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Coherent, elastic neutrino-nucleus scattering (CEVNS)

 NC (flavor-independent)
process postulated by D.Z.
Freedman in 1974 [1]

* |In a CEVNS interaction, a v v
neutrino scatters oft of a nucleus
whose nucleons recoll in phase, 70
resulting in an enhanced cross
section; total cross section A A

scales approximately like N [2]
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Coherent, elastic neutrino-nucleus scattering (CEVNS)

 NC (flavor-independent)
process postulated by D.Z.

: [ ... "¥Cs CEVNS —— Pb v_ NIN total
Freedman in 1974 [1] B Ry v— NN
= v, 'TIcc e Pb v, NIN 2n

* In a CEVNS interaction, a
neutrino scatters off of a nucleus
whose nucleons recoll in phase,
resulting in an enhanced cross
section; total cross section
scales approximately like N [2]
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A kb, Coherence results in a (relatively)
large cross section, but...
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“An act of hubris’
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Several factors combine to make CEVNS an
exceptionally challenging process to observe

* Only evidence of the interaction is a low-energy
recoiling nucleus

- Heavier nuclei: higher cross section, but lower
recoil energies

- Nuclear recoil signal yields are quenched, i.e.
reduced compared to electrons

- Detector performance hard to calibrate

* Very sensitive detectors are very sensitive to
backgrounds

- Neutron backgrounds are particularly dangerous:

produce low-energy nuclear recoils just like
CEVNS

 Need an appropriate source of neutrinos
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CEVNS in dark matter and astrophysics
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Physics from CEVNS
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o Simplified differential cross section
- Describes the distribution of nuclear recoil energies (T)
- Assumes even-even (spherical) nucleus
- Assumes no non-standard interactions (NSI)

* Begins to expose the physics possible with CEVNS

)
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Physics from CEVNS
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Weak mixing angle - measurement possible at low Q (~40  Nuclear form factor - describes distribution of nuclear
MeV/c) matter

* This region shows sensitivity to dark Zboson models [1] * Enforces coherency requirement: goes to 0 at high Q
2

» CEVNS measurement of @, could be used to extract * Provides a way to measure neutron distributions
information about the neutrino charge radius [2] using neutrino scattering [3]
vvvvvvvv ——— ————r - Proton distributions well measured (e.g., electron
0.242 Magicz = 100 MeV | scattering)

v-DIS
Masrx z = 200 MeV
0.240

Queak (first) - Neutron distributions are hard to measure, but

PVES experiments have provided some data

* Possibly refine nuclear structure models
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Physics from CEVNS
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e Epsilon terms correspond to neutrino interactions outside of SM (non-
universal and flavor-changing neutral currents) [1]

Plus...
e Sensitivity to neutrino magnetic moment at very-low recoil energies [2]

* Possible avenue for sterile neutrino investigation in the form of a neutral-
current disappearance search [3]

J. Barranco et al., Phys. Rev. D 76 (2007)
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Enter: The COHERENT Collaboration

* Goal: unambiguous observation of
CEVNS at the Spallation Neutron Source
(SNS) and confirmation using multiple
nuclear targets / detector technologies

- Leverage detector advances from dark-
matter community

- Utilize intense, pulsed neutrino source
provided by SNS

- Use of different nuclear targets allows
for measurement of characteristic N?
cross-section dependence and some
added analysis advantages

 Pioneering CEVNS detector: Csl[Na]

 https://sites.duke.edu/coherent/
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The Spallation Neutron Source

« |ocated at Oak Ridge National Lab, near Knoxville, TN, USA

 The SNS bombards a liquid mercury target with a ~1-GeV proton beam pulsed at 60 Hz; each
beam pulse is ~700-ns wide

* Neutrinos are produced by decay of stopped pions and muons, resulting in flux with well-
defined spectral and timing characteristics

¢
o
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https://neutrons.ornl.gov/sns

The Spallation Neutron Source

Power and Energy on Target
History: from 01-Nov-2006to 13-Mar-2018

42,500
1,400 . * 40,000
1,300 | , 37,500
1,200 I k13! !g -35,000
a1%: /F -32,500
1,100 ¢ | : C & 2
2 ‘ ' M - -30,000
S 1,000 310 . g HY
z ¢ ;e R 27500
é . . . g- E
¢ 900 wa? L “'35‘* E 125,000 2
= . .
~  800- e ¢ .. ;"&:ﬁ- :ﬂn -22,500 3'
S : o8 R -.J-i ¥ =
= 700 » ;, IR 2 A8 POEY 4 ~2o.ooo§
© » ' FO o ps. L .:2
5 600 & e 7 Q;{tf._ Wi 8¢, 5 117,500 8
2 500 ' 25 b "3*2&"”"“ ;‘?k“ 15,000 5
o 100 5 ; 19-2 \ \.;,59 }?f:i ﬁi’sé;;c 12,500 3
300 | ' .':;:I kg GE :"’3 S e EEE 10,000 2
| s | el g B AR vs00
~ ~ .". :’.\. . N B0 N 0. o & ‘.0 :' \:.: . o
200 b 23 - r3 ;-'},1 }\-: _.,-'!..j-_\r .;i.,i.;.. ;." 5,000
100 e TR . 'hc'-‘i-'.". HIF. A 2500
. s ! fhe Tewgt ' . Pk "
0 - mhﬂ‘ C T T T
200 o 2014 2015 2016 2017 2018

« |ocated at Oak Ridge National Lab, near Knoxville, TN, USA

 The SNS bombards a liquid mercury target with a ~1-GeV proton beam pulsed at 60 Hz; each
beam pulse is ~700-ns wide

* Neutrinos are produced by decay of stopped pions and muons, resulting in flux with well-
defined spectral and timing characteristics
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https://status.sns.ornl.gov/beam.jsp

The Spallation Neutron Source

Capture: ~99%
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, 49
°—’0~>

Decays at rest
T=22 us
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« High-fidelity GEANT4 simulation starts with | — Prompt v, E
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33 E

« Massive reduction in steady-state 2
backgrounds through timing (O(1000)); : -
facility-wide timing signal can be used to 3 E
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Siting and backgrounds

Backgrounds depend
significantly on siting at
SNS

e Detectors located Iin a
basement hallway

- ~8 m.w.e. overburden
- 20- to 30-m from target

* Extensive background
measurement campaign
iInvolving numerous
detector systems

G.C. Rich - Recontres de Moriond - 2018 Mar 15
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Siting and backgrounds

Backgrounds depend
significantly on siting at
SNS
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Siting and backgrounds

Primary backgrounds in
neutrino alley
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 Prompt SNS neutrons

 Neutrino-induced
neutrons (NINs)
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In situ measurement of neutron backgrounds
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* Prior to CEVNS search, neutron detection
system installed at location of CsI[Na]
detector

e Data informed model of prompt SNS neutron
energy distribution

» Established understanding of beam timing
w.r.t. SNS timing signal

G.C. Rich - Recontres de Moriond - 2018 Mar 15 (<C&&\\?’%—>,,’/=\SNS : 16



Neutrino-induced neutrons (NINs)

Photormultiplier tubes (PMTs) for liquid scintillator cells

208 2 . -
V(. + Pb = -()SB | * + ? ( CC) Aluminum ceiling plate — - Plastic scintillator panels
- Lead
208 y BI -+ X 'y -+ v, Modular water
- shielding
"
v, +°%Pb = 208pp¥ 4 (NC)
U 5'3/16"
Liquid —

scintilator cell

208=YpPh+ xy+ yn.

e Fundamental mechanism by which HALO
iIntendeds to detect supernova neutrinos [1]

* Possible role in nucleosynthesis in certain
astrophysical environments [2]

e [n situ measurements give rate limit, plus
ongoing measurement of process with
“neutrino cubes”

[1] C.A. Duba et al. J. Phys. Conf. Series 136 (2008)
[2] Y-Z. Qian et al., Phys. Rev. C 55 (1997)
NIN pathways from S.R. Elliott, Phys. Rev. C (2000)
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CEVNS with Csl[Na]

* 14.6-kg crystal made from low-background salts, encased in
electroformed-copper can with PTFE reflector and synthetic silica
window, surrounded by neutron and gamma shielding, including

low-activity lead

e Deployed to SNS in June 2015

« Qutput of super-bialkali PMT with ~30% QE digitized for 70 us,
triggered by SNS timing signal; output of muon-veto system also
digitized
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Quenching factor measurements at TUNL

e Elastically scatter
neutrons into “backing
detectors™ at known
angles, corresponding
to well-defined recoill
energies

 Determine QF from
global values in range
from 5 to 30 keVnr: 8.78
+ 1.66%

* Disagreement between
COHERENT
measurements under
(re)analysis

Quenching factor (%)

2
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Rate and shape estimates
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* Predict recoll distributions
assuming SM - convert to
photoelectrons using carefully
determined calibrations

e [n situ neutron measurements
inform spectral model of
prompt SNS neutrons

e Acceptance efficiency applied
to models to produce beam-
power-normalized PDFs in
energy space

20



Rate and shape estimates

do  GZLM T\~ MT
do _ G (GV+GA)2+(GV—GA)2(1—E—V) - (64 -6%)

Prompt neutron PDF CEvNSvaDF CEvNSv_MPDF ® PUlsed nature Of beam
T facilitates analysis in
time domain

Events /(2 PEx 1us)
O 22

» 2-D analysis (energy,
time) makes use of all
available information
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* Ultimately performed
binned 2-D profile
likelihood analysis using
PDFs shown here
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Results

b7

* Analyzed as a simple counting experiment
- 136 + 31 counts
» 2-D profile likelihood analysis

- 134 + 22 counts

- 77% = 16% of the SM prediction of 173 + 48

—— i ——————

- Null hypothesis disfavored at 6.7¢ level relative to best-fit —— s ]
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Other CEVNS efforts

Other experiments bring considerable value
« N? cross section behavior still unobserved

« Alternative detector technologies offer promise, but need to be
demonstrated

o Other neutrino sources — particularly reactors
- Unique energy spectra, closer to SNe neutrino energies

- Quite nicely complement NSI constraints from SNS-type
neutrinos, global analyses powerful [1]

e Examples: CONNIE, MINER, CONUS, nuGEN, RICOCHET

¢
5
G.C. Rich - Recontres de Moriond - 2018 Mar 15 c@f\@@% 35 [1] J.B. Dent et al., arXiv:1711.03521 (2017)
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COHERENT moving forward

* Goal: unambiguous observation of CEVNS at the
Spallation Neutron Source (SNS) and confirmation
using multiple nuclear targets / detector
technologies

- 22-kg fiducial volume LAr detector collecting CEVNS
data from 8/17

- ~10-kg HPGe PPC system planning moving forward

e 185-kg Nal@l] array collecting data now for CC cross
sectionon |

- Improving electronics to reduce threshold and
increase CEVNS sensitivity; in situ CEVNS
background data has been collected

- Planning for multi-ton array underway
* Neutrino cubes collecting data for measurement of NINs

* Conducting QF measurements with other targets and
resolving Csl[Na] discrepancy

G.C. Rich - Recontres de Moriond - 2018 Mar 15 ((C%YW’%—:,.@S



COHERENT moving forward

* Planning a release of data associated
with first CEVNS result

- Binned 2-D data, preserving
granularity of presentation in
publication

- Beam timing data

- Necessary calibration information,
uncertainties, etc

* Welcome input or requests from
theory/phenomenology communities!
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L ow-energy nuclear recoils from CEVNS

o Signature of CEVNS in a detector
s a low-energy nuclear recoil : —— Csl delayed (20 m, 14kg)

----- Csl prompt
———— (e delayed (22 m, 10kg)

----- Ge prompt

« To properly interpret collected 10° —— LAr g:};lylectl (29 m, 35kg)
data, it is of paramount ' \

b, ﬁ a delaye 4 (29 m, 2T Nal)

. D a prom

Importance that detector 5 promp

response at these nuclear recoil 2
£
-
S

energies be well understooad

o Uncertainty in detector threshold
translates into uncertainty in
measured cross section

recoil energy keVnr

- Situation worse for heavier
targets

<:CQ‘¥W”%§J/S\NS Figure from the COHERENT Collaboration
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Quenching factor measurements at TUNL

* Neutron beam produced by
pulsed deuteron beam incident
on deuterium gas cell

* Angle of backing detector
selects well-defined nuclear

e Scattered neutrons detected by recoll energy

“backing detectors”

o
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Quenching factor measurements at TUNL
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Analysis acceptance efficiency
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Background model for 2-D

Counts (/2 PE-us)
0 3 6 9 12 15 /2 PE)

— e _C°“”ts‘
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0 T T T T

Pl

Background model informed
by anti-coincidence dataset

N
o

e Use “factorized” approach
taking advantage of
uncorrelated energy/time
features

Photoelectrons
w
o

* Exponential fit to time
projection, then used with
energy projection to define
model

Arrival time (us)
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Two-dimensional spectral component PDFS
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CEVNS with Csl[Na]

e Prior to deployment, caretul
characterizations in Chicago

* Uniformity along length confirmed

 Response to low-energy gamma
rays assessed via small-angle
Compton scattering

o Allows tuning of cuts to reject
spurious events but accept low-
energy depositions in the Csl

4
o
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CEVNS with Csl[Na]

e Several layers of shielding

- 7.5-cm-thick inner HDPE layer
(addressing NINSs)

- 5-cm low-activity lead
- 10-cm contemporary lead

- 5-cm plastic-scintillator muon
velo

- 94 cm water shielding on
sides and top

o
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Stability and general health checks
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Neutrons at the SNS

* Extensive neutron-background measurement campaign at various
locations using several detector systems

* Leverages expertise and hardware from the various member institutions
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Neutrons at the SNS

SN
' Coded-aperture neutron imager
=" s a2 * Built by ORNL collaborators

-l . ”
_— -
- -
—_— —_

* Intended for nuclear security applications

* Takes a picture of target area “in neutrons”

In case you forgot: SNS is a billion-plus dollar facility
dedicated to neutrons

Target is “visible™ through monolith shielding on the
instrument floor

¢
o
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Neutrons at the SNS

Neutron scatter camera (Sandia)

* Two planes of liquid scintillator cells allow
reconstruction of incident-neutron energy

 Neutron spectra and timing measured at several
locations on instrument floor and in basement
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