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Accelerator-
produced
beams

Energy spectrum of neutrino sources 

we're going to 
zoom in here 
eventually



Neutrino interactions with matter

Charged Current (CC) Neutral Current (NC) 

Produces lepton 
with flavor corresponding
to neutrino flavor Flavor-blind

W+

d u

nl l-
Z0

d

nx

d

nx

(must have enough energy 
    to make lepton)

nl + N ® l± + N'



Neutrino-matter 
cross-sections

It’s called the weak interaction for a reason

1 barn = 10-24 cm2

Photon-matter
cross-sections

~10-24 cm2

~10-40 cm2 

~16-17 orders of 
magnitude smaller



For astrophysics, the weakness of the 
  interaction is both a blessing and a curse...

- neutrinos bring information from deep inside objects,
    from regions where photons are trapped

- but they require heroic efforts to detect!



“Inelastic”
energy converted 
to new particles

“Elastic”  
   same particles 

in as out

“Quasi-elastic”
 different final-state 
particles but same 
number of particles

Common nomenclature for neutrino interactions



Interaction rates in a detector material

R = � � Nt

Flux
Cross 
section Number of 

targets

/ detector mass, 1/D2

(Note: fluxes, cross-sections are En dependent)



In fact this may be the neutrino
 experimentalist’s most useful
 back-of-the-envelope expression...

N = Φ  σ Nt T

How many solar neutrinos will interact in your body
        during your lifetime? 



How many solar neutrinos interact in
 your body during your lifetime?

A. 10^-6

B. 10^-3

C. 10

D. 10^3

E. 10^6



What do we want from a neutrino detector?
depends on the source and the physics:

Geordi La Forge’s special visor
  that can see neutrinos



What do we want from a neutrino detector?

• flavor/CP state [nu vs antinu]
• energy
• direction
• time of interaction
• position of interaction

depends on the source and the physics:

Geordi La Forge’s special visor
would tell us:

plus pretty much always want: 
•  high statistics (mass,efficiency)
•  low background



What you actually detect is the
  secondary(ies)... (and tertiaries...)
     scattered particle, newly created particles,
          ejected nuclei, showers...

“Inelastic”
energy converted 
to new particles

“Elastic”  
   same particles 

in as out

“Quasi-elastic”
 different final-state 
particles but same 
number of particles



Inverse beta decay 
    can be categorized as: 

⌫̄e + p ! e+ + n

A. charged-current elastic

B. charged-current quasi-elastic

C. charged-current inelastic

D. neutral-current elastic

E. neutral-current inelastic



Supernova neutrinos range up to 
   about ~50 MeV, and arrive in
   a burst containing neutrinos and
   antineutrinos of all flavors

Why are only electron-flavor
   neutrinos visible via charged-current?



Neutrino interaction thresholds

IBD

ne
40Ar 

CC

ne
16O 

CC

nµ CC

ES

Require 
neutral
current to
 see nµ,t



dn
dE0 = N

R1
0

R1
0 dEdÊ�(E)�(E)k(E � Ê)T (Ê)V (Ê � E0)

Flux
Cross 
section

Detector 
response
(detector 
simulation)

Interaction 
products
(physics)

Event spectrum as a function of observed energy E’,
   for a realistic detector

E’: observed energy
k: observed energy for given neutrino energy 
T: detector efficiency 
V: detector resolution

flux⌦ xscn⌦ interaction products⌦ detector response



Neutrino detection physics 
is actually physics of electromagnetic- 
  or strongly-interacting particle detection
  

e+/-

ne

g n

g

- charged particles
- “heavy”  (µ, p, p, ...)
- e+, e-

- photons
- neutrons



Take-away points so far

- Neutrino sources: 
- natural and artificial sources over 

 many orders of magnitude  in energy

- Neutrino interactions:
- CC, NC;   elastic, QE, inelastic
- How to calculate neutrino event rates

- Neutrino detection:
- Neutrinos are observed via secondaries/tertiaries

R = � � Nt

e+/-

ne

g n

g
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keV       MeV        GeV        TeV      PeV    

Deep Inelastic 
Scattering

Neutrino interactions over a range of energies
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keV       MeV        GeV        TeV      PeV    

Interactions with 
nucleons inside 
nuclei,  often 
disruptive, 
hadroproduction

Deep Inelastic 
Scattering

Neutrino interactions over a range of energies
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keV       MeV        GeV        TeV      PeV    

Interactions with 
nuclei and 
electrons, 
minimally 
disruptive of the 
nucleus

Interactions with 
nucleons inside 
nuclei,  often 
disruptive, 
hadroproduction

Deep Inelastic 
Scattering

Coherent elastic 
neutrino-nucleus 
scattering

n

This is the gentlest interaction of a 
                             neutrino with a nucleus



A tour by neutrino energy scale, of some highlights...

start at the high end
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IceCube Glashow Resonance

Formaggio & Zeller, RMP 2012

electron shower
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Hard to study very high energies in the laboratory...

https://arxiv.org/pdf/2109.10905.pdf

Some interesting future prospects for n interaction in the
 ~TeV range at the Forward Physics Facility at the LHC 



Going down a little lower, to few 100 MeV-10 GeV scale



Long-baseline beam experiments for oscillation physics
Past                                                    Current                                                      Future

K2K
KEK to Kamioka
250 km, 5 kW

MINOS
FNAL to Soudan
734 km, 400+ kW

CNGS
CERN to LNGS
730 km, 400 kW

Hyper-K
J-PARC to Kamioka
295 km, 750 kW

LBNF/DUNE   
FNAL to Homestake
1300 km, 1.2 MW    (è2.3 MW)

(è1.3 MW)

NOnA
FNAL to Ash River
810 km, 400-700 kW

(+)

And beyond...
 ESSnuB, 
  neutrino factories...

T2K (II)
J-PARC to Kamioka
295 km, 380-750 kW è>1 MW  



These make use of ~GeV neutrinos from p decay in flight

pp

accelerate 
protons

slam them into 
a target

focus mesons (mostly p’s) forward
with magnetic horn(s)

let the p’s decay in a 
long decay pipe

p µ

nµ

T2K
beam

focus p+ Non-negligible
uncertainties
on flux normalization
and spectrum…
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It's critically important to understand neutrino interactions  
 with nuclei for interpretation of oscillation experiments

The game is to 
compare observed
n flavor and 
energy spectrum 
at
near and far sites 
(observable is wiggles as 
a function of L and E)

Oscillation depends on true n energy...
  → must reconstruct n energy from observed final state particles

(there are near detector tricks to mitigate uncertainties,
   but it's hard to get away from needing good understanding)

K. Mahn,
Snowmass
Neutrino
Colloquium



Interactions of neutrinos 
in the few-GeV range

Neutrinos Antineutrinos

~1/3 the 
xscn
for nubar

quasi-elastic resonant
deep inelastic
   scattering

Zeller & Formaggio

scattering off nucleons,
but can blow up the 
nucleus & create new 
particles



38

Neutrino-nucleus interactions in this regime
     have complicated final states... final-state interactions matter

D. Ruterbories, Nu2018
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Dedicated measurements in process and proposed,
 + theory, to understand interactions in this regime

K. Mahn,
Snowmass
Neutrino
Colloquium

+T2K, NOvA, DUNE, HK near detectors
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Electron scattering measurements can help
 to constrain neutrino scattering models

K. Mahn, Snowmass Neutrino Colloquium



Next take-away points

- High-energy (GeV scale) neutrino interactions 
important for long-baseline experiments

- Nuclei are goopy, complicated places...

- Dedicated measurements + theory needed



Now moving down in energy to the few-100 MeV scale



Electrons

Charged
current

Elastic scattering

     Useful
     for pointing

Neutral 
current

n

e-

ne
e-

⌫ + e� ! ⌫ + e�

Neutrino interactions with elementary particles



Electrons Protons

Charged
current

Elastic scattering

     Useful
     for pointing

Inverse beta    
decay

Neutral 
current

Elastic 
scattering

g

ge+

n
ne 

g

n

e-

ne
e-

⌫ + e� ! ⌫ + e� ⌫̄e + p ! e+ + n

n

p

very low energy
recoils

Neutrino interactions with elementary particles

_



Electrons Protons Nuclei

Charged
current

Elastic scattering

     Useful
     for pointing

Inverse beta    
decay

Neutral 
current

Elastic 
scattering

g

ge+

n
ne 

g

n

e-

ne
e-

⌫ + e� ! ⌫ + e� ⌫̄e + p ! e+ + n

⌫e + (N,Z) ! e� + (N � 1, Z + 1)

⌫̄e + (N,Z) ! e+ + (N + 1, Z � 1)

⌫ +A ! ⌫ +A

⌫ +A ! ⌫ +A⇤

e+/-
ne

g n

g
Various 
possible
ejecta and
deexcitation
products

Coherent
elastic (CEvNS)

n
g n

g
n

An

p

very low energy
recoils

Neutrino interactions with elementary particles

_

Simple targets… ~well understood



Electrons Protons Nuclei

Charged
current

Elastic scattering

     Useful
     for pointing

Inverse beta    
decay

Neutral 
current

Elastic 
scattering

g

ge+

n
ne 

g

n

e-

ne
e-

⌫ + e� ! ⌫ + e� ⌫̄e + p ! e+ + n

⌫e + (N,Z) ! e� + (N � 1, Z + 1)

⌫̄e + (N,Z) ! e+ + (N + 1, Z � 1)

⌫ +A ! ⌫ +A

⌫ +A ! ⌫ +A⇤

e+/-
ne

g n

g
Various 
possible
ejecta and
deexcitation
products

Coherent
elastic (CEvNS)

n
g n

g
n

An

p

very low energy
recoils

Neutrino interactions with elementary particles

_

Generally more complicated!



Low-energy neutrino detector types
Water Water, long-string

Argon Scintillator

Lead DM (Noble liquid)

ne ne

ne

ne

ne

nx

⌫̄e + p ! e+ + n ⌫̄e + p ! e+ + n

⌫e +
40Ar ! e� + 40K⇤

⌫̄e + p ! e+ + n

⌫e +
208Pb ! e� + 208Bi⇤ ⌫x +A ! ⌫x +A
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Very little experimental information on inelastic 
 neutrino-nucleus interactions in this regime!

.. previously 12C was the only "heavy" nucleus with n interaction
x-sections well (~10%) measured in the tens of MeV regime

LSND Karmen
Phys. Rev. C 66 (2002) 015501 Phys. Lett. B 423 (1998) 15-20

Need: oxygen (water), lead, argon, ...



A neutrino smacks a nucleus 
via exchange of a Z, and the 
nucleus recoils as a whole;
coherent up to En~ 50 MeV

Z0

n n

A A

n + A ® n + A

Coherent elastic
neutrino-nucleus scattering  (CEvNS)

n

49



A neutrino smacks a nucleus 
via exchange of a Z, and the 
nucleus recoils as a whole;
coherent up to En~ 50 MeV

Z0

n n

A A

n + A ® n + A

Coherent elastic
neutrino-nucleus scattering  (CEvNS)

Nucleon wavefunctions 
  in the target nucleus
 are in phase with each other
 at  low momentum transfer

[total xscn]  ~ A2 * [single constituent xscn]QR << 1For ,

50Image: J. Link Science Perspectives A: no. of constituents
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First proposed >47 years ago!

Also: D. Z. Freedman et al., “The Weak Neutral Current and Its Effect in 
    Stellar Collapse”, Ann. Rev. Nucl. Sci. 1977. 27:167-207
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This is not coherent pion production, 
   a strong interaction process (inelastic)

A. Higuera et. al, MINERvA collaboration,
   PRL 2014 113 (26) 2477

!



How do you pronounce "CEvNS"?

A. "KEVENS"

B. "KENZ"

C. "KENSE"

D. "SEVENS"

E. "SENSE"

F.  "SENZ"



Scholberg 54

\begin{aside}

\end{aside}

Literature has CNS, CNNS, CENNS, ...

- I prefer including “E” for “elastic”... otherwise it gets
  frequently confused with coherent pion production
   at ~GeV neutrino energies

- I’m told “NN” means “nucleon-nucleon” to
   nuclear types 

- CEnNS is a possibility but those internal Greek
   letters are annoying

 èCEvNS, pronounced “sevens”...
    spread the meme!



Fermi constant (SM parameter)

55

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Standard Model prediction 
 for CEvNS differential cross section

(probability of kicking a nucleus 
     with recoil energy T)

d�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆



Fermi constant (SM parameter)
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En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Standard Model prediction 
 for CEvNS differential cross section

(probability of kicking a nucleus 
     with recoil energy T)

kinematics:
 ping-pong
 ball hits
 bowling balld�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆



Fermi constant (SM parameter)
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En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Standard Model prediction 
 for CEvNS differential cross section

(probability of kicking a nucleus 
     with recoil energy T)

Form factor: F=1 è full coherence

kinematics:
 ping-pong
 ball hits
 bowling balld�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆



Fermi constant (SM parameter)
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weak 
 nuclear 
 charge 

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Standard Model prediction 
 for CEvNS differential cross section

(probability of kicking a nucleus 
     with recoil energy T)

Form factor: F=1 è full coherence

kinematics:
 ping-pong
 ball hits
 bowling balld�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆

QW = (1� 4 sin2 ✓W )Z �N
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weak 
 nuclear 
 charge 

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Standard Model prediction 
    for differential cross section

(probability of kicking a nucleus 
     with recoil energy T)

d�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆

No. of 
neutrons

No. of 
protons

,

so protons unimportant

sin2 ✓W = 0.231 =) QW / N

QW = (1� 4 sin2 ✓W )Z �N
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weak 
 nuclear 
 charge 

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Form factor: F=1 è full coherence

d�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆

QW = (1� 4 sin2 ✓W )Z �N



Averaged over stopped-p n flux

Line: F(Q)=1
Green: Klein-Nystrand FF w/uccty
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weak 
 nuclear 
 charge 

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):  
        momentum transfer

Form factor: F=1 è full coherence

d�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆

) d�

dT
/ N2

QW = (1� 4 sin2 ✓W )Z �N



(per target atom in CsI)
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� / Q2
W / (N � (1� 4 sin2 ✓W )Z)2

=) � / N2

The cross section
is large  

(by neutrino standards)



Nuclear recoil energy spectrum in Ge for 30 MeV n

Max recoil
energy is ~2En

2/M 
(25 keV for Ge)

Large cross section (by neutrino standards) but hard to observe
  due to tiny nuclear recoil energies: 

63

d�

dT
' G2

FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆
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The only
experimental
signature:

deposited energy

è WIMP dark matter detectors developed
over the last ~decade are sensitive
to ~ keV to 10’s of keV recoils

tiny energy
deposited
by nuclear
recoils in the 
target 
material
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CEvNS: what’s it good for? ! (not a
complete list!)

CEvNS as a signal 
   for signatures of new physics

CEvNS as a signal 
  for understanding of “old” physics

CEvNS as a background 
   for signatures of new physics

CEvNS as a signal for astrophysics

CEvNS as a practical tool
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CEvNS: what’s it good for? ! (not a
complete list!)

CEvNS as a signal 
   for signatures of new physics

CEvNS as a signal 
  for understanding of “old” physics

CEvNS as a background 
   for signatures of new physics

CEvNS as a signal for astrophysics

CEvNS as a practical tool



The cross section is cleanly predicted 
    in the Standard Model

vector

axial

GV, GA:  SM weak parameters
dominates

small for
 most nuclei, 
zero for
spin-zero

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):   momentum transfer

67
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The cross section is cleanly predicted 
    in the Standard Model

En: neutrino energy
T:  nuclear recoil energy
M: nuclear mass
Q = √ (2 M T):   momentum transfer

F(Q):  nuclear form factor, <~5% uncertainty on event rate 

form factor
suppresses
cross section
at large Q



The CEvNS rate is a clean SM prediction  

69

d�

dT
=

G2
FM

2⇡

Q2
W

4
F 2(Q)

✓
2� MT

E2
⌫

◆

A deviation from a N2 prediction can be
 a signature of beyond-the-SM physics

Averaged over stopped-p n flux

Line: F(Q)=1
Green: Klein-Nystrand FF w/uccty

small nuclear uncertainties
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Searching for BSM Physics with CEvNS
A first example: simple counting to constrain
      non-standard interactions (NSI) of
      neutrinos with quarks  

“Model-independent” parameterization

Davidson et al., JHEP 0303:011 (2004)
Barranco et al., JHEP 0512:021 (2005)

“Non-Universal”: eee, eµµ,  ett
Flavor-changing: eab, where a¹b

Þ some are quite poorly constrained (~unity allowed)

LNSI
⇤H = �GF⇤

2

�

q=u,d
�,⇥=e,µ,⇤

[⇥̄��µ(1� �5)⇥⇥ ]⇥ (⇤qL
�⇥ [q̄�µ(1� �5)q] + ⇤qR

�⇥ [q̄�µ(1 + �5)q])

e’s parameterize new interactions



Signatures of Beyond-the-Standard-Model Physics

71

Look for a CEvNS excess or deficit wrt SM expectation

Match SM rate

Suppression

Excess

Excess

Match SM rate

CsI 
Ratio 
wrt SM

New ne-d quark interaction

N
ew

 n
e-

u 
qu

ar
k 

in
te

ra
ct

io
n
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e.g. arXiv:1708.04255

Other new physics results in a 
    distortion of the recoil spectrum (Q dependence)  

specific to neutrinos
 and quarks

BSM Light Mediators
SM weak charge Effective weak charge in presence

 of light vector mediator Z’ 

Neutrino (Anomalous) Magnetic Moment
✓
d�

dT

◆

m

=
⇡↵2µ2

⌫Z
2

m2
e

✓
1� T/E⌫

T
+

T

4E2
⌫

◆
Specific ~1/T upturn 
at low recoil energy

Sterile Neutrino Oscillations

“True” disappearance with baseline-dependent Q distortion

e.g. arXiv:1505.03202,
   1711.09773

e.g. arXiv: 1511.02834, 
1711.09773, 1901.08094 
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CEvNS: what’s it good for? ! (not a
complete list!)

CEvNS as a signal 
   for signatures of new physics

CEvNS as a signal 
  for understanding of “old” physics

CEvNS as a background 
   for signatures of new physics

CEvNS as a signal for astrophysics

CEvNS as a practical tool
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Observable is 
   recoil
   spectrum
   shape

What can we learn about nuclear physics with CEvNS?

Neutron radius and “skin” (Rn-Rp)
   relevant for understanding of neutron stars

J. Piekarewicz
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(Klein-Nystrand FF)

Effect of form-factor uncertainty
         on the recoil spectrum:  estimate as Rn +/- 3%

At current level of experimental precision, 
           form factor uncertainty is small effect

Stopped-p spectrum
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So: if you are hunting for BSM physics 
    as a distortion of the recoil spectrum
   …  uncertainties in the form factor are a nuisance!

There are degeneracies in the observables between 
 “old” (but still mysterious) physics

and “new” physics 

We will need to think carefully about how to
   disentangle these effects and understand uncertainties,
    for the longer term

[See also:  D. Aristizabal Sierra et al. arXiv:1902.07398,
     recent INT workshop “Weak Elastic Scattering with Nuclei”]
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Summary of what we can get at experimentally

Event rate
Recoil spectrum (T=Q2/2M)
[In principle: scattering angle... hard]

Observables:

Knowable/controllable parameters:
Neutrino flavor, via source, and timing
    (reactor: ne-bar, stopped-p: ne, nµ-bar, nµ)
N, Z via nuclear target type
Baseline
Direction with respect to source

Spectral
shape 
systematics
are hard!
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CEvNS: what’s it good for? ! (not a
complete list!)

CEvNS as a signal 
   for signatures of new physics

CEvNS as a signal 
  for understanding of “old” physics

CEvNS as a background 
   for signatures of new physics (DM)

CEvNS as a signal for astrophysics

CEvNS as a practical tool



Understand nature of background (& detector response, DM interaction) 85

CEvNS from natural neutrinos creates ultimate
   background for direct DM search experiments

cdms.berkeley.edu

and neutrinos
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Coherent ν
Background

7Be
8B

Atmospheric and DSNB

XENON1T
LUX

PandaX
DAMIC

SuperCDMS
Darkside 50

EDELWEISS-III
CRESST-II

The so-called “neutrino floor” (signal!) for direct DM experiments

86

solar n’s

atmospheric 
     n’ssuper

nova
 n’s

L. Strigari
J. Monroe & P. Fisher, 2007
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Light 
accelerator-
produced DM 
direct detection
possibilities
(CEvNS is background)

• “Vector portal”: mixing of vector mediator
   with photons in p0/h0 decays

• “Leptophobic portal“: new mediator 
    coupling to baryons

decay
product c
then 
makes 
nuclear
recoil

Expect
characteristic
time, recoil energy,
angle distribution
for DM vs CEvNS

B. Batell et al., PRD 90 (2014)
P. de Niverville et al., PRD 95 (2017)
B. Dutta et al., arXiv:1906.10745
COHERENT, arXiv:1911.6422
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CEvNS: what’s it good for? ! (not a
complete list!)

CEvNS as a signal 
   for signatures of new physics

CEvNS as a signal 
  for understanding of “old” physics

CEvNS as a background 
   for signatures of new physics (DM)

CEvNS as a signal for astrophysics

CEvNS as a practical tool



89En (MeV)

N
eu

tri
no

s/
cm

2 /s
/M

eV

Solar 8B 
@ Earth

Supernova @10 kpc 
(during 10 sec burst)

DSNB @ 
Earth

Atmospheric 

Natural neutrino fluxes



90

Natural neutrino fluxes

En (MeV)

N
eu

tri
no

s/
cm

2 /s
/M

eV

Solar 8B 
@ Earth

Supernova @10 kpc 
(during 10 sec burst)

DSNB @ 
Earth

Atmospheric 

40Ar target

Tmax ⇠ 2E2
⌫

M

“conventional”
 WIMP detectors
(scint, noble liquid...)

“existing low-threshold”
(GePPC, bolometers...)



Search for CEvNS from solar neutrinos
 with the XENON-1T experiment

Limit only so far
   ... but will eventually hit the floor...
  sometimes there are
  interesting things to see
  if you look down...

Phys.Rev.Lett. 126 (2021) 091301, arXiv: 2012.02846 

https://arxiv.org/abs/2012.02846


When a star's core collapses, ~99% of the
 gravitational binding energy of the proto-nstar 
 goes into n's of all flavors with ~tens-of-MeV energies 

(Energy can escape via n's

Neutrinos from core-collapse supernovae

Timescale: prompt 
  after core collapse,  
   overall  Dt~10’s
   of seconds  

Mostly n-n pairs from proto-nstar cooling

92
A. Mezzacappa



Supernova neutrinos in tonne-scale DM detectors 

10 kpc
L=1052 erg/s per flavor
Eavg = (10,14,15) MeV
a = (3,3,2.5) for
(ne, ne-bar, nx)

93

Which 
targets?
A. Ar, Ge, Xe
B. Xe, Ge, Ar
C. Ge, Xe, Ar
D. Ge, Ar, Xe



Supernova neutrinos in tonne-scale DM detectors 

10 kpc
L=1052 erg/s per flavor
Eavg = (10,14,15) MeV
a = (3,3,2.5) for
(ne, ne-bar, nx)
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Supernova neutrinos in tonne-scale DM detectors 

10 kpc
L=1052 erg/s per flavor
Eavg = (10,14,15) MeV
a = (3,3,2.5) for
(ne, ne-bar, nx)

95

Why is this an interesting signal?

A.  It will dominate the worldwide 
       supernova signal
B. It's sensitive to all flavors of the burst
C. The energy resolution will be good
D. All of the above



Supernova neutrinos in tonne-scale DM detectors 

~ handful of CEvNS events per tonne
@ 10 kpc:  sensitive to
all flavor components of the flux

10 kpc
L=1052 erg/s per flavor
Eavg = (10,14,15) MeV
a = (3,3,2.5) for
(ne, ne-bar, nx)
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Detector example:  XENON/LZ/DARWIN

Lang et al.(2016). Physical Review D, 94(10), 103009. http://doi.org/10.1103/PhysRevD.94.103009 

• dual-phase xenon time projection chambers
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The so-called “neutrino floor” for DM experiments
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solar n’s

atmospheric 
     n’sdiffuse 

bg SN
 n’s

L. Strigari

SN burst flux @ 10 kpc is 
9-10 orders of magnitude 
greater than DSNB flux
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Think of a SN burst as “the n floor coming up to meet you”
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L. Strigari
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The only
experimental
signature:

deposited energy

èdetectors developed over the last ~few decades 
are sensitive to ~ keV to 10’s of keV recoils

tiny energy
deposited
by nuclear
recoils in the 
target material

How to measure CEvNS
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Wphonons
  (heat)

feel a warm pulse

http://dmrc.snu.ac.kr/english/intro/intro1.html

Low-energy nuclear recoil detection strategies

2-phase
noble liquid

photons
see a
flash

scintillating crystal
noble liquid

++++--- -

ionization
feel a zap

HPGe

Cryogenic
   Ge, Si

W
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40Ar target

Tmax ⇠ 2E2
⌫

M

Maximum recoil energy as a function of En
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Stopped-pion:
SNS @ 20m 

En (MeV)

N
eu

tri
no

s/
cm

2 /s
/M

eV GW reactor 
ne bar@20 m

5 MCi 51-Cr 
ne @ 25 cm 

40Ar target

Tmax ⇠ 2E2
⌫

M

Maximum recoil energy as a function of En
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Stopped-pion:
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Stopped-pion:
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Stopped-pion:
SNS @ 20m 

En (MeV)

N
eu

tri
no

s/
cm

2 /s
/M

eV GW reactor 
ne bar@20 m

5 MCi 51-Cr 
ne @ 25 cm 

40Ar target

Tmax ⇠ 2E2
⌫

M

Maximum recoil energy as a function of En

“conventional”
 WIMP detectors
(scint, noble liquid...)

“existing low-threshold”
(GePPC, bolometers...)

need ~novel technology... 



ü High flux

ü  Well understood spectrum

ü  Multiple flavors (physics sensitivity)

ü  Pulsed source if possible, for background rejection

ü  Ability to get close

ü  Practical things: access, control, ...

How to detect CEvNS? n

What do you want for your n source?

You need a neutrino source
        and a detector

107
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Neutrinos from nuclear reactors

• ne-bar produced in fission reactions (one flavor)
• huge fluxes possible: ~2x1020 s-1 per GW
• several CEvNS searches past, current and future at 

  reactors, but recoil energies<keV and
  backgrounds make this very challenging 

n energies up to 
  several MeV



Both cross-section and maximum recoil energy 
         increase with neutrino energy:

40Ar target

30 MeV n’s

3 MeV n’s

for same flux

Want energy as large as possible while satisfying
 coherence condition:        
                                    (<~ 50 MeV for medium A)
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stopped p

reactor

Tmax ⇠ 2E2
⌫

M



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

2-body decay: monochromatic 29.9 MeV nµ
PROMPT

Stopped-Pion (pDAR) Neutrinos

⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e

110

at rest
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When the beam is pulsed, 
  make use of the time structure to reject background

• Only look for stopped-p n's within few µs of proton pulse
• Measure the steady-state background off-pulse
• You only care about sqrt of steady-state bg...
• (Beam-related bg is more pernicious...          )

= =
o "Duty factor" or "duty cycle" = fraction of time beam is on
o Inverse duty factor → "background rejection factor"



Stopped-Pion Neutrino Sources Worldwide

SNS
 FTS/
  STS

BNB

ESS
MLF

ISIS
LANSCE/
Lujan

Past
Current
Future

CSNS



better

from duty
 cycle

Comparison of stopped-pion n sources

SNS futureSNS 

MLF

LANSCE Area A

ESS

DAEdALUS

ISIS

Lujan

BNB

~iso S/sqrt(B)



Proton beam energy: 0.9-1.3 GeV
Total power: 0.9-1.4 MW
Pulse duration: 380 ns FWHM
Repetition rate: 60 Hz
Liquid mercury target

Oak Ridge National Laboratory, TN

114
The neutrinos are free!



The SNS has large, extremely clean stopped-pion n flux

Note that contamination
 from non p-decay at rest
 (decay in flight,
  kaon decay, µ capture...)
 is down by several
 orders of magnitude 

SNS flux (1.4 MW):
 430 x 105 n/cm2/s
 @ 20 m

0.08 neutrinos per flavor per proton on target
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60 Hz pulsed source

Background rejection factor ~few x 10-4  

Time structure of the SNS source

Prompt nµ from p decay in 
time with the proton pulse

Delayed anti-nµ, ne
on µ decay timescale

118



COHERENT in Neutrino Alley
  at the ORNL 
   Spallation Neutron Source



The COHERENT collaboration

~90 members,
  23 institutions 
   4 countries

http://sites.duke.edu/coherent
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Siting for deployment in SNS basement
 (measured neutron backgrounds low,
     ~ 8 mwe overburden)

View looking
down “Neutrino Alley”

Isotropic n glow from Hg SNS target



123

Expected recoil energy distribution

Lighter targets:
less rate per mass,
but kicked to 
higher energy



If 100 counts are expected in 10 kg of
  argon at 20 m, how many are expected
  in 100 kg at 40 m?

A. 2.5

B. 25

C. 100 

D. 250

E. 2500



++++--- -
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Backgrounds

Usual suspects: • cosmogenics
• ambient and intrinsic radioactivity
• detector-specific noise and dark rate 

Neutrons are especially not your friends*

Steady-state backgrounds can be measured off-beam-pulse 
 ... in-time backgrounds must be carefully characterized 

*Thanks to Robert Cooper for the “mean neutron”



A “friendly fire” in-time background: 
Neutrino Induced Neutrons (NINs)

ne + 208Pb ®  208Bi* + e- 

1n, 2n emission

CC

nx + 208Pb ® 208Pb* + nx 

1n,  2n, g emission

NC

• potentially non-negligible background
 from shielding

• requires careful shielding design

• large uncertainties (factor of few)
 in xscn calculation

• [Also: a signal in itself, 
  e.g, HALO SN detector]

relatively 
large xscn 

wrt 
CEvNS

lead shielding

recoil-sensitive
detector
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The CsI Detector in Shielding in Neutrino Alley at the SNS

A hand-held detector! Almost wrapped up...
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First light at the SNS (stopped-pion neutrinos)
   with 14.6-kg CsI[Na] detector

Background-subtracted and
integrated over time

DOI: 10.5281/zenodo.1228631 
D. Akimov et al., Science,  2017
http://science.sciencemag.org/content/early/2017/08/02/science.aao0990

PE / T / Q2

→ measure of the Q spectrum

http://science.sciencemag.org/
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Neutrino non-standard interaction 
       constraints for current CsI data set:

• Assume
 all other e’s

      zero

Parameters 
describing 

beyond-the-
SM 

interactions 
outside this 

region 
disfavored at 

90%

*CHARM constraints apply only to heavy mediators

*

See also
Coloma et al.,
arXiv:1708.02899,
many more! 
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One measurement    
down!  Want to map 
out N2 dependence

… on to the next
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Single-Phase Liquid Argon
• ~24 kg active mass
• 2 x Hamamatsu 5912-02-MOD 8” PMTs

• 8” borosilicate glass window
• 14 dynodes
• QE: 18%@ 400 nm 

• Wavelength shifter: TPB-coated Teflon walls and PMTs
• Cryomech cryocooler – 90 Wt

• PT90 single-state pulse-tube cold head

Detector from FNAL, previously built (J. Yoo et al.) for CENNS@BNB 
(S. Brice, Phys.Rev. D89 (2014) no.7, 072004)  

IU, UT, ORNL



138

Likelihood fit in time, recoil energy, PSD parameter  

• Bands are systematic errors 
 from 1D excursions

• 2 independent 
analyses w/separate cuts,
similar results
 (this is the “A” analysis)

Beam-unrelated-background-subtracted projections of 3D likelihood fit

Recoil spectral 
excess
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Remaining CsI[Na] dataset,
 with >2 x statistics
 + improved detector response understanding
 + improved analysis

arXiv: 2110.07730

https://arxiv.org/abs/2110.07730
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Still consistent with 
the SM... squishing 
down the error bars!
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And squeezing down the possibilities for new physics...
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18 kg of Ge

750 kg of Ar
Cryogenic CsI

3300 kg of NaI

COHERENT future CEvNS deployments in Neutrino Alley



Sodium Iodide (NaI[Tl]) Detectors
•  3.3 tons, 5 modules
• QF measured
•  PMT base

  refurbishment
  (dual gain) to 
  enable low threshold
  for CEvNS on Na
  measurement

NaIvE: 185 kg deployed at SNS to go after neCC on 127I

NaIVETE: 3.3 tonnes for CEvNS  + neCC on 127I

• first commissioning data from first module 22/23
• second module now deployed



High-Purity Germanium Detectors

• 8 Canberra/Mirion 2 kg detectors
  in multi-port dewar

• Compact poly+Cu+Pb shield
• Muon veto
• Designed to enable additional detectors

P-type Point Contact
• Excellent low-energy resolution
• Well-measured quenching factor
• Reasonable timing

• first commissioning data
        22/23
• campaign-2 now with

6/8 detectors



Heavy water detector in Neutrino Alley
Dominant current uncertainty is ~10%, on neutrino flux from SNS

cross section known to ~1-2%

• Measure electrons to
   determine flux normalization

• Inelastics on 16O [studying dedicated 
                                       light water detector]

• commissioning w/light water
        22/23
• nearly ready for D2O fill
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So far considered signal from faint recoils...
    bright signals are possible too...
Neutrinos: eES, inelastic neutrino-nucleus interactions,
   [inelastic DM interactions, axions...] 



Electrons Protons Nuclei

Charged
current

Elastic scattering

     Useful
     for pointing

Inverse beta    
decay

Neutral 
current

Elastic 
scattering

g

ge+

n
ne 

g

n

e-

ne
e-

⌫ + e� ! ⌫ + e� ⌫̄e + p ! e+ + n

⌫e + (N,Z) ! e� + (N � 1, Z + 1)

⌫̄e + (N,Z) ! e+ + (N + 1, Z � 1)

⌫ +A ! ⌫ +A

⌫ +A ! ⌫ +A⇤

e+/-
ne

g n

g
Various 
possible
ejecta and
deexcitation
products

n
g n

gn

p

very low energy
recoils

_

Low-energy neutrino interactions

Coherent
elastic (CEvNS)

A
n



Supernova spectrum

Inelastic
Low 
xscn, 
bright
recoil

CEvNS
High xscn, low energy 

recoils

Neutrino interaction signals in the few to few-tens of MeV range

e+/
-

ne

g n

g
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Stopped-pion neutrinos relevant for supernova burst regime

• understanding of SN processes & detection
• understanding of weak couplings (gA quenching)

       & nuclear transitions

See:Workshop on Neutrino Interaction Measurements for Supernova Neutrino Detection
https://indico.phy.ornl.gov/event/217/



156Scholberg

COHERENT results for 
neutrino-induced neutrons (NINs) on Pb 

Lower than expectation 

Sam Hedges talk



157Scholberg Also low! 

COHERENT results for CC ne on 127I 

Preliminary



Especially interesting to measure electron neutrino interactions on
   on argon in the few tens of MeV range

- critical to understand (differential) cross sections for supernova physics in DUNE
- large theoretical uncertainties on cross sections
- no existing measurements

CC   ne+40Ar → e- + 40K*
NC   nx+40Ar → nx + 40Ar*

electron track 
  + deex g blips
   + brem g blips

More soon from COHERENT! 

neCC  event in DUNE TPC

Impact on SNB in DUNE   arXiv:2303.17007

https://arxiv.org/abs/2303.17007
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• 750-kg LAr will fit in the same place, will 
reuse part of existing infrastructure

•  Could potentially use
           underground argon

Tonne-scale LAr Detector

CC/NC inelastic in argon of interest
for supernova neutrinos

CC   ne+40Ar → e- + 40K*

NC   nx+40Ar → nx + 40Ar*



If ~7000 CEvNS interactions per year are
  detected in 1 ton of argon at the SNS, 
  about how many neCC events 
  would be expected?

A. 70000

B. 3000

C. 300

D. 70

E. 3

F. 0.1



162

Future LArTPC

• Proposed: 250 kg Ar (50x60x60 cm3) [larger for STS]
• DUNE-like, relevant for SN burst & solar detection
• R&D test bed (e.g. pixelated readout, photon detectors, ...)

Yun-tse Tsai, SLAC



SNS upgrades:  Beam Power and Second Target Station

early 2030's    



3 out of 4 proton pulses
45 pulses/sec
2 MW

1 out of 4 proton pulses
15 Hz
700 kW

*animation courtesy of Matt Stone

STS will make optimal use of the SNS 
accelerator capability  

Accumul
ator 

RingIon 
Source Linac

60 Hz accelerator
46.7 kJ/proton pulse
2.8 MW capable

First 
Target 

Station 
(FTS)

Second 
Target 
Station 
(STS)

• Short pulses at 15 Hz enables simultaneous measurement across 
broad wavelength range (Dl =13.2 Å at 20 m 
from source)

• Complementarity with FTS – uses all available accelerator capability 
provided by PPU

• Flexibility will be provided to operate both FTS and STS 
at the same time or separately if either is shutdown

From Ken Herwig



SNS power upgrade to 2 MW in 2023, 
    Second Target Station upgrade to 2.8 MW ~2030 

Many exciting possibilities for n's + DM!
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Many CEvNS Efforts Worldwide [incomplete]
Experiment Technology Location Source
COHERENT CsI, Ar, Ge, NaI USA pDAR

CCM Ar USA pDAR

ESS CsI, Si, Ge, Xe Sweden pDAR

CONNIE Si CCDs Brazil Reactor

CONUS HPGe Germany Reactor

MINER Ge/Si cryogenic USA Reactor

NUCLEUS Cryogenic  
CaWO4 , Al2O3  

calorimeter 
array 

Europe Reactor

nGEN Ge PPC Russia Reactor

RED-100 LXe dual phase Russia Reactor

Ricochet Ge, Zn 
bolometers

France Reactor

TEXONO p-PCGe Taiwan Reactor

+ DM detectors, +directional detectors  +more...
many novel low-background, low-threshold technologies!!
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Summary of CEvNS Results

So far: measurements in CsI, Ar from COHERENT
... looking forward to more soon!
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• CEvNS: 
• large cross section, but tiny recoils, a N2

• accessible w/low-energy threshold detectors, plus extra
   oomph of stopped-pion neutrino source

• First measurement by COHERENT CsI[Na] at the SNS...
                   now Ar, + more CsI data!

• Meaningful bounds on beyond-the-SM physics

• Other CEvNS experiments will join the fun!
    (CCM, TEXONO, CONUS, CONNIE, MINER, RED, Ricochet, NUCLEUS...)

176

Final set of take-away points

• Inelastics in tens of MeV regime:
•  fewer but brighter, important for SN & solar


