontal axis is the energy threshold of
the recoil electrons. The integration is up to 21.0 MeV. Up-
per plot: the vertical axis is the expected number of events
in SK–I’s 1496 day final data sample after all cuts. The solid
and dashed lines correspond to the hep solar neutrino only
the and 8B+hep 90% C.L. upper limit. Lower plot: the ratio
of the two histograms in the upper plot (dashed/solid).

E. Hep solar neutrino

The expected hep neutrino flux is three orders of mag-
nitude smaller than the 8B solar neutrino flux. However,
since the end-point of the hep neutrino spectrum is about
18.8 MeV compared to about 16 MeV for the 8B neutri-
nos, the high energy end of the 8B spectrum should be
relatively enriched with hep neutrinos. In order to dis-
cuss the flux of hep neutrinos, the most sensitive energy
region for hep neutrino was estimated, then, assuming
all the signal events in this energy region were due to
hep neutrinos, an upper limit of the hep solar neutrino
flux was obtained. Any possible effects from neutrino
oscillations were not considered in this analysis.

Figure 45 shows the expected integral energy distribu-
tions for solar neutrinos. In the high energy region, the
relative hep contribution is high, but the expected num-
ber of events is small because of the limited observation
time. For this analysis, the best energy aperture for the
hep solar neutrinos was determined to be 18.0∼21.0MeV.
In this energy region 0.90 hep solar neutrino events are
expected from the predicted BP2004 SSM rate.

Applying the same signal extraction method to the
data events in the 18.0∼21.0 MeV region, we found
4.9 ± 2.7 solar neutrino signal events. Assuming that
all of these events are due to hep neutrinos, the 90%
confidence level upper limit of the hep neutrino flux was
73 × 103 cm−2 s−1. Figure 46 shows the differential en-
ergy spectrum of solar neutrino signals in the high energy
region.

Super-Kamiokande 2005 

Borexino 2017

A 50 ton detector would measure 
the eccentricity in ~5 years 
[Zhuang+ 2022] 

Borexino 2022



Time variation of solar neutrinos 
& dark matter detection 

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)
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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
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Dark matter and solar neutrinos with directional detectors7
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FIG. 4: Mollweide projections of the WIMP plus 8B neutrino angular di↵erential event rate integrated within (from left
to right) three equally sized energy bins spanning the range Er = 0 to 5 keV, for a WIMP with mass m� = 6GeV and
���n = 4.9 ⇥ 10�45 cm2 and a Xe target. The top row shows the signal on February 26th, when the separation between the
directions of the Sun and Cygnus is smallest (⇠ 60�), and the bottom row on September 6th, when the separation is largest
(⇠ 120�). The WIMP contribution is to the left of the neutrino contribution on the top row and to the right on the bottom
row. The Mollweide projections are of the event rate in the laboratory co-ordinate system with the horizon aligned horizontally
and the zenith and nadir at the top and bottom of the projection respectively.

the angular spread decreases with increasing energy i.e.,
the highest energy recoils have the smallest angle between
the incoming particle direction and the recoil direction.

In addition to the standard case of a detector with full
3-dimensional sensitivity, we will also assess the discov-
ery potential of a detector which only has sensitivity to
1-dimensional and 2-dimensional projections of the 3-d
recoil track. Using Eq. (18) we define the 2-d readout to
be the projection of the recoil track onto the x-y plane
such that only the angle � is measured, and the 1-d read-
out to be the projection on to the z-axis such that only
the angle ✓ is measured.

Figure 5 shows the daily evolution of the 1-d, cos ✓,
and 2-d, �, recoil angle distributions at a single energy
(0.5 keV) from 8B neutrinos and a WIMP with mass
m� = 6GeV. The � distributions from 8B neutrinos
have two peaks, because at a fixed recoil energy the neu-
trino energy spectrum produces recoils in a ring around
the incident direction. In the WIMP case, however, the
distribution of recoils is peaked in a single direction, to-
wards �vlab. The 2-d and 1-d distributions for both at-

mospheric and DSNB neutrinos are flat, and therefore we
do not show them for clarity. The WIMP and neutrino
distributions are significantly di↵erent, not only in their
shape at a single time but also how they evolve over the
course of a day. This suggests that a detector with only
1-d or 2-d readout should still be able to discriminate
WIMP and neutrino induced recoils.

IV. ANALYSIS METHODOLOGY

In this section we introduce the analysis methodology
we use to assess the discovery potential of each readout
strategy for future low-threshold, ton-scale experiments.
Discovery limits were first introduced in Ref. [39] and are
defined such that if the true WIMP model lies above this
limit then a given experiment has a 90% probability to
achieve at least a 3� WIMP detection. To derive these
limits, it is necessary to compute the detection signif-
icance associated with di↵erent WIMP parameters, for
each detector configuration. This can be done using the
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the angular spread decreases with increasing energy i.e.,
the highest energy recoils have the smallest angle between
the incoming particle direction and the recoil direction.

In addition to the standard case of a detector with full
3-dimensional sensitivity, we will also assess the discov-
ery potential of a detector which only has sensitivity to
1-dimensional and 2-dimensional projections of the 3-d
recoil track. Using Eq. (18) we define the 2-d readout to
be the projection of the recoil track onto the x-y plane
such that only the angle � is measured, and the 1-d read-
out to be the projection on to the z-axis such that only
the angle ✓ is measured.

Figure 5 shows the daily evolution of the 1-d, cos ✓,
and 2-d, �, recoil angle distributions at a single energy
(0.5 keV) from 8B neutrinos and a WIMP with mass
m� = 6GeV. The � distributions from 8B neutrinos
have two peaks, because at a fixed recoil energy the neu-
trino energy spectrum produces recoils in a ring around
the incident direction. In the WIMP case, however, the
distribution of recoils is peaked in a single direction, to-
wards �vlab. The 2-d and 1-d distributions for both at-

mospheric and DSNB neutrinos are flat, and therefore we
do not show them for clarity. The WIMP and neutrino
distributions are significantly di↵erent, not only in their
shape at a single time but also how they evolve over the
course of a day. This suggests that a detector with only
1-d or 2-d readout should still be able to discriminate
WIMP and neutrino induced recoils.

IV. ANALYSIS METHODOLOGY

In this section we introduce the analysis methodology
we use to assess the discovery potential of each readout
strategy for future low-threshold, ton-scale experiments.
Discovery limits were first introduced in Ref. [39] and are
defined such that if the true WIMP model lies above this
limit then a given experiment has a 90% probability to
achieve at least a 3� WIMP detection. To derive these
limits, it is necessary to compute the detection signif-
icance associated with di↵erent WIMP parameters, for
each detector configuration. This can be done using the
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Fig. 1. Hammer-Aito↵ projection of the WIMP flux in Galactic coordinates. A WIMP mass of
100 GeV has been assumed (from Ref. 12).
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Fig. 2. (left) The daily rotation of the Earth introduces a modulation in recoil angle, as measured
in the laboratory frame. (right) Magnitude of this daily modulation for seven lab-fixed directions,
specified as angles with respect to the Earth’s equatorial plane. The solid line corresponds to zero
degrees, and the dotted, dashed, and dash-dot lines correspond to ±18�, ±54� and ±90�, with
negative angles falling above the zero degree line and positive angles below. The ±90� directions
are co-aligned with the Earth’s rotation axis and therefore exhibit no daily modulation. This
calculation assumes a WIMP mass of 100 GeV and CS2 target gas. (from Ref. 13).

the WIMP origin of the dark matter interaction candidate events.11 This is often
referred to as the materials signal. In practice, this would require the detection of a
large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.
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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
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Measurement of CEvNS cross section 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
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• COHERENT energy and timing data not yet sensitive to flavor separation
• Cross section precision may be reduced to few percent (Snowmass WP, 2204.04575)



Precision measurement of CEvNS cross section 

• Radiative corrections to the CEvNS cross section induce flavor dependences [Sehgal 1985; Cadeddu et al. 2019; 
Tomalak et al. 2021] 

• Percent-level measurements of the cross section would be sensitive to these processes 

• Terrestrial and astrophysical sources still affected by systematic uncertainties 
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Figure 1. Radiative corrections induce a photon-mediated interaction with nuclei. Charged
currents (left diagram) lead to flavor-dependent calculable corrections. Neutral currents (right
diagram) lead to flavor-independent corrections, some of which involve light quarks and are in-
herently nonperturbative. Rather than working directly with the Standard Model Lagrangian, we
use a more efficient four-fermion treatment [119–121] presented in section 2.1, that incorporates all
electroweak physics and effects due to running coupling constants and heavy-particle loops inside
Wilson coefficients.

In contrast to corrections from nuclear effects (e.g. in the weak form factor), radiative
corrections introduce qualitatively new ingredients to CE⌫NS that are not present at leading
order. For example, CE⌫NS is often idealized as a flavor-independent process, however
this is only true at tree level. Loops with charged leptons depend on the mass of the
lepton resulting in flavor-dependent corrections (see fig. 1). These effects are reasonably
well appreciated in the CE⌫NS literature at a qualitative level [111, 122–126]. According
to [127, 128], neutrino-photon interactions are induced via loops of charged particles. As
for any spin-1/2 particle, the on-shell vertex can be parameterized using Dirac spinors and
form factors ū(p2)�µ(Q2

)u(p1) with Q2
= � (p1 � p2)

2 (see e.g. [129] for a review in the
context of neutrinos). Extracting the form factor slope from the experimental data, one can
probe a conventionally defined neutrino charge radius [109]. While we agree that CE⌫NS is
a probe of the neutrino’s electromagnetic properties, it probes the Q2 dependence of form
factors rather than their Q2

! 0 limit.

For concreteness, most of our discussion focuses on neutrinos from a pion decay-at-rest
source. We comment on other sources of low-energy neutrinos when needed. Although
typical momentum transfers Q2

⇠ E2
⌫ ⇠ (30 MeV)

2 are small relative to the scales relevant
for nuclear coherence, they are large relative to the scales controlling quantum fluctuations,
namely me and mµ. In fact, the Q2

! 0 limit can only be taken safely for virtual ⌧

loops and for loops with µ over some kinematic range, as we will see later. More precisely,
the flavor-dependent contribution is proportional to the vacuum polarization function in
QED, and depends on both Q2/m2

e and Q2/m2
µ neither of which is small for e.g. a neutrino

energy of E⌫ = 50 MeV. In the CE⌫NS literature, it is often claimed that the effect of
lepton loops can be included in cross section calculations via a prescriptive replacement

– 3 –

E⌫ , MeV Nuclear Nucleon Hadronic Quark Pert. Total 1040 · �⌫µ , cm
2 1040 · �0

⌫µ , cm
2

50 4. 0.06 0.56 0.13 0.08 4.05 34.64(1.36) 32.05
30 1.5 0.014 0.56 0.13 0.03 1.65 15.37(0.25) 14.23
10 0.04 0.001 0.56 0.13 0.004 0.58 1.91(0.01) 1.77

Table 2. Contributions to the relative error (in %) of the total CE⌫µNS cross section on 40
Ar target

for an incident ⌫µ neutrino energy E⌫ . Cross section with radiative corrections �⌫µ is compared to
the tree-level result �0

⌫µ
.
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Figure 3. CE⌫µNS cross section on 40
Ar target (blue band) compared to the tree-level prediction

(red dashed curve) as a function of the recoil nucleus energy for the incoming neutrino energies
E⌫µ = 10, 30, and 50 MeV. The error bands shown here include the full error budget outlined
in section 2.4 and summarized in table 2.

• Hadronic contributions: Following [119], we take the correlator ⇧̂(3)
3� in the approx-

imation of exact SU(3)f symmetry when ⇧̂
(3)
3� = ⇧̂�� with ⇧̂�� = 3.597(21) [134–136]

and conservatively assign a 20% error.

• Wilson coefficients: We propagate central values and uncertainties of neutrino-
quark coupling constants from [119, 121] properly accounting for correlations and
threshold matching errors.

• Perturbative expansion: We estimate the perturbative error as a difference be-
tween our results evaluated at scales µ =

p
2µ0 and µ = µ0/

p
2 with µ0 = 2 GeV.

To estimate the total uncertainty, we add all of the above errors in quadrature. We present
the relative size of uncertainties of total cross section in table 2 and for the differential
cross sections in fig. 3. For convenience, we also provide the CE⌫NS cross sections for the
neutrino energy corresponding to the monochromatic neutrino line from pion decay at rest,
E⌫ =

m2
⇡�m2

µ

2m⇡
' 29.79 MeV,

�⌫µ = (15.19± 0.25) · 10�40
cm

2, �⌫e = (15.01± 0.24) · 10�40
cm

2. (2.26)

As we can see from table 2, at higher energies the main source of uncertainty for the
CE⌫NS cross section comes from nuclear physics. In fact, this can be traced down to the
error of the neutron distribution inside the nucleus. The error stemming from the charge-
isospin hadronic correlator, ⇧̂(3)

3� , is the second largest source of uncertainty for E⌫ & 30

MeV, and actually dominates over the neutron distribution error at low energies. This
is because the point-neutron and point-proton form factors are normalized up to infinite

– 14 –



Re-visiting the neutrino floor/fog 

O’Hare PRL 2021 Aristizabel Sierra, De Romeri, Flores, Papoulis 2022

Measurement of CEvNS cross section in terrestrial experiments calibrate location of neutrino background



New physics neutrino interactions 

Oscillation data still allow for large NSI couplings and MSW LMA 
dark side solution [Miranda, Valle, Tortola, 2006]

Changes octant of solar angle and sign of mass ordering

Non-oscillation experiments (e.g. coherent scattering) required to 
lift existing degeneracy 

Coloma, Denton, Gonzalez-Garcia, Maltoni 2017; Denton, 
Farzan, Shoemaker 2018; Denton & Gehrlein 2020

de Salas et al. 2021

Figure 6. The top plot shows the 90% allowed param-
eter space with "uee and "dee to float while fixing others
at 0, while the bottom shows 1/2/3� contours allowing
"uee and "uµµ to float fixing others to 0. The bottom also
shows parameter space that is compatible with a degen-
eracy in solar neutrino oscillation data that would flip
the inferred neutrino mass ordering.

section h�i� = (165+30
�25) ⇥ 10�40 cm2, consistent

with the standard-model prediction to within 1 �.
The weak mixing angle was measured at low-Q2 us-
ing this cross section result. We also introduced
measurements of the flavored CEvNS cross section,
which are shown to produce improved CEvNS con-
straints on neutrino-quark NSI scenarios. Though
the CsI[Na] detector has been decommissioned, a
planned in-situ calibration of the neutrino flux using
a heavy-water Cherenkov detector [50] will further
improve precision of the CEvNS measurements. CO-
HERENT is currently engaged in future measure-
ments of CEvNS on Ar, Ge, and NaI, while addi-
tional targets are possible for the future.
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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  
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Light mediators alter the shape of angular distribution 

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