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Outline 
•  Physics Motivation for CEνNS 

•  How do we measure CEνNS? 
i.)  Neutrino production 
ii.)  Detection 
iii.)  Background suppression 

•  Prominent accelerator efforts 
i.) CENNS at FNAL BNB 
ii.) COHERENT at ORNL SNS 
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Describing the CEνNS Signal 
•  To probe a “large” nucleus (few × 10-15 m) 

•  Detector signature is the 
recoiling nucleus 

•  Recoil energy that is deposited 

•  This is quite small for particle & nuclear physics à Dark Matter 

3 WIPAC 2015 -- R.L. Cooper 

σνN � 4

π
E2

ν [Zωp + (A− Z)ωn]
2

ωp =
GF

4
(4 sin2 θW − 1), ωn =

GF

4

Cross section for zero-momentum transfer limit

Differential cross section for finite momentum transfer

Leff =
GF√
2
lµjµ

dσ

dE
=

G2
F

4π
[(1− 4 sin2 θw)Z − (A− Z)]2M

�
1− ME

2E2
ν

�
F (Q2)2

(a)

ν ν

Z0

A A

(b)

χ χ

?

A A
g(Z0u) =

1

4
− 2

3
sin2 θW , g(Z0d) = −1

4
+

1

3
sin2 θW

Yoo

!"#$%$&'()*+,-.(/0$1'%+*(!1%%$&'2(0$1'%3&"(01.*$1,(4.+5$%3&67(!)004
!"#$%!&#'()*+,-!./!0121!3#''(45-!6789:;

Eν � hc

RN

∼= 50 MeV

Emax
r � 2E2

ν

M
� 50 keV

E 

Eν	



M 

5/4/15 



Structure of the CEνNS Signal 
•  Predicted scattering rate 

 
•  Recoil energy (M -1) and rate (N 2 ) 
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Detection Rate vs. Target 

G.C. Rich JPS/APS DNP 2014

CE!NS signals and detectors

• CE!NS cross section increases like N2 

• .. but heavier nuclei recoil with lower 
energy 

• Target/detector selection and design 
requires consideration of this 
balance! 

• Interpretation of CE!NS-search results 
are dependent on knowledge of 
detector response, especially to 
provide input for neutron distributions, 
beyond standard model tests, etc

8

Figure from J.I. Collar et al., arXiv:1407.7524 (2014)1J.I. Collar et al., Nucl. Instrum. Meth. A773 (2014) 56. arXiv:/1407.7524 [physics.in-det]
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Physics Cases for CEνNS 
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•  Never been observed! 
•  Oscillations (spatially)  
•  Form factors 
•  Supernova physics 
•  Non-standard interactions 
•  Irreducible dark matter 

background 
•  Low-mass dark matter 

searches (related) 
•  Neutrino-induced neutron 

production (related) 
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Physics Cases for CEνNS 
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Ar-C data + models 

2

affect neutrino-nucleus coherent scattering, but the neu-
tron distribution has much more leverage. In this paper
we suggest the use of a Taylor expansion to write the
nuclear-neutron form factor in terms of moments of the
neutron density distribution. Using this expansion and a
simple Monte Carlo simulation, we show that neutrino-
nucleus coherent scattering can probe not only neutron
radii, but also the higher-order moments of neutron dis-
tributions. We use the examples of argon [14], germa-
nium [17] and xenon targets to show the expected ranges
of sensitivity.
The paper is organized as follows. In section II, we

introduce the model used to estimate neutrino-nucleus
scattering count rates, including in our discussion the
Taylor expansion of the neutron form factor and the cal-
culation of the moments of the neutron distribution in
nuclear DFT. In section III, we present and discuss the
results of the Monte-Carlo simulations.

II. COHERENT SCATTERING AND THE
FORM FACTOR

We present in this section the details of the model, in-
cluding the kinematics of neutrino-nucleus coherent scat-
tering, the dependence of the neutron form factor on
the moments of the neutron distributions, and the DFT-
based calculations of the moments.

A. Kinematics

To calculate the cross section for neutrino-nucleus co-
herent elastic scattering, we sum the contributions of
each nucleon to the amplitude, which we then square
and sum over available phase space. The resulting cross
section, for spherical nuclei (neglecting small corrections
from various sources) is [18]

dσ

dT
(E, T ) =

G2
F

2π
M

[

2−
2T

E
+

(

T

E

)2

−
MT

E2

]

×
Q2

W

4
F 2(Q2) , (1)

where E is the energy of the incoming neutrino, T is the
nuclear recoil energy, M is the mass of the nucleus, GF

is the Fermi constant, and QW = N − (1 − 4 sin2 θW )Z
is the weak charge of the nucleus (sin2 θW ≈ 0.231).
The cross section also contains the form factor F 2(Q2),
which is a function of the momentum transfer (Q2 =
2E2TM/(E2 − ET )). One of the neglected corrections
is from higher multipoles in odd-A nuclei, which include
the effects of deformation as well as nonzero spin. The
higher multipoles add terms to Eq. (1) only at order Q4,
and even those changes are much smaller than O(1/A)
for the nuclei considered here.

The form factor corrects for scattering that is not com-
pletely coherent at higher energies. It encodes informa-
tion about the nuclear densities through a Fourier trans-
form, which in spherical nuclei takes the approximate
form [13]

F (Q2) =
1

QW

∫

[
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]

×
sin (Qr)

Qr
r2dr , (2)

where ρn,p(r) are the neutron and proton densities. We
have neglected effects due to the finite size of the nucle-
ons, which alter the relation between the point-neutron
density and the cross section by modifying the form fac-
tor at high Q. These effects could easily be included and
would barely change the results of our sensitivity analysis
below.
The separation of the neutron and proton terms in Eq.

(2) makes it possible to write the form factor as
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1
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[

Fn(Q
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2)
]

. (3)

Since the coefficient of the proton form factor is small,
the scattering depends mainly on the neutrons, making
neutrino-nucleus coherent scattering well suited to mea-
suring the neutron distribution.
There are two primary types of neutrino sources to con-

sider: neutrinos generated from fission processes in nu-
clear reactors, and neutrinos from the decay of stopped
pions. Reactor neutrinos have lower energy, resulting
in correspondingly low nuclear-recoil energies. Because
background can obscure low-energy recoil, we consider
neutrinos produced from the decay of stopped pions.
Stopped pions are produced in large quantities at both
spallation sources and accelerator sources. An example
of a spallation source is the Spallation Neutron Source
at Oak Ridge National Laboratory, which hits a mercury
target with a beam of protons. Pions are produced, with
negative pions captured in the target and positive pions
coming to rest and decaying. The pions decay through
π+ → νµ + µ+. The muon neutrinos are monoenergetic
with an energy of 29.9 MeV. The muons then come to
rest and further decay via µ+ → e++νe+νµ. The prob-
ability that neutrinos νe or antineutrino νµ are emitted
in the range (E,E + dE) read

fνe =
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m4
µ

(mµE
2
νe − 2E3

νe)dEνe ,
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=
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(3mµE

2
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− 4E3
νµ
)dEνµ

, (4)

where mµ is the mass of the muon. The energy of the
neutrinos range up to ∼ 52 MeV, which results in typical
nuclear recoil energies on the order of tens of keV to
100 keV. The momentum transfer associated with these
energies runs up to ∼ 100 MeV.

3

To calculate the number of scattering events as a func-
tion of recoil energy, we fold the neutrino spectra with
the cross section:

dN

dT
(T ) = NtC

∫ mµ/2

Emin(T )
f(E)

dσ

dT
(E, T )dE , (5)

where Nt is the number of targets in the detector, C
is the flux of neutrinos of a given flavor arriving at the
detector, the normalized energy spectra f(E) includes
all three types of neutrino produced in pion decay, and
Emin(T ) = 1

2 (T +
√
T 2 + 2TM) is the minimum energy

a neutrino must have to cause a nuclear recoil at energy
T . The upper bound of mµ/2 is the maximum energy for
a neutrino produced from muon decay at rest.

B. Form-factor expansion
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FIG. 1. (Color online.) The factor F (Q2) for 40Ar predicted
by the Skyrme functional SkM∗ (solid black curve), and trun-
cations of the expanded form factor at various orders ofQ: Q0

(dashed blue curve), Q2 (dashed red curve), Q4 (solid green
curve). Terminating the expansion at Q4 (with coefficient
1
5!
〈R4

n〉) gives good agreement with the full form factor over
the range of Q2 relevant for the scattering of neutrinos from
stopped pion beams.

Since the form factor is included in the calculation of
the number of events, nuclei with different density distri-
butions will produce different recoil-energy distributions.
The recoil distributions therefore provide a good test for
models that predict the density. We can increase the use-
fulness of the recoil distribution by expanding the form
factor in Q. The dominant neutron piece can be repre-
sented as
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with
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∫
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∫
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Written this way, the form factor is a sum of the even
moments of the neutron density distribution. These mo-
ments are straightforward to calculate from the density,
and represent physically relevant and measurable quan-
tities. Since the neutrinos we consider have relatively
low energy, we can truncate the expansion after just two
terms for lighter nuclei such as argon and germanium,
and three terms for heavier nuclei like xenon. As an il-
lustration, we show in Fig. 1 the theoretical neutron form
factor predicted by the Skyrme functional SkM∗ [19] for
40Ar. Including moments up to 〈R4

n〉 is sufficient to re-
produce the full form factor curve over the relevant range
of Q values. In other words, we can fit experimental scat-
tering data in 40Ar with just two parameters, 〈R2

n〉 and
〈R4

n〉.
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FIG. 2. (Color online.) Top: Event rates in 40Ar as a func-
tion of recoil energy, with two different RMS neutron radii.
The red (solid) curve represents predictions of the Skyrme
functional SkM∗, while the blue (dotted) curve represents the
same for an RMS radius made 10% larger, as described in
the text. The flux at the detector is taken to be 3 × 107

neutrinos/cm2/sec per flavor. Bottom: The difference be-
tween the two curves on top.

Fig. 2 shows the effects on event rates in 40Ar of chang-
ing a single important measure of the density distribu-
tion, the root-mean-square (RMS) neutron radius 〈R2

n〉
1

2 .
We produced the figure as follows: First, we calculated

3.5 ton Ar, 
16 m from SNS,  
1 year, δΦν = 0 

4th vs 2nd Form Factor Moments •  Never been observed! 
•  Oscillations (spatially)  
•  Form factors 
•  Supernova physics 
•  Non-standard interactions 
•  Irreducible dark matter 

background 
•  Low-mass dark matter 

searches (related) 
•  Neutrino-induced neutron 

production (related) 

1K. Patton et al., Phys. Rev. C86 (2012) 024612.  arXiv:/1207.0693 [nucl-th]
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Physics Cases for CEνNS 
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•  Never been observed! 
•  Oscillations (spatially)  
•  Form factors 
•  Supernova physics 
•  Non-standard interactions 
•  Irreducible dark matter 

background 
•  Low-mass dark matter 

searches (related) 
•  Neutrino-induced neutron 

production (related) 

Supernova 
neutrino energy 
is similar to 
accelerator 
neutrinos 

1E.g., Horowitz et al., Phys. Rev. D68 (2003) 023005.  arXiv:astro-ph/0302071 [astro-ph]
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Dark Matter Sensitivity 

1L. Baudis, Phys. Dark Univ. 4 (2014) 50-59.  arXiv:/1408.4371 [astro-ph]
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ν-induced neutron production on Fe 

G.C. Rich JPS/APS DNP 2014

Neutrino-induced neutrons (NINs)

• Measurements of these cross 
sections have implications beyond 
background assessment 

• NINs from Pb are fundamental 
mechanism for detection in 
HALO supernova neutrino 
detector [1] 

• NIN interactions may influence 
nucleosynthesis in certain 
astrophysical environments [2]

12

Figure from A.R. Samana and C.A. Bertulani, Phys. Rev. C (2008)

[1] C.A. Duba et al. J.Phys.Conf.Series 136 (2008) 
[2] Y-Z. Qian et al., Phys. Rev. C 55 (1997) 

1A.R. Samana & C.A. Bertulani, Phys.Rev. C78 (2008) 024312. arXiv:/0802.1553 [nucl-th] 
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1https://fsnutown.phy.ornl.gov/fsnufiles/positionpapers/Coherent_PositionPaper.pdf
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SNS Neutron / Neutrino Source 
•  Few GeV protons on target 

produces stopped π+ 
 
 

 
•  Prototypical source is 

Spallation Neutron Source 
  

•  SNS flux at 20 m 
  
ΦSNS = 3×107 s-1 cm-2 
  

•  700 ns pulses at 60 Hz  
à ≈ 10-4 overall duty factor 

•  ≈ 1 GeV protons (few kaons) 
on liquid Hg target à ≈ 1 MW  

12 WIPAC 2015 -- R.L. Cooper 

π+ → µ+ + νµ

µ+ → e+ + ν̄µ + νe

5/4/15 



3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV !µ"
                     PROMPT 

~0.13 per flavor 
   per proton 

Expected neutrino spectrum 

Neutrino flux: few times 107 /s/cm2 at 20 m 

F. Avignone and Y. Efremenko, J. Phys. G: 29 (2003) 2615-2628 

SNS Neutron / Neutrino Source 
•  Few GeV protons on target 

produces stopped π+ 
 
 

 
•  Prototypical source is 

Spallation Neutron Source 
  

•  SNS flux at 20 m 
  
ΦSNS = 3×107 s-1 cm-2 
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π+ → µ+ + νµ

µ+ → e+ + ν̄µ + νe

SNS Stopped Pion Energy Spectrum 

1F.T. Avignone & Yu. Efremenko, J. Phys. G29 (2003) 2615-2628.
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CEνNS Detectors for COHERENT 
•  Typically use dark matter 

detectors for CEνNS 
q  Scalable (up to ton-scale) 
q  Radiopure (duty factor helps) 
q  Fast (correlate to beam pulse) 
q  Low-detection threshold 
q   *Nuclear- / electron-recoil ID 

•  Multiple targets: 
CsI, Ge, LXe for validation
(optional: NaI and LAr) 

•  14 kg, 7 keVnr threshold, at 
20 m could discover CEνNS: 
500 events year-1 

14 WIPAC 2015 -- R.L. Cooper 

*CEνNS is typically a near threshold effect.  Particle recoil ID tends to be difficult. 
1J.I. Collar et al., Nucl. Instrum. Meth. A773 (2014) 56. arXiv:/1407.7524 [physics.in-det]
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*CEνNS is typically a near threshold effect.  Particle recoil ID tends to be difficult. 
1J.I. Collar et al., Nucl. Instrum. Meth. A773 (2014) 56. arXiv:/1407.7524 [physics.in-det]


Expected Rates for CsI at SNS 
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*CEνNS is typically a near threshold effect.  Particle recoil ID tends to be difficult. 
1J.I. Collar et al., Nucl. Instrum. Meth. A773 (2014) 56. arXiv:/1407.7524 [physics.in-det]


Ge 

RED-100 
LXe 

NaI 
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Siting and Backgrounds at SNS 

17 WIPAC 2015 -- R.L. Cooper 5/5/15 

protons 

 CsI 

  
Ge 

LXe 

•  Basement has 
significant 
overburden 

•  Measured 
neutron rates 
are very low! 



CENNS at Fermilab BNB 

18 WIPAC 2015 -- R.L. Cooper 

1S.J. Brice et al., Phys. Rev. D29 (2014) 072004. arXiv:/1311.5958 [physics.in-det]
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Far-Off-Axis Approach for CENNS 
•  8 GeV protons on thick Be 

target, horn focused mesons 

•  Far-off-axis predominantly 
decay-at-rest pions 

•  Siting at BNB can potentially 
be very close and/or easy 

•  ΦBNB = 5×105 s-1 cm-2  

(20 m, cos θ < 0.5) 

19 WIPAC 2015 -- R.L. Cooper 

Off-Axis Neutrino Energy Spectrum 

Beam MC Configuration
! Use standard Booster Beam MC 

- release stopping pion cuts in the original MC
! 8 GeV, 5Hz 5x1012 Protons on Beryllium target

- 32 kW max power 
! 173 kA horn current neutrino mode
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1S.J. Brice et al., Phys. Rev. D29 (2014) 072004. arXiv:/1311.5958 [physics.in-det]
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MiniCLEAN: SNOLab à Fermilab 
•  Single-phase, LAr has copious 

VUV scintillation, 500 kg 
fiducial, radioactive purity 

21 WIPAC 2015 -- R.L. Cooper 
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•  ≈ 100 CENNS events / year, 
discovery and constrain non-
standard interactions 

1S.J. Brice et al., Phys. Rev. D29 (2014) 072004. arXiv:/1311.5958 [physics.in-det]
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Elastic Scattering Connection: ν, n, χ	


•  Many indistinguishable sources of few × 10 keV nuclear recoils 

•  Must measure neutron fluxes 

22 WIPAC 2015 -- R.L. Cooper 

Er ≈ 10 keV 

Ar 

ν	


Eν ≈ 50 MeV 

n 
En ≈ 1 MeV 

χ	


vχ ≈ 10-3 c 
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SciBath Neutron Measurements at BNB 
•  SciBath is 80 L liquid scintillator 

tracking detector (768 optical fiber) 

WIPAC 2015 -- R.L. Cooper 23 
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CEνNS: A Phased Approach 

•  Much of the detectors, technology, and infrastructure in-place or 
will soon exist 

•  First results could be very soon! 
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Phase Detector Scale Physics Goals Comments 
Phase 1 10-100 kg First Detection Precision flux not needed 
Phase 2 100 kg – 1 ton SM tests, NSI searches Becoming systematically 

limited 
Phase 3 1 ton – multi-ton Neutron structure, 

neutrino magnetic 
moment 

Systematics control a 
dominant issue; multiple 
targets useful 

1Table from K. Scholberg at Coherent NCvAs mini-workshop at FNAL
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Status of CEνNS Efforts 
COHERENT at SNS 
•  Some existing funding 

in place for current 
shielding and NIN tests 

 
•  Will pursue DOE 

funding later this 
summer  

•  Could see first light 
2015-2016! 

CENNS at BNB 
•  MiniCLEAN could be 

moved by 2018 

•  Conclusive 7σ 
discovery in LAr in 
one year of running 

•  Developing 10-kg LAr 
prototype for neutron 
response and rates 
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BACKUPS 

27 WIPAC 2015 -- R.L. Cooper 5/4/15 



SciBath Detector 
•  80 L open volume of mineral 

oil based liquid scintillator 
 

•  Neutrons recoil off protons, 
create scintillation 
 

•  768 wavelength shifting fibers 
readout 
 

•  IU built custom digitizer: 12 
bit, 20 MS / s 
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BNB Neutron Energy Spectrum 
•  En unfolded from PEs 

spectrum simulation of 
detector response 
 

•  2.44 ± 0.34 pulse-1 m-2  
(En > 40 MeV) 
 

•  Lose sensitivity > 200 MeV;  
 

•  Neutron spectrum 
20 m from BNB 
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Validation of Unfolding Techniques 
•  Cosmic ray neutron 

spectrum also unfolded 

•  Gordon et al., IEEE TNS 51, 
(2004) 3427 parameterizes 
surface neutron flux from 
Bonner sphere data 

•  Energy shape matches, 
overall scale factor needed 
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Unfolded Cosmic Neutron Spectrum 
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Beam Off-Target Rates (> 0.5 MeV) 
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Stairwell 
•  9 m from Be  

beam target 
•  1384 n / 1016 POT 

Collimator 
•  8 m from Be  

beam target 
•  5608 n / 1016 POT 

50 m Absorber 
•  6 m from Fe 

beam stop 
•  310 n / 1016 POT 

2012 SciBath Loc 
•  20 m from Be  

beam target 
•  211 n / 1016 POT 

Target 90° FOX 
•  20 m from Be 

beam target 
•  390 n / 1016 POT 

Neutron 
spectrum 
unfolding 
underway 

≈ 2.7×1016 
POT / hr 
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MI-12 Neutron Background Run 
•  Neutron flux ~20 m from 

target 
 

•  In-line behind beam target 
(ground) 
 

•  29 Feb. – 23 Apr., 2012 
 

•  4.9x1019 total protons on 
target (POT) 
(4.5x1012 per pulse) 
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Utility Trailer for BNB Measurement 
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Summary of BNB Work for CENNS 
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MiniCLEAN 
First CENNS 
measurement 

SciBath 
Fast neutron 

measurements 
(10-200 MeV) 

preparatory 
measurements 

EJ-301 Cells 
Portable array
(0.5-20 MeV) 

CENNS-10 
10 kg LAr testing 

prototype 

CAPTAIN 
Low-E neutrino 
cross sections 
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