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Coherent Elastic Neutrino Nucleus Scattering
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PHYSICAL REVIE% D VOLUME 9, NUMBER 5

Coherent effects of a weak neutral current
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and Institute for Theoretical Physics, State University of Nese York, Stony Brook, New Fork 12790
(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-

Kinematic condition
for CEvNS

VERY CHALLENGING DETECTION

Small momentum transfer means small recoil energy:
MeV-neutrinos produce recoil energy around
O(1-10) keV.

E = 30 MeV Cs: 14 keV Xe: 15 keV Ar: 48 keV
R ' 10fm ! q  ~c

R
' 200MeV fm

10fm
⇠ 20MeV
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Coherent Elastic Neutrino Nucleus Scattering
The differential cross section as a function of the recoil energy for a spinless target is : 
d�⌫`-N
dTnr

(E, Tnr) =
G2

FM

⇡

✓
1� MTnr

2E2

◆⇥
gpV ZFZ(|~q|2) + gnV NFN (|~q|2)

⇤2

*Even if the target is not spin zero, the axial part remains
negligible with respect to the vector part.  The ratio of axial
to vector contributions is expected to be of order of 1/A. 

Tree
Level

With radiative 
corrections

Parameters
included in 

the cross 
section

M. Cadeddu et al. -
Phys.Rev.D 102 (2020) 1, 015030

J. Erler & S. Su -
Prog.Part.Nucl.Phys. 71 (2013)

Z = Number of protons
N = Number of neutrons
FZ = Proton form factor
FN = Neutron form factor
q = Momentum transfer
ϑW = Weinberg Angle

GF= Fermi constant
M = Mass of the target nucleus
Tnr = Recoil energy of the nucleus
E    = Neutrino energy
gV

p = Vector coupling with protons
gV

n = Vector coupling with neutrons

#𝛼s(mW)= Strong coupling constant at W mass
#𝛼Z = Fine structure constant at Z-mass
𝜌 = Low-energy NC parameter
mW = Mass of W boson
ml = Mass of the lepton
𝑠̂Z = sin! ϑW at the Z-boson mass
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COHERENT experiment Oak Ridge, 
Tennessee

Neutrino production at
Spallation Neutron Source

6.7σ C.L. 14.6 kg detector

3.5σ C.L. 24 kg detector

Cesium-Iodide

Argon 

Observation of Coherent Elastic Neutrino-Nucleus Scattering - COHERENT Collaboration 
(Akimov, D. et al.) Science 357 (2017) no.6356

First Detection of Coherent Elastic Neutrino-Nucleus Scattering on Argon - COHERENT Collaboration (Akimov, D. et al.) arXiv:2003.10630 [nucl-ex] 
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COHERENT experiment
The expected CEvNS signal is given by: 

N(X) : Number of nuclei in the 
active volume of the detector
A(Tnr)   : Acceptance of the detector
dNν/dE : Neutrino fluxes at SNS
dσ/dTnr : CEvNS cross section

NCE⌫NS
i = N(X)

Z T i+1
nr

T i
nr

dTnrA(Tnr)

Z Emax

Emin

dE
X

⌫=⌫e,⌫µ,⌫̄µ

dN⌫

dE

d�⌫�N
dTnr

(E, Tnr)

M. Cadeddu et al. - Phys.Rev.D 101 (2020) 3, 033004 M. Cadeddu et al. - Phys.Rev.D 102 (2020) 1, 015030

*The conversion between nuclear recoil and the measured observable includes the 
presence of quenching factor, a very challenging quantity to be measured, that for 
both CsI and Ar detectors is one of the parameter that affects the sensitivity of the 
experiment

ArCsI
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Light vector mediators in CEνNS 
The general vector neutral-current neutrino non 
standard interactions described by the effective
four-fermion Lagrangian is:

d�⌫`-N
dTnr

(E, Tnr) =
G2

FM

⇡

✓
1� MTnr

2E2

◆⇥
gpV ZFZ(|~q|2) + gnV NFN (|~q|2)

⇤2SM electroweak vector contribution

General NSI electroweak
vector contribution

LNC
NSI = �2

p
2GF

X

`=e,µ

(⌫`L�
⇢⌫`L)

X

f=u,d

"fV`` (f̄�⇢f)
Assuming that neutrinos don’t change flavor and 
only electron and muon neutrinos are involved in 
the process (as the case of COHERENT experiment): 

*In principle we should also consider an axial contribution but in experiments
looking for coherent scattering the axial contribution is negligible

No flavor changing NSI electroweak vector contribution

C. Giunti - Phys.Rev.D 101 (2020) 3, 035039

Q2
` = [(gpV (⌫`) + 2✏uV`` + ✏dV`` )ZFZ(|~q|2) + (gnV + ✏uV`` + 2✏dV`` )NFN (|~q|2)]2
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Light vector mediators in CEνNS 

Depending on how the new light vector mediator couples to the SM, namely assuming
a value for Q’l and Q’f it is possible to explore several models, for instance the following
three:

Universal model

B-L model

Lµ-L𝜏 model

What if neutrino NSI are induced by a gauge Z’-boson with mass MZ’ and coupling gZ’ associated with a new 
U(1)’ symmetry?

"fV`` =
g2Z0Q0

`Q
0
fp

2GF (|~q|2 +M2
Z0)

J. Liao and D. Marfatia- Phys.Lett.B 775 (2017)

T. Han, J. Liao, H. Liu and D. Marfatia - JHEP 11 (2019) 028 

W. Altmannshofer et al. –
Phys. Rev. D 100 (2019) 115029

J. Billard, J. Johnston and B.J. Kavanagh - JCAP 11 (2018) 016

Q"# = Q$# = 1

Q"# = 1,
Q$# = −Q"#/3
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Light vector mediators in CEνNS 
How does the COHERENT theoretical rate of events change with Z’ contributions?

Universal model
B-L model Lµ-L𝜏 modelLow energy: 

Enhancement of the rate 

High energy: 
Drop of the rate due the cancellation

of the cross section

Overall enhancement of 
the event rate



Limits on new physics models using COHERENT data 
Same coupling with 
all the fermions

CONNIE collaboration - JHEP 04 (2020) 054
A. Drukier and L. Stodolsky - Phys. Rev. D30 (1984) 2295
J. Barranco, O. Miranda and T. Rashba - JHEP 12 (2005) 021 

Universal model 
• Improved limits for

MZ’ > 4 MeV
• Degeneracy line related to the 

cancellation in the event rate 9



Limits on new physics models using COHERENT data 

BaBar collaboration, Phys. Rev. Lett. 113 (2014) 201801
LHCb collaboration, Phys. Rev. Lett. 124 (2020) 041801 

PHENIX Collaboration - Phys. Rev. C 91 (2015) 031901
ALICE collaboration - Phys. Lett. B 720 (2013) 52 

NA48/2 collaboration - Phys. Lett. B 746 (2015) 178
A1 Collaboration collaboration - Phys. Rev. Lett. 106 (2011) 251802.

R. Harnik, J. Kopp and P.A. Machado - JCAP 07 (2012) 026
Muon g-2 collaboration -, Phys. Rev. D 73 (2006) 072003
H. Davoudiasl and W.J. Marciano - Phys. Rev. D 98 (2018) 075011

B-L
Improved limits for 20 MeV < MZ’ < 200 MeV

10



Limits on new physics models using COHERENT data 

• Gauged Lµ − Lτ symmetry model.
• The new Z’ boson can couple directly only to muonic or tauonic flavour. 
• CEνNS through kinetic loops of muons and tauons involving photons

W. Altmannshofer et al. - Phys. Rev. Lett. 113 (2014) 091801
ATLAS collaboration - Phys. Rev. Lett. 112 (2014) 231806
CMS collaboration-Phys. Lett. B 792 (2019) 345
BaBar collaboration - Phys. Rev. D 94 (2016) 011102
S. Gninenko and D. Gorbunov - arXiv:2007.16098
Muon g-2 collaboration -, Phys. Rev. D 73 (2006) 072003

Lµ-L𝜏
• Confirmation of already set limits.
• Promising opportunity to improve limits with next

COHERENT phase

11



Conclusions
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Universal model 
• Improved limits for MZ’ > 4 MeV
• Degeneracy line related to the cancellation in the event rate

B-L
• Improved limits for 20 MeV < MZ’ < 200 MeV

Lµ-L𝜏
• Confirmation of already set limits.
• Promising opportunity to improve limits with next COHERENT phase

• Description of CEνNS process and COHERENT experiment
• COHERENT CsI and LAr data
• Introduction of three different Z’ modelsG
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Coherent Elastic Neutrino Nucleus Scattering
The differential cross section as a function of the recoil energy for a spinless target is : 

Electroweak vector coupling

Neutron Form Factor
F (q)Helm = 3

j1(qR0)

qR0

e�
(qs)2

2

Weak mixing angle

Measurements:
ϑW gives information about weak interactions
R0 gives information about how neutrons are 
distributed in the nucleus

d�⌫`-N
dTnr

(E, Tnr) =
G2

FM

⇡

✓
1� MTnr

2E2

◆⇥
gpV ZFZ(|~q|2) + gnV NFN (|~q|2)

⇤2

CV = gpV ZFZ(|~q|2) + gnV NFN (|~q|2)

=
1

2
[(1� 4 sin2 #W )ZFZ(|~q|2)�NFN (|~q|2)]

👀



COHERENT experiment

First detection ever🏆

Observation of the process at 6.7σ CL using 14.6 
kg CsI low-background scintillator as a target

Oct 1973:  Prediction
Aug 2017: Discovery

Three neutrino fluxes:
• Muonic anti-neutrinos
• Electron neutrinos
• Muonic neutrinos

dN"!
dE"

=
rN#$%
4πL! δ E" −

m&
! −m'

!

2m&
()"!
(*"

= +)#$%
,&-&

.,*"&

/!
'

0
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− *"

/!
per E" ≤

/!
!

()"(
(*"

= +)#$%
,&-&
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COHERENT experiment
In 2020 also COHERENT LAr detector has seen CEvNS!

SIGNAL:   CEvNS interaction with Ar nuclei Nuclear recoils
BACKGROUND:   Neutrons interaction with Ar nuclei Nuclear recoils

Gamma and beta interaction with Ar Electron recoils

Evidence of the process at 3.5σ CL using 24 kg of atmospheric 40Ar.

With LAr detectors it is possible to exploit a very powerful tool (Pulse Shape Discrimination) that allows to reject
most of the background produced by electron recoils

PSD value of the event

DATA RELEASE

Time of the event
with respect to the start time 

of the beam

Recoil energy of the event



COHERENT experiment
We performed a 𝜒2 fit of the data measuring: 

The neutron form factor embeds the neutron distribution radius

Rn(
40Ar) < 4.2(1�), 6.2(2�), 10.8(3�) fm

Nuclear models prediction:

Neutron distribution radius

Our result

Weak Mixing Angle 

sin2 #W(Ar) = 0.31± 0.06 (1�),+0.11
�0.13 (2�),+0.18

�0.23 (3�)

sin2 #W(CsI) = 0.24± 0.04 (1�),±0.09 (2�),+0.13
�0.14 (3�)

sin2 #W(CsI + Ar) = 0.26+0.04
�0.03 (1�),±0.07 (2�),±0.11 (3�)

Theoretical prediction: sin2 #W = 0.23857± 0.00005

Our result



COHERENT experiment

LAr =  27.5 m          NPOT,Ar = 13.7×1022

LCsI = 19.3 m          NPOT,CsI = 17.6×1022

Spallation Neutron Source, ORNL



COHERENT experiment

Gives information about the 
number of photoelectrons
released and the nuclear

recoil energy



COHERENT experiment

COHERENT Collaboration, arXiv:1708.01294 Collar, Kavner, Lewis, arXiv:1907.04828 



COHERENT experiment CENNS-10 detector



COHERENT experiment
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FIG. 9. Projection of the maximum likelihood PDF from Analysis B on ttrig (left), reconstructed energy (center), and F 90

(right). The fit SS background has been subtracted to better show the CEvNS component. Bin-bin systematic errors were not
calculated in this analysis.

Figure 9 shows the projections of the likelihood fit for
analysis B.

CEvNS Cross Section N Dependence

With the result reported here, the COHERENT col-
laboration has measured the flux-weighted CEvNS cross
section with di↵erent nuclei. These results, along with
the SM prediction, are shown in Figure 10.
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FIG. 10. The measured CEvNS flux-weighted cross sec-
tion from this analysis together with the previous results for
CsI[Na] [33] and as expected in the SM as a function of neu-
tron number. Expectations for planned COHERENT target
nuclei are also computed. The form factor (FF) unity as-
sumption is compared to the Klein-Nystrand [52] value that
is used for this analysis with the green band representing a
±3% variation on the neutron radius.

Non-Standard (Model) Interactions

Results from CEvNS experiments directly constrain
non-standard interactions (NSI) between neutrinos and

quarks mediated by a new, heavy particle. The mediator
is assumed to be a vector. After unitarity constraints,
there are ten independent couplings allowed, ✏f,Vij , with
i, j = e, µ, ⌧ and f = u, d [15]. As an example, we look
at constraints on ✏

u,V
ee and ✏

d,V
ee , with all other couplings

assumed to be zero, because these two are least experi-
mentally constrained.
Constraints are determined by comparing the flux-

averaged cross section predicted in each NSI scenario to
COHERENT data on argon (this result) and on CsI [33].
Both constraints are shown in Fig. 6 and are consistent
with the SM prediction. The argon data disfavor the
slight suppression which is allowed by the CsI data. This
slight excess causes the allowed parameter space regions
to separate into two degenerate bands.

 
   

        

Fig. S2. Geant4 energy distribution and arrival time of SNS neutrinos to the CsI[Na] detector. 
Neutrinos above the endpoint of the Michel spectrum (~53 MeV) arise from DIF and muon 
capture, contributing a negligible (< 1%) signal rate. Delayed neutrinos follow the 2.2 µs time 
constant characteristic of muon decay. A discussion on neutrino production rates (the 
normalization factors for these distributions) and associated uncertainties is provided in the 
supplementary materials text.  
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Light vector mediators in CEνNS 
Non-standard neutrino interactions modify neutrino oscillation inside the matter
In presence of NSI oscillation data are affected by a degeneracy: LMA-D solutions of solar mixing angle

arXiv:1909.00466v2 [hep-ph] 5 Feb 2020 



Light vector mediators in CEνNS 
• U(1)’ extension of SM: a new boson mediator is introduced through mixing with photon and 

Z boson

•
B+
W+
,

X+
=

cos θ- −ϵ sin α − sin θ- cos α sin θ- sin α − ϵ cos α
sin θ- cos θ- cos α − cos θ- sin α
0 sinα cos α

A+
Z+
Z+.

• 3 kind of models

Dark photon
γ/ o A.

Z prime
Z.

Z dark
Z/

• coupling similar to 
standard photon

• suppression by the mixing
parameter ϵ

• coupling proportional to 
electric charge

• kinetic mixing dominates
• 𝛼 ≪ 1

• mass mixing dominates
• 𝜖 = 0



Light vector mediators in CEνNS 
• General gauge simmetry: X = Q!" B! + Q#" B# + Q$" B$ + Q%" L% + Q&" L& + Q'" L'
• To build an anomaly free theory:

– 3 Q!" + Q#" + Q$" + Q%" + Q&" + Q'" = 0

• L2$$ = − 3!
"

4"56#!
" [∑7Q7# +qγ8q][∑9Q9# ν9γ8P:ν9]

• Compairing to the NSI we get the coupling forms:

• ϵ99
7; = 3! "4$! 4%!

< =&(4"56#!
" )

• Weak charge becomes:
• 𝑄@ABC D = (g;

E+2𝜖DDF@ + 𝜖DDG@)Z FH q< + (g;I + 𝜖DDF@ + 2𝜖DDG@)NFJ q<



Light vector mediators in CEνNS 

Z’ contribution
to the rate



Limits on new physics models using COHERENT data 
• We used a minimization of χ! method to determine the exclusion limits in the parameter space

• χ0! = ∑1233! 4(
)*+56,-./0 4(

,-./056123/7(
123/56423/7(

423/

8(

!
+ 6,-./053

8,-./0

!
+ 6123/53

8123/

!
+ 6423/53

8423/

!

– PBRN= Prompt Beam-Related Background
– LBRN=Late Beam-Related Neutron Background
– BRNES= Beam Related Neutron Energy Shape

• σ1! = σ1
9:; !

+ σ7<4=> B1?7<4 + B1@7<4
!

• σA="4> = 13.4% for Gixed RB or 13.2% for free RB
• 𝜎CDEF = 32%
• 𝜎GDEF = 100%
• 𝜂HIJFK, 𝜂CDEF, 𝜂GDEF= nuisance parameters, they quantify, respectively, the systematic uncertaint

y on the rate signal, on the PBRN background and the LBRN background.



Limits on new physics models using COHERENT data 
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Limits on new physics models using COHERENT data 

Same coupling with all the fermions
CONNIE collaboration - JHEP 04 (2020) 054
A. Drukier and L. Stodolsky - Phys. Rev. D30 
(1984) 2295
J. Barranco, O. Miranda and T. Rashba -
JHEP 12 (2005) 021 



Limits on new physics models using COHERENT data 
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Limits on new physics models using COHERENT data 

• Gauged Lµ − Lτ symmetry model.
• The new Z’ boson can couple directly only to 

muonic or tauonic flavour
• There is no tree-level coupling to the quark sector. 
• This model can be studied through the CEνNS 

process by considering the interaction between the 
new boson and quarks via kinetic loops of muons
and tauons involving photons

W. Altmannshofer et al. - Phys. Rev. Lett. 113 (2014) 091801
ATLAS collaboration - Phys. Rev. Lett. 112 (2014) 231806
CMS collaboration-Phys. Lett. B 792 (2019) 345
BaBar collaboration - Phys. Rev. D 94 (2016) 011102
S. Gninenko and D. Gorbunov - arXiv:2007.16098
Muon g-2 collaboration -, Phys. Rev. D 73 (2006) 072003



Limits on new physics models using COHERENT data 

Universal model 
• Improved limits for

MZ’ > 4 MeV
• Degeneracy line related to the 

cancellation in the event rateB-L
Improved limits for 
20 MeV < MZ’ < 200 MeV

Lµ-L𝜏
• Confirmation of already

set limits.
• Promising opportunity to 

improve limits with next
COHERENT phase



Limits on new physics models using COHERENT data 

2 57. Muon anomalous magnetic moment
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Figure 57.1: Representative diagrams contributing to aSMµ . From left to right:
first order QED (Schwinger term), lowest-order weak, lowest-order hadronic.

The QED part includes all photonic and leptonic (e, µ, τ) loops starting with the classic
α/2π Schwinger contribution. It has been computed through 5 loops [11]

aQED
µ =

α

2π
+ 0.765 857 425(17)

(α

π

)2
+ 24.050 509 96(32)

(α

π

)3

+ 130.879 6(6 3)
(α

π

)4
+ 752.2(1.0)

(α

π

)5
+ · · · (57.5)

with little change in the coefficients since our last update of this review. Employing
α−1 = 137.035 999 046(27), obtained from the precise measurements of h/mCs [12], the
Rydberg constant, and mCs/me leads to [11]

aQED
µ = 116 584 718.92(0.03)× 10−11 , (57.6)

where the small error results mainly from the uncertainty in α.

Loop contributions involving heavy W±, Z or Higgs particles are collectively labeled
as aEWµ . They are suppressed by at least a factor of (α/π) · (m2

µ/m
2
W ) " 4 × 10−9. At

1-loop order [13]

aEWµ [1-loop] =
Gµm2

µ

8
√
2π2

[

5

3
+

1

3

(

1− 4 sin2θW
)2

+O

(

m2
µ

M2
W

)

+O

(

m2
µ

m2
H

)]

= 194.8× 10−11 , (57.7)

for sin2θW ≡ 1−M2
W /M2

Z " 0.223, and where Gµ " 1.166× 10−5 GeV−2 is the Fermi
coupling constant. Two-loop corrections are relatively large and negative [14]. For a
Higgs boson mass of 125 GeV it amounts to aEWµ [2-loop] = −41.2(1.0) × 10−11 [14],
where the uncertainty stems from quark triangle loops. The 3-loop leading logarithms are
negligible, O(10−12) [14,15]. A recent full 2-loop numerical evaluation of the electroweak
correction [16] reproduces the total 1+2-loop contribution when adjusted for appropriate
light quark masses

aEWµ = 153.6(1.0)× 10−11 . (57.8)

Hadronic (quark and gluon) loop contributions to aSMµ give rise to its main theoretical
uncertainties. At present, those effects are not precisely calculable from first principles,
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