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Coherent elastic
neutrino-nucleus scattering (CEVNS)

~

A neutrino smacks a nucleus : 70
via exchange of a Z, and the

nucleus recoils as a whole; A
coherent up to E ~ 50 MeV A A
Nucleon wavefunctions
|n00mir]8 neutrino Recoiling nucleus in the target nUCIGUS
L —- . .
are in phase with each other
at low momentum transfer

Outgoing neutrino

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

Image: J. Link Science Perspectives A: no. of constituents



Cross-section (10°° cm?)
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Large cross section (by neutrino standards) but hard to observe
due to tiny nuclear recoil energies:

x10°
- Nuclear recoil energy spectrum in Ge for 30 MeV v
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The cross section is cleanly predicted
in the Standard Model

do  GZM _, 2 2 T\*_ (g2 ey MT
7= e P |Gy +Gal+ Gy =Gl (1- 5 ) —(G) -Gh)
E,: neutrino energy
T. nuclear recoil energy

M: nuclear mass
Q=+ (2MT): momentum transfer

Gy, G5 SM weak parameters

vector Gy = qVZ .‘ dominates

axial Ga=g9%(Zy —Z_)+g4(N d small for
most
P _ 00208 nuclei,
Iv = zero for
gl = —0.5117 .
- spin-zero
g% = 0.4955
g% = —0.5121. .




The cross section is cleanly predicted
in the Standard Model

do _ G4 M

dT’ T

2
F2Q) |Gy + Ga)? + (Gv — Ga)? (1 _ 3) @ -cp)L

E.: neutrino energy

T. nuclear recoil energy

M: nuclear mass

Q=+ (2MT): momentum transfer

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

0.8}

form factor
suppresses
cross section
at large Q

0.6

0.4}

0.2

o
_l | ] L1 11 I L1 1l I L1l | L1l ] L1 11 ] L1 11 I L1l I L1l | L1 11
0 10 20 30 40 50 60 70 80 90 100 9
Q (MeV)




Need to measure N? dependence of the CEVNS xscn

Flux-averaged

Cross section (10™*° cm?)
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Non-Standard Interactions of Neutrinos:
new interaction specific to v’s
Look for a CEVNS excess or deficit wrt SM expectation

Gr _
Lrgh = ~ 7 > Tar (1 = 2°)vg] x (eL5[q7. (1 q] + 25 [qy. (1 +7°)
=u,d

e pi,T Ratio
1 CSI WﬂN \
>3

If these ¢’s are
-5'0 ~unity, there is
: a new interaction
of ~Standard-model
size... many not
currently
well constrained

New v.-u quark interaction

expect overall scaling
of CEVNS event rate,

" For heavy mediators,
|

av
ee

New v.-d quark interaction dependingon N, Z

Example models: Barranco et al. JHEP 0512 & references therein: extra neutral gauge

bosons, leptoquarks, R-parity-breaking interactions 11
More studies: see https://sites.duke.edu/nueclipse/files/2017/04/Dent-James-NuEclipse-August-2017.pdf



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

BSM Light Mediators

Effective weak charge in presence
SM weak charge

of light vector mediator Z’

3g° v 3¢° )] i
.S Z + N n o, NS L n
M = Qp q » Q + NSI — I 2\/QGF(QZ 4 J[ﬁ,)) (Q ) 2\/2(;;{(22 -+ lféf)
specific to neutrinos e.q. arXiv:1708.04255
and quarks i -

Neutrino (Anomalous) Magnetic Moment  ©¢ 277 1>2%%%0=

d_g . 77042,“322 1-T/E, n T Specific ~1/T upturn
dl' )~ m? T AE2 ) atlow recoil energy

Sterile Neutrino Oscillations s ;) 20, (A';]I; )

“True” disappearance with baseline-dependent Q distortion  e.g. arXiv: 1511.02834,
1711.09773, 1901.08094
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What can we learn about nuclear physics with CEVNS?

Nuclear neutron form factor from neutrino—nucleus

. .
coherent elastic Scatterlllg Neutrino-nucleus coherent scattering as a probe of neutron density distributions
Kelly l‘uttnn'] Jonathan lin;u‘l“'.E Gail C. RI(‘l,ullghlill'E and Nicolas S(']nln('k
PS Amanik and G C Nchaughlin ! Physics Department, North Carolina State University, Raleigh, North Carolina 27695, USA
2 De partment of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA * Physics Division, Lawrence Livermore Laboratory, Livermore, California 94551 USA
T o = - T } (Dated: July 4, 2012)
~E TV Neutrino-nucleus coherent elastic scattering provides a theoretically appealing way to measure
eceived 19 June 2 N I I 1 I 1 ! lly appeali
Published 30 October 2008 the neutron part of nuclear form factors. Using an expansion of form factors into moments, we

show that neutrinos from stopped pions can probe not only the second moment of the form factor
(the neutron radius) but also the fourth moment. Using simple Monte Carlo techniques for argon,

Online at stacks.iop.org/JPhysG/36/015105
germanium, and xenon detectors of 3.5 tonnes, 1.5 tonnes, and 300 kg, respectively, we show that
Abstract the neutron radii can be found with an uncertainty of a few percent when near a neutrino flux of

We point out that there is polenlial to study the nuclear neutron form factor 3 x Ili‘rnvmnnu»v‘(‘m‘ /s. If the normalization of ||7|<‘ neutrino flux is known 1¥|<l<‘]n-n<l<‘nr|l\z one can
. . . . determine the moments accurately enough to discriminate among the predictions of various nuclear

through neutrino nucleus coherent elastic scattering. We determine numbers energy functionals.

of events for various scenarios in a liquid noble nuclear recoil detector at a

stopped pion neutrino source.

ve+V, Scattering Events at SNS
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Effect of form-factor uncertainty
on the recoil spectrum: estimate as R, +/- 3%

0 -
do G2M T MT
F F2 (Q) (G 2 2 2 2
— = vH+GA)?+(Gy —Ga)?(1- =) —(G% -G —
dT - ( ) Eu ( Vv A) Eg
Stopped-r spectrum
10°E- - Csl  (Klein-Nystrand FF) - : - Csl
o ceeee-- Csl, FF W/R -3% R 3%
’3‘ - S w/R_ A102:_ Csl, FF w/R -3%
% 10 \ --=----- Csl, FF w/R +3% g . c-n-e- Csl, FF /R +3%
£ - ()]
s [~ =
Q i | .
e g 10}
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8 | a
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E - c
2 1k N:
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Recoil energy (keVr) Momentum transfer Q (MeV/c)

At current level of experimental precision,
form factor uncertainty is small effect... but this will change! ..



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

“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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for signatures of new physics (DM)

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

Cross section [cm?] (normalised to nucleon)

J. Monroe & P. Fisher, 2007

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).

L. Strigari
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Light
accelerator-

produced DM

direct detection
possibilities
(CEVNS is background)

10° Counts / 610 kg LAr x 3 years

SNS proton beam

) . _ — decay
Vector portal”: mixing of vector mediator d
. | product x
with photons in 7%/ decays __ then
“Leptophobic portal®: new mediator makes
coupling to baryons 1 nuclear
recoil

0 — v+ V) x4+ x
B. Batell et al., PRD 90 (2014)

m4+p—n+VH S a4+ +x P. de Niverville et al., PRD 95 (2017)
B. Dutta et al., arXiv:1906.10745
COHERENT, arXiv:1911.6422

\A/
COHERENT detector ﬂ%

Nuclear Recoil
Signature,”)

—ey

Prompt CEvNS

[~ [l Steady-State Bkg
[BBeam Neutrons
L [@Neutrino Signal
[BLoMm signal

50 100 150 200

Delayed CEvNS

50 100 150 200
PE

10* Expect
€ characteristic
s time, recoil energy,
Ty d . . .
> angle distribution

for DM vs CEVNS

1 0 10?
m. (MeV) 19



How to measure CEVNS

scattered
The only A @ neutrino
experimental ,,77
signature: -———-
b 7 nuclear

0SON \ recoil »
tiny energy @
deposited
by nuclear /

recoils in the
target material

L//

deposited energy

secondary
recoils

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

20



Low-energy nuclear recoil detection strategies
W
- W

(heat) . ,/
See da
feel a warm pulse flash
h scintillating crystal
- noble liquid

Cryogenic
Ge, Si

' 2-phase
. . . noble liquid
lonization

HPGe

21
http://dmrc.snu.ac.kr/english/intro/intro1.html
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Maxi_rpum recoil energy (keV)
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Maximum recoil energy as a function of E,
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Neutrinos/cm?/s/MeV

Maximum recoil energy (keV)
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Maximum recoil energy (keV)
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Maximum recoil energy as a function of E,

® 10% =
i — P . ”
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Maximum recoil energy (keV)
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Both cross-section and maximum recoil energy
increase with neutrino energy:

%;102_
<
5 |
Q -
c
= 10F 5
o Fr
§ - T 2EI/
£ [ max
E b M
I
1)
= |
107
40Ar target
10-21 sl b v b by oy
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=
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1025— \reac’gg‘r
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Want energy as large as possible while satisfying
coherence condition: Q < % (<~ 50 MeV for medium A)
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Summary of what we can get at experimentally

Observables:
Spectral
Event rate Warcn SNape

,,t, systematics

|
ourege are hard!

Recoil spectrum (T=Q%/2M)

[In principle: scattering angle... hard]

Knowable/controllable parameters:

Neutrino flavor, via source, and timing
(reactor: ve-bar, stopped-n: v,, v,-bar, v,)

N, Z via nuclear target type

Baseline

Direction with respect to source



Some experimental issues to keep in mind

- Efficiency is a function of T, and has shape uncertainties

- Low energy thresholds are hard to achieve

- “Quenching factor” (observable recoil energy compared to electron
energy deposition) and other detector response has T shape

uncertainties

- T shape uncertainties
have correlations

- Energy resolution matters
- Backgrounds matter (a lot)

- There are flux normalization
and shape uncertainties

- All of these are very target-
and detector-dependent

- It's very hard work to get a handle
on these parameters
and their (correlated)
uncertainties

14

12

10} _+++F ++ m

Quenching factor (%)
(o)) (o)
—
+
——
—=

4 COHERENT (Duke)

4 COHERENT (Chicago)

2} Park et al., Nucl. Instrum. Meth.A 491 (2002)
4 Guo et al., Nucl. Instrum. Meth. A 818 (2016)

0 10 20 30 40 50 60 70 80 90
Nuclear recoil energy (keV)
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Stopped-Pion (tDAR) Neutrinos

Cpt/‘ )

Decays atrest
T: 2.2use

Flux

0.035 :—

003 — V. (delayed)
- =V, (delayed)
0025 — Vu(prompt)

0.02f
0.015F
0.01F

0.005}

1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 I 1
0O 10 20 30 40 50

Neutrino energy (MeV)

7'('_'_ — Iu_l_ —I—@ 2-body decay: monochromatic 29.9 MeV v,
PROMPT

3-body decay: range of energies
lu-l- — €‘|‘ _|_ between 0 and mH/2
DELAYED (2.2 ps)
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Stopped-Pion Neutrino Sources Worldwide

LANSCE/

Past
Current
Future

- DAESALUSL_ ?




fromduty  Comparison of pion decay-at-rest v sources
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fromduty  Comparison of pion decay-at-rest v sources
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Flavor separation with beam timing can be helpful!

..c:) 10° =
O —
8 F Lujan J-PARC MLF
— N N
2 E SNS SNS FTS+STS
8 F g m " O
Q) 10 = N ]
g’ -
g 1 03 B 3000 :—
e E 2500 -
(@)) 2000 -
A 4 5 _
8 10 = F Delayed anti-v, v,
m = b on u decay timescale
C LANSCE Area A
10 _— 500;— . ESS .
E 0 0_ 2000 4000 6000 8000 . 10000 12000 DA EaAL U S .
1 é_ | | | | I | I | | | | L1 11 | | | | | L 1 1 1
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Under construction FD()VVEBr (“A\AV)
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Spa"ation NeUtron Source Oak Ridge National Laboratory, TN

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

The neutrinos are free!
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The COHERENT collaboration
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@ENERGY 0 f@

1P NISA CIEC
Nuclear Technology Mass Distance Recoill
Target (kg) from threshold
source (keVr)
(m)
Csl[Na] |Scintillating flash 14.6 19.3 6.5
crystal
Ge HPGe PPC zap 16 20 <few
LAr Single-phase | flash 22 29 20
Nal[TI] |Scintillating [, 185*/3338 | 28 13
crystal

Multiple detectors for N2 dependence of the cross section

Nal(TI)
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Siting for deployment in SNS basement View looking

(measured neutron backgrounds low,
~ 8 mwe overburden)

down “Neutrino Alley”

- NEUTRINO SOURCE

. .——Q—]-———T‘ i

2

|sotropic v glow from Hg SNS target



Expected recoil energy distribution

Recoil spectra: no quenching, efficiency or background

) -
- S — Csl 14.57kg, 19.3m
>10"¢ ~--- Nal 2463 kg, 28.0 m
® r —— ®Na 379kg, 29.0m
e — Ar 750 kg, 29.0 m
¥ i N Ar 22kg, 28.0m
T 10%E — Ge 10.00 kg, 22.0 m
8. - Lighter targets:
$2; B less rate per mass,
GC) N but kicked to
= higher energy
W 10g-.,
= N\
10-1 | | 1 | 1 | | l | 1 | N | | | | | | 11 | | | | I |
0 20 40 60 80 100 120

140

Recoil energy (keVr)



Backgrounds

cosmogenics
ambient and intrinsic radioactivity
» detector-specific noise and dark rate

Neutrons are especially not your friends®

AR y 4
\\\\/ ,/
N

Usual suspects:

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

*Thanks to Robert Cooper for the “mean neutron”

40



The Csl Detector in Shielding in Neutrino Alley at the SNS

]

A hand-held detector!

Almost wrapped up...

Layer HDPE* Low backg. lead Lead Muon veto Water
Thickness 3" 2" 4" 2" 4"
Colour 77z ]

42




First light at the SNS (stopped-pion neutrinos)
with 14.6-kg Csl[Na] detector

Counts (/ PE-us)
00 25 50 75 100 125 150 175 20.0

T T T Counts (/2 PE) = '
[ 0 40 80 120 Yy vV, BV,
° T prompt n
=
10
—_ = T T
uuj F - Beam ON
e [N |
n 20+ ]
-
: +
‘g ¢
g “f 1 | }
° . . . . .
& 5 15 25 35 45
or Number of photoelectrons (PE)
50 P Background-subtracted and
2 122‘ integrated over time
S ol 2
z ol PE xT o< @
8 0 h A A A 1 L
O 0 2 4 6 B 10 12

Arrival time (us)
DOI: 10.5281/zenodo.1228631

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

— measure of the Q spectrum
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http://science.sciencemag.org/

Results of 2D
energy, time fit

25

SM
prediction,
173 events

20

15

~In(L)

10}

68%,C.L.

— - en em e @ em e em e e en Er er e En e en e e S e o e o e

Best fit; 134 = 22
observed events

150 200 250 300
CEVNS counts

No CEVNS rejected at 6.7,
consistent w/SM within 1o
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Signal, background, and uncertainty summary numbers
6 <PE<30,0=<t<6000ns

Beam ON coincidence window 547 counts

Anticoincidence window 405 counts

Beam-on bg: prompt beam neutrons 7.0x1.7

Beam-on bg: NINs (neglected) 40+1.3

Signal counts, single-bin counting 136 + 31

Signal counts, 2D likelihood fit 134 + 22

Predicted SM signal counts 173 £ 48

Uncertainties on signal and background predictions

Event selection 5%
Flux 10% Dominant
Quenching factor 25% <i uncertainty
Form factor 5%
Total uncertainty on signal 28%
Beam-on neutron background 25%




Neutrino non-standard interaction
constraints for current Csl data set:

Assume
all other ¢’s
Zero

0.5

Parameters
describing
beyond-the-
SM
interactions
outside this
region
disfavored at
90%

e CHARM ¥

wee COHERENT (Csl)

See also

Coloma et al.,

-1 -0.5 0 0.5 1 arXiv:1708.02899,
gdV many more!

*CHARM constraints apply only to heavy mediators *
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One measurement
down! Want to map

out N2 dependence

. on to the next

Neutron number

47



Single-Phase Liquid

~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

Pumpingcart

CENNS-10 with full
shielding

e

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

Argon

U, UT, ORNL

) for CENNS@BNB
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Beam-related neutrons: in the alcove,
need more attention (still tractable)

~ NEUTRINO
~\ SOURCE

.
.
.
.
.
.
N
.
"o
.

Understand spectrum

and time structure by

MC tuned using

 Engineering run data
Phys.Rev. D100 (2019) no.11, 115020

 No-water shield run

« High-energy sideband
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Likelihood fit in time, recoil energy, PSD parameter

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

SS-Background Subtracted Events

5001~ ) e Data
o — Total

400 | CEVNS

. e BRN

300 :

C ; [ 1Syst. Error

200 |

ook ‘—“

= |

o M“r‘*i*r
o N FEETE PTETE FETEE PR PR PR FEEEE PR S |
0 05 1 15 2 25 3 35 4 45

Bands are systematic errors

from 1D excursions

2 independent

analyses w/separate cuts,

similar results

(this is the “A” analysis)

200

150

100

llllllllllllllll

0
05 0
0 50 100 150 200 250 300
B A A
200 + Recoil spectral
. excess
150 ‘==
100f—- """ ‘: "
OOZ
s0p- A “‘mﬁ
o ,1,1
0

Reconstructed Energy (keVee)

20
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CEVNS Count Results from Likelihood

us: 159 4+ 43(stat.) + 14(sys.)  Reject null@ 3.5¢
Moscow: 121 + 36(stat.) = 15(sys.) Rejectnull@ 3.1c

— Analysis A
- Analysis B

-2A(InL)

L 1 1 ) 1 1 1 i 1‘ ~4 1 m’_' 'J L l 1 1 L 1 l 1 L L 1
0 50 100 150 200 250 300
CEvVNS Counts




Flux-averaged cross section results

40

— —
— CEVNS Cross Section Prediction

B Flux-averaged Prediction with Uncertainty

+ COHERENT (Analysis U)
+ COHERENT (Analysis R)

1 l 1 |l L\l 1

l =

lllllll

llIIIIITIIITIlITIllII

tlv, Flux
v, Flux

lllllll

10 20 30

40

50
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New Constraints on NSI| parameters

1.0 -

|

0.5 4

-0.5 -

-1.0

CHARM
Csl[Na] 2017
E=J CENNS-10 2020

- ———————————

1.0

05

0.0

05

1.0

55



Systematic Uncertainties

CEvNS Rate Measurement Systematic Errors
Error Source Total Event Uncertainty (Analysis A)
Quenching Factor 1.0%
Energy Calibration 0.8%
Detector Model 2.2%
Prompt Light Fraction 7.8%
Fiducial Volume 2.5%
Event Acceptance 1.0%
Nuclear Form Factor 2.0% Dominant )
SNS Predicted Neutrino Flux 10% :
Total Error 13.4% Smgle ﬂ
uncertainty

Additional Likelihood Fit Shape-Related Errors

Error Source Fit Event Uncertainty
CEvNS Prompt Light Fraction 4.5%
CEvNS Arrival Mean Time 2.7%
Beam Related Neutron Energy Shape 5.8%
Beam Related Neutron Arrival Time Mean 1.3%
Beam Related Neutron Arrival Time Width 3.1%
Total Error 8.5%

But now many
similar-size
contributions
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What’s Next for COHERENT?

)

s

o
w

Cross section (10’ cm?

Two down!
But still more to go!

i i
70 80
Neutron number
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High-Purity Germanium Detectors

P-type Point Contact
« Excellent low-energy resolution

* Well-measured quenching factor
« Reasonable timing

« 8 Canberra/Mirion 2 kg detectors
in multi-port dewar
« Compact poly+Cu+Pb shield
 Muon veto
Designed to enable additional detectors

t Expected signal

- Steady state
- Prompt neutrons
B s

A

Counts / (0.2 keV,, - yr)
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(85.13)

Tonne-scale LAr Detector

(41.14)

8in VESSEL
RUPTURE VENT

750-kg LAr will fit in the same place, will
reuse part of existing infrastructure

Could potentially use depleted argon

v.-Ar
ES

Events / MeV

Energy (MeV)

CC/NC inelastic in argon of interest
for supernova neutrinos

CC v +%0Ar — e+ 4K"
NC v,+%0Ar — v, + 0Ar
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Sodium lodide (Nal[Tl]) Detectors (NalvE)

* up to 9 tons available,
3.3 tons in hand

 QF measured

* require PMT base
refurbishment
(dual gain) to
enable low threshold
for CEVNS on Na
measurement

« development and
instrumentation tests
underway at UW, Duke

In the meantime: 185 kg deployed at SNS to go after v,CC on 127]

.Immpeilh'mvtion Channel IS()!II‘(T(' [l‘]xporinwnt | Measurement (10 g (*m‘).'l'lwory (107°*? em?)
o "27I(u,.¢' )'*"Xe IStnppwl w/ ]I,SNI) | 284 + O1(stat) + 25(sys) |210-310 [Quasi-particle| (Engel et al., 1994)

J.A. Formaggio and G. Zeller, RMP 84 (2012) 1307-1341
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Heavy water detector in Neutrino Alley

Measurement Precision with 2 SNS years at 1.4 MW

Counts/MeV (1.3t D O) 2 SNSeYears

120 0.12
B CC\’c.d 1 A
= - H20 e
100 — CCv,0 ] 0.1 '
B Precision (Above Threshold) - (S
. 80— —0.08 2
- 10cmH0 - 3
60| # —0.06 § .
[~ - Cryic
- + - [ b e e Vo
40— ﬁ —0.04
# i - Darryl Dowling, ORNL
| | + } ,,,,,,,,,,, N
20 ﬁ:‘l’l o .].+ + —0.02 + 1.3 tons D20 within acrylic inner vessel
:_++-H-+-H+ﬂi ‘I'-I- + +-|- + i * 10 cm H20 "tail catcher” for high energy e
- i L l+f++ L o * 112 8" bialkali photomultipliers
% 10 20 30 40 50 60

Reconstructed Energy [MeV]

= ~few percent precision on flux normalization
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COHERENT CEVNS Detector Status and Farther Future

pa—
=

Nuclear | Technology | Mass | Distance Recoil Data-taking start Future
Target (kg) from threshold date
source (keVr)
(m)
Csl[Na] | Scintillating 14.6 20 6.5 9/2015 Decommissioned
crystal
Ge HPGe PPC 16 20 <few 2020 Funded by NSF
MRI, in progress
LAr Single- 22 20 20 12/2016, Expansion to
phase upgraded 750 kg scale
summer 2017
Nal[TI] Scintillating 185*/ 28 13 *high-threshold Expansion to
crystal 3388 deployment 3.3 tonne, up to
summer 2016 9 tonnes
' lii\i_ !_Ii_t‘ll!_n! "i[\. +D20 for ﬂUX
" normalization
B + concepts
o " - for other

targets...
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Coherent Captain Mills @ Lujan: single-phase LAr

Intense source muon neutrinos: target MCNP
simulation flux 4.74x105 v/icm?/s at 20 m

Lujan Experimental Area X\

- Space for large 10-ton liquid Argon v detector.
- Run detector in multiple locations.
- Room to deploy shielding, large overhead crane, power, etc

Primary focus on sterile neutrinos & accelerator-produced DM
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Neutrinos from nuclear reactors

v energies up to
several MeV

* ve-bar produced in fission reactions (one flavor)

* huge fluxes possible: ~2x10%° s-1 per GW

« several CEVNS searches past, current and future at
reactors, but recoil energies<keV and
backgrounds make this very challenging
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Reactor CEVNS Efforts Worldwide

Experiment Technology Location
CONNIE Si CCDs Brazil
CONUS HPGe Germany
MINER Ge/Si cryogenic USA
NuCleus Cryogenic CaWQ,, Europe

Al,O5 calorimeter
array
vGEN Ge PPC Russia
RED-100 LXe dual phase Russia
Ricochet Ge, Zn bolometers France
TEXONO p-PCGe Taiwan
+ more...

many novel low-background, low-threshold technologies
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C O N U S C&VUS Pl I,
%‘t 10; :._muon-l-n‘duci:ed nemronsfs.;hiclfi”v.lm\muon vet‘:
Brokdorf 3.9 GW reactor 2 b

Fl
T ——1

101 la ')rr"'l,_, —

17 m from core P T\ : R N

4 kg Ge PPC N—e(- |} : <i g T :

~300 eV o wr< o B2 e | :
threshold

075

Ll 1T | )
05 1 1.5 2 25 3 35

energy/keV
Eur. Phys. J. C (2019) 79: 699

Rate comparison (all detectors):

counts | counts/(d-kg) (*)
reactor OFF (114 kg*d) 582
reactor ON (112 kg*d) 653
ON-OFF (exposure corr.) 84 0.94 .
Significance 240 230 | o-}i 0o Systematics

still under study

(*) Including stat. uncertainty and above efficiencies

W. Maneschg, Nu2018 -



N U C L E U S “gram-scale cryogenic calorimeters”

= 4
< 10%+
0
- " "
-lug, 102‘ =2 e e
S TT . »L‘
100 background \Alzoa
range
} } >
10 100
Recoil energy [eV]
NUCLEUS 1g NUCLEUS 10g NUCLEUS 1kg
-
R straight
forward

'3

2017-2019

2020-2022 ~2024
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Summary

« CEVNS:
* large cross section, but tiny recoils, o N2
» accessible w/low-energy threshold detectors, plus extra
oomph of stopped-pion neutrino source

* First measurement by COHERENT CslI[Na] at the SNS, now LAr!

* It’s just the beginning.... more Csl+Nal+Ge soon
« Multiple targets, upgrades and new ideas in the works

« Other CEVNS experiments are joining the fun!

(CCM, TEXONO, CONUS, CONNIE, MINER, RED, Ricochet, NUCLEUS...)
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Writing separate
FV(Q), FAQ), FLY(Q), FAQ) form factors

do  GEM
dIT =

2 2 2 T ? 2 2
F2Q) |Gy + Ga)? + (Gy — Ga) (1 _ E—) (@ -G

MT
E2

v

Gv = gy Iy (Q)Z + gy Fy (Q)N
Ga =g Fa(Q)(Zy — Z_) + g4 FA(Q)(Ny — N_)

Currently, assuming these are all the same,
except for extra neutron skin for FV(Q)
- axial contributions are smaller than experimental uctty now
- proton contributions also quite unimportant




Three form-factor functional forms studied in detail for COHERENT:

T 2 . sin () Ro) €05 (QRo) —Q?%s%/2
Helm” — #(0) = o (St~ “om, )¢

R=124Y3 s=0.9

“Klein-Nystrand” _ 3(sin(QR) — QR cos(QR,))
g HQ) = "—0rrt + 22
R=124Y3  q,=0.7

Numerical files from Chuck Horowitz,

“Horowitz”’ “based on relativistic mean field interaction FSUgold
that does a good job reproducing the binding
energy and charge radii of many nuclei”

A—-27

Neutron skin adjustment R=124Y3 41+ 1.01 ¥

also looked at: “solid sphere”, Lewin-Smith;
did not look at “symmetrized Fermi function”



FA2(Q)

09

0.8

0.7

0.6

0.5

04

0.3

Different parameterizations give very similar shapes

Cs133

Helm
Horowitz
B Klein 7
1 1 1 1 1 1 1 1 L
0 10 20 30 40 50 60 70 80 90
Q (MeV)

100
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Effect of the form factor on the recoil spectra

10°E" e Ar 612kg, 28.0m
N | e, 000 e Ar 612kg, 28.0 m, FF=1
Q 10° 3
8 |
s |
2
- 10 =
) -
Q. -
'.(B -
£ i
o i
@ L
10_1 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1
0 20 40 60 80 100 120 140

Recoil energy (keVr)



Approaching the form factor

as

something to measure using CEVNS...
assume the SM is true, learn about the nucleus

Nuclear neutron form factor from neutrino-nucleus

coherent elastic scattering Neutrino-nucleus coherent scattering as a probe of neutron density distributions

P S Amanik and G C McLaughlin
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA

Received 19 June 2008
Published 30 October 2008
Online at stacks.iop.org/JPhysG/36/015105

Abstract

We point out that there is potential to study the nuclear neutron form factor
through neutrino nucleus coherent elastic scattering. We determine numbers
of events for various scenarios in a liquid noble nuclear recoil detector at a

ctannad nian nantrina canrea

ve+V, Scattering Events at SNS

(and astrophysics!)

Kelly l’uttnn'] Jonathan l‘ln;.',vl“’m Gail C. f\l('l,ull;.',h]in' and Nicolas Schuncl
' Physics Department, North Carolina State University, Raleigh, North Carolina 27695, USA

2De partment of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA

 Physics Division, Lawrence Livermore Laboratory, Livermore, California 94551 USA
(Dated: July 4, 2012)

Neutrino-nucleus coherent elastic scattering provides a theoretically appealing way to measure
the neutron part of nuclear form factors. Using an expansion of form factors into moments, we
show that neutrinos from stopped pions can probe not only the second moment of the form factor
(the neutron radius) but also the fourth moment. Using simple Monte Carlo techniques for argon,
germanium, and xenon detectors of 3.5 tonnes, 1.5 tonnes, and 300 kg, respectively, we show that
the neutron radii can be found with an uncertainty of a few percent when near a neutrino flux of
3 % 107 neutrinos/cm?*/s. If the normalization of the neutrino flux is known independently, one can
determine the moments accurately enough to discriminate among the predictions of various nuclear
energy functionals.

000 e ' R-R —

4500 R =R n p _______

4000 ¢ Ff,,= -15% o22ooi

3500 F

2500 F

Observable is
] recoil
~ spectrum

1500 f —

Events/(keV year tonne)
:

= shape

1000
0 10 20 30 40

Nucleus Recoil Energy (keV)
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Approach: expand in moments of the neutron radius

" | Q , Q Q° , :
I.w |(2_ ) ~ /f’n ‘/) ( l 'i‘ re - ..2)‘ [-I 5‘ ["' R ) ["'(l[' / D ,_‘-(/-5’_
Q. Q () (R,) = %
~ ‘\v ( ] ;‘ '::I‘)'.: * ._" Il”l{ —_‘ , I":: + ¢ o o )“5) / /)"’(/.;I'
_ 5 B} i _
4.50 F =
E 4.00 |- ]
~— i 1
anmple.l T 350L +: model
onne-stale —~ 3 A predictions
experiment E L L _ ,
at tDAR source S 300 AT 10% uncertainty
[ on rate
250 B0 R
3.20 3.30 3.40 3.50 3.60

(R2)1/2 (fm)

K. Patton et al., PRC86 (2012) 024612



Shape Uncertainty

More studies with this approach

0.001 s

<
p—

AT ooy
: 25%
: =)
= 2 10% e
Z % g 3.5%
0.01 E_ *. .'..“"" R T _:
40 AI‘
N M 1 N M M M M M M 1 " " " " 3
50x107 1.0x10% 1.5x10% 2.0x1

N, C (tonnes v)/(cm? sec)

uncertainty in (R2)!/2 at the 90% confidence level

Lines: 2 tonnes @ 20 m

KELLY M PATTON et al.
Int J Mod Phys E, 2013 vol. 22 (06)

p. 1330013
0.001 ~—— — :
Lr:f" 10%
‘Ej =i 5.5% «eeee %
(- =, 4% e |
= o 3 ]
+ Z = )
— 0 P! i
2 ol | |2
= 001 F1 » —
D ................................................................
)
Q.
S
<
2 Xe
0.1 b1 . -
2.0x107 4.0x107
N,C (tonnes v)/(cm? sec)

uncertainty in (Rfl)if/f4 at the 90% confidence level

Uses uncertainties uncorrelated bin by bin,
which is probably too conservative
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First fit to the COHERENT Csl data

M. Cadeddu, C. Giunti, Y. F. Li, and Y. Y. Zhang. “Average Csl neutron density distribution from COHERENT
data.” (2017). 1710.02730.

3 I --A- !u}lcoherence — SF II‘”””'””"””I‘H”"””I”“'””'””"”'/””E
. - Rom E o - = Helm T
; ® _ _
~ E
E & d 9993
E ° F
- B g8
- N \\ / 95.45«5
0 - 5 “ .1‘0 . 15 A2A0 A 25 ‘. 3l0 .. 35 4A0A @ — 93._;
. 7 e ok
Helm functional form ; :
) 2 . 682753
F“(‘llll( 2\ 3 ]l (qR(]) qz-"l,ffz [N A/| I
N q ) = e \ o Bl
QI?.() 25 3.5 45 55 6.5 7.5 8.5

R, [fm]

w4().9
~ (.7

A0 fim.

« Fit to neutron radius resulting in ~18% uncertainty, as
well as neutron skin measurement
« Does not handle bin-by-bin correlation of systematics (e.g., from QF)

COHERENT will have better measurement soon,
+ handling of shape systematics w/ correlations
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(DSe
CEVNS: what’s it good for? @Many

(3 Thinss

(nota
complete list!)

direct detection

CEVNS as a signal for astrophysics
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Natural neutrino fluxes

Solar 8B
@ Earth

Neutrinos/cm?/s/MeV
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Maximum recoil energy (keV)
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(scint, noble liquid...)
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The so-called “neutrino floor” for DM experiments

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).

L. Strigari
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Think of a SN burst as “the v floor coming up to meet you”

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).

L. Strigari
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Counts over threshold per ton

Supernova neutrinos in tonne-scale DM detectors

-
o

107"

10 kpc
— L=10%2 erg/s per flavor*10 s
Eavg = (10,14,15) MeV

a = (3,3,2.5) for

(Ve, Ve-bar, vy)

llllllllllllllllllllllll

— Argon
Germanium

— Xenon

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

llllllllllllllllllllllll

0.005 0.01 0.015 0.02 0.025 'g03 0.035 "r)gshgig‘i(ﬁde\%os

ecoil energy t
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Detector example: XENON/LZ/DARWIN

« dual-phase xenon time projection chambers

285
i

s |
| L
Y

250F
: 27 Mgy, LS220 EoS
+ 0 = fpp = 7[s]: 500 ms bins |
- 200t —— DARWIN (40t)
£ ; —— XENONnT/LZ (7t)
Z 150! —— XENONIT (2t)
5 |
= 100} 1
2 ol +i .
H- T
! = 'S
oL '
o 1 2 3 4 5 6 7

Post—Bounce Time [s]

... Connection o cryogenkcs,
purification, data acquisition

30¢

10

Detection significane [o]
N

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

" Anode
* TPC with
central dark
matter target
Cathode
~ Bottom
photosensor
aray
27 Msgyn, LS220 EoS
—— DARWIN (40t)
—— XENONnNT/LZ (7t) 4
- XENONIT (2t)
e .
! 0
S 3 :
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2 Z: : :
z >‘ - s
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= = 3. &
20 40 60 80
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Time structure of the SNS source
60 Hz pulsed source

L L] I L L] L] l L] L] L] ] L] L] L I L] L L] I L

3000

2500 |- Prompt v, from & decay in
: time with the proton pulse

2000 |-

1500 |- .
- Delayed anti-v,, v,

on p decay timescale

1000 —

neutrinos cm™ s per 1 ns bin at 20m

0 2 i lLl 1 1 1 1 1 ' 1 1 ' ' 1 1 s - 4 '—,—_

0 2000 4000 6000 8000 10000 12000
ns

Background rejection factor ~few x 104




a.u.

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

0.08 neutrinos per flavor per proton on target

T 1 L] L] T L 1 L] L L] L] | L L] L] T

Note that contamination

from non n-decay at rest
(decay in flight,

kaon decay, u capture...)
is down by several

orders of magnitude

0 50 100 150 200
E, MeV

ooa ol ".’ﬂd'l.n |

SNS flux (1.4 MW):
430 x 10°vicm?/s
@ 20 m

300
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LAr Quenching Factor

Measurement of ratio of measured energy
deposited from a nuclear recoil to measured

energy deposited by an electron recoil at
known energy

Multiple measurements of LAr quenching
factor in CEVNS region of interest

Linear model fit to literature data over recoil
energy range of 0-125 keVnr

« 2% average relative uncertainty on

quenching factor value in region of
interest (ROI) from 0-125 keVnr

Provides conversion from keVnr (nr =
‘nuclear recoil’) to keVee (ee = ‘electron
equivalent’)
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w
o

Illlllllllllllllll

Quenching Factor (%)
N
(8]

N
o

{  Agnes et al. (ARIS)
Gastler et al. (MicroClean) |

Creus et al.
Cao et al. (SCENE)

Bt
\
\

L | L ! ! | ! ! ! | ! ! ! | ! !

_k
Q

Evts. / keVnr / kg / SNS-year
S

o||||||

L I 1 1 1 I
20 40 60 80 100 120
Nuclear Recoil Energy (keV)

Ar at27.5m

Engineering

—

First Productio

o

120

- [T B R
40 60 80 100

Recoil Energy (keVnr)

N
o



I CENNS-10 Calibration

« Calibrate detector with variety of gamma
sources

* Measured light yield: 4.6 £ 0.4
photoelectrons/keVee

« At 8mKr energy (41.5 keVee), mean
reconstructed energy measured to 2%

* 9.5% energy resolution at 41.5
keVee 600

- Calibrate detector nuclear recoil response F
using AmBe source 2
7 TOSmKr A
o  41keV /| gt
I SOUFCé w -QC? 300{—
105 T 8 n
5 f 1 ?) 200{—
6 J \ S 8 -
43 DTy
2k Hf 1 C
o250 2050 e0 7080 0:. P R I S B Lo
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