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Coherent Elastic v-Nucleus Scattering:

2 v
“CEVNS”:
Coherent Elastic v-Nucleus Scattering: vA—-vA

1
Coherent = neutrino “sees” (interacts with) nucleus (A) as a :Zn
whole, not the individual constituents (eg: nucleons, quarks) !

For a large nucleus, R ~ 5 fm (10-'° m), and coherence
obtained for E, < 50 MeV .

de Broglie wavelength for 50 MeV neutrino:

_ h _ he _ 1200eV fm
A= 3T F T 50 MeV 25 fm

R/ S

(more accurately, relevant wavelength is that 2

for the v-A momentum transfer, q, but the scale .
IS Same) 0 oo 100
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Coherent Elastic v-Nucleus Scattering:

Cross section (interaction probability) _ . VAT Cross section
for CEVNS is large... F -
in fact largest v channel at g
10s of MeV $
on heavier nuclei, eg Ar " a
U Lo
107
—
and, since weak charge of proton -
is small, there is distinctive .
N2 (neutron-squared) dependence :| | ot P s b 11 1 o P ot T

10 20 30 40 50 60 70 80 90 100
Neutrino Energy [MeV]

CEvVNS differential

do = Gr[(1/2 - 25in6,)Z — (1/2)N](1 — ME)F(Q?)?

. dE — 2E2
Cross section: , o
totsk Clog of ek playe
prote~ ~ O of neotr~
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Coherent Elastic v-Nucleus Scattering:

% v
However, detection is a challenge:
- no signal from neutrino and recoil energy is quite small:
1
_ A
2E? .
EM* ~ —2 ~ 50 keV
" M
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Coherent Elastic v-Nucleus Scattering:

However, detection is a challenge:
- no signal from neutrino and recoil energy is quite small:

only recently
And so, the CEVNS process has * nrever-been observed...
40 years after its prediction...
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Coherent Elastic v-Nucleus Scattering:
Physics reach of CEVNS:

SN burst v energy spectrum
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Understanding supernovae (SN):

* Expected to be important in
core-collapse SN and

» possible SN detection channel.

5000

4000

- Standard Model tests, eg: NSI, sin?6,, ,
neutrino magnetic moments

3000

2000

Fluence (neutrinos per 0.2 MeV per cm?)

* Nuclear Physics: nuclear form factors

1000

. voscillations:Apossiblevsdetection L
Ch a n n el 0 10 20 30 40 50 60 Jgutringgnerg%o(Me\Aoo

« reactor monitoring (non-proliferation)

Dark Matter:
* Important background for 10-ton direct
searches

» detectors sensitive for accelerator
produced DM
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CEvVNS physics:

» Dark Matter: CEVNS from solar, atmospheric v is irreducible background
for O(10-ton) direct DM searches

A CEVNS measurement test those background assumptions (in similar
detectors)
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WIMP-nucleon cross section [pb]

WIMP-nucleon cross section [cm?)

| 10 10 10000 Tid
WIMP Mass [GeV/c?]

|. Billard, E. Fipueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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CEvVNS physics:

ISearch for jcckelera}t’:or-produced, 1 ton-year LAr
Ow-mass, dark matter SNS DM sensitivity
v X‘ Ary—=Ary my=3m, a'=0.5 POT=10%
106 = = -

.....
;;;;

ot
T Lawmsemanmeaeest

Light new physics in coherent neutrino-nucleus scattering experiments :E; 1 0_10 -

Patrick chivurvillc,1 Maxim Pos]:n.‘lov‘l"‘2 and Adam Ritz! '\tu

! Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada I
? Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

(Dated: May 2015) 1 0_11 L

----- COHERENT

= —— LSND
10712k E137 J
To realize these physics topics = . BaBar *
p y p ’ :| Excluded I
re u”.e vector porta| J 1 Event K*>*+invisible
q. ' 10713: “dark photon” g 10 e Flectron/Muon g-2 3
* Intense v source model e :
* low bckgrd location — S
* low threshold detector(s) m,(GeV)
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COHERENT experiment at SNS/ORNL

ORNL Spallation Neutron Source
(SNS) is also a world-class v source:

intense proton beam (~1MW, 1 GeV)
pulsed (60 Hz, 600ns spill time)...

~ 5000MWhr/year

~ 2E23 POT!

a.u.

neutrinos cm™ s per 1 ns bin at 20m
2
=
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=
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COHERENT experiment at SNS/ORNL

« a low-background experimental area has
been acquired for COHERENT
20-29 m from target

B

—Hg TARGET

/"~ SHIELDING MONOLITH

CONCRETE AND GRAVEL

—

SAND|A —Csl “—NIN Cubes

CAMERA m

CENNS-10\ réfar

SCIBATH

SNS “v-alley’
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COHERENT experimental strategy at SNS/ORNL
Measure N2 dependence of CEVNS process
with multiple targets/detector technologies

CEVNS cross section

I AL O O R L

~Na AV Ge..

* (event rate)/kg is high, so relatively small 107
(10-100 kg) detectors sufficient
« radiological background requirements
fairly modest, because of pulsed beam o
* need low E thresholds ! §
. ‘gw—”
CEVNS recoil energy
T Csl &elayed (20 m, l4i(g) g
- Ge s e lawed (22 m, 10kg)
----- Ge prom
10° & T TAY delayed (29 m, 35kg)
s EN. uzwmas Ar p -390
b, Na delayecf (29 m, 2T Nal) 10
5 Na prompt
[ ]
z 10 ’
2
E
S
1 \
10—1 ...,,.....,,‘.‘.,.l...\\l...|....],...-....],,..
0 10 20 30 40 50 60 70 80 90 100
recoil energy keVnr
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The COH ERENT CO”aboratiOn http://sites.duke.edu/coherent
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COHERENT detectors
Nuclear Technology Mass Distance Recoil
Target (kg) |from source | threshold
(m) (keVr)
Csl[Na] Scintillating 14.6 19.3 6.5
Crystal
Ge HPGe PPC 10 22 5
LAr Single-phase 22 29 20
Nal[TI] Scintillating | 185*/200 28 13
crystal 0
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COHERENT detectors
Nuclear Technology Mass Distance Recoil
Target (kg) |from source | threshold
Csl[Na] Scintillating 14.6 19.3 6.5
Crystal
Ge HPGe 5
LAr Single-phase 22 29 20
Nal[TI] Scintillating | 185*/200 28 13
crystal 0
recent observation of CEVNS ' /maa N
« D. Akimov et al., Science
10.1126/science.aao0990 (2017)
« 134 £ 22 CEVNS events

03/19/2017
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COHERENT detectors
Nuclear Technology Mass Distance Recoil
Target (kg) |from source | threshold
Csl[Na] Scintillating 14.6 19.3 6.5
Crystal
Ge HPGe 5
LAr Single-phase 22 29 20
Nal[TI] Scintillating | 185*/200
crystal 0 ‘

recent observation of CEVNS
D. Akimov et al., Science

10.1126/science.aao0990 (2017)

134 = 22 CEVNS events

03/19/2017
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COHERENT, Csl results:

Steady-state-background subtracted data:

30 F Beam OFF 1t Beam ON -

A g
E £ by bl
~Energy 3 L + + + " +
~1.2 PE/keVir § °[ * +Hl+ HHh Fp
=g 15 25 35 a5 5 15 25 35 45
B . 60 . ‘ ' — quberoflphotoele‘ctrons{F.*El , — '
c Beam OFF v, BEV, EEv Beam ON
§ 45 17 ™ p‘?ompt?} . 1
time 3 30
(wrt v pulse) 3 15 ; ty
¥ .l ¢ II
E D+++++++++ ++++ ++++ ++*
= 3 5 7 9 11 1 3 5 7 9 11

Arrival time (us)

1.76 x1023 POT, 7.5 GWhr, ~1.5 SNS-yrs)
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COHERENT, Csl results:

Likelihood analysis: 2D in energy (pe) and time

» Dbest fit of data: 134 &= 22 CEVNS events

» SM prediction: 173 = 48 CEVNS events

* Null hypothesis (=no CEVNS) rejected at 6.7c
» consistent w/SM within 1o

25

i Beam ON coincidence window 547 counts
i Anticoincidence window 405 counts
i Beam-on bg: promptbeam neutrons 7.0+1.7
i Beam-on bg: NINs (neglected) 40+1.3
9 IL Signal counts, single-bin counting 136 + 31
—‘|: ! Signal counts, 2D likelihood fit 134 £ 22
i Predicted SM signal counts 173 £48
; 6 < PE<30,0<t<6000ns
1
: : Ir Uncertainties on signal and background predictions
0 50 100 150 200 250 300 Event selection 5%
CEvNS counts
Flux 10%
Quenching factor 25%
Form factor 5%
Total uncertainty on signal 28%
Beam-on neutron background 25%
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COHERENT, Csl results:

Likelihood analysis: 2D in energy (pe) and time

» Dbest fit of data: 134 = 22 CEVNS events
» SM prediction: 173 = 48 CEVNS events

* Null hypothesis (=no CEVNS) rejected at 6.7c
« consistent w/SM within 1c

Y
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(#5]

Cross section (10™° cn?)
o

10 s

III|illIliIlllillllillllillllillIlillllillll
10 10 20 30 40 50 60 70 80 90

Neutron number

03/19/2017 R. Tayloe, PNNL underground Ar workshop 18



COHERENT detectors
Nuclear Technology Mass Distance Recoil
Target (kg) |from source | threshold
(m) (keVr)
Csl[Na] Scintillating 14.6 19.3 6.5
Crystal
- e HPGe PPC 10 22
LAr Single-phas 22 29 20
al[TI] Scintillating | 185*/200 28 13
crystal 0

o future

03/19/2017
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COHERENT detectors
Nuclear Technology Mass Distance Recoil
Target (kg) |from source | threshold
(m) (keVr)
Csl[Na] Scintillating 14.6 19.3 6.5
Crystal
Ge HPGe PPC 10 22 5
LAr Single-phase 22 | 29 20
Nal[TI] Scintillating | 185*/200 28 13
crystal 0

« today

03/19/2017
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The CENNS-10 detector

timeline:
* (“12-'15) built at Fermilab for
CENNS@Fermilab effort led by

J. Yoo (now at KAIST) along with: A.
Lathrop, R. Flores, R. Schmidt, E. Voirin, D.
Markley, R. Davila, D. Butler, L. Harbacek

* (2015) moved to Indiana U. for
commissioning, upgrades, neutron
tests

* (20106) installed at SNS for
COHERENT
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The CENNS-10 (LAr) Detector:

CENNS-10 SNS timeline:
« 10-12/2016: (re)build detector at SNS

« 12/16, 3-5/17: run with TPB-acrylic parts,
Einresh~100keVnr
“Spring17” data:
CEVNS measurement not possible, will
constrain beam-related bckgrds

« 6/17: upgrade: TPB-Teflon reflectors, new
TPB-coated PMTs, added 4” Pb shielding

e 7/17-12/17: ran in upgraded mode,
Eiresn~20keVnr
“‘Summer17” data:
2.8GWhr collected

S

o
e E *
' W [ | = | 3
: : [
-1 | U S S Y S ——
§ il | i M - — T
Gaoay | o | F 1 . .
P — i i
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The CENNS-10 (LAr) Detector:

Specs:

« 22 kg LAr fiducial volume

+ 2 XHamamatsu 8’PMTs w/QE=18% @400 nm

+ TPB-coated PMTs/teflon side walls

* Energy threshold = 20keVnr

« CAEN 1420 (250MHz, 12-bit) digitizer

*  90W single-stage pulse-tube cold head

« SAES MonoTorr gas purifier for ~1 ppm purity

* Pb/Cu/H20 shield

* Expect =140 CEVNS events/SNS-year

* Running in current configuration since July ‘17
« _Cryo -

— Cryocooler System

Vacuum Jacket

Detector Chamber

' PMT Readout

Water Shield Tank

Pb-Cu Shield

CENNS-10 with
'-“"\-‘1 . _full shielding

-
et e

-
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The CENNS-10 (LAr) Detector

Preliminary data analysis: Spring17 data 5 W -
= E Cs ™' Data
i
137Cs spectrum :
L. 0.8 107
Waveform Fitting Spectrum [
«10° Max Residual Integral 0.6 :-_ =
- 0
2 45— ‘ L
2 = 0.4~ 10%
Woa Ygg e Singlet <E>: 1136407 i n
Ei —— Singlet Fit G -13.7+023 i
eb ; Singlet + Triplet e o B
sFi ~——— Singlet + Triplet Fit G /<E>i121% 0: 10°
25; x2fNDF213',150 0 S .510 S .1(;0. * IIéD. — .2(;(]. — ‘250
= | Spring Data Photoelectrons
= ¢E>:384.2+0.4
1500 b o 1272+04
Inary estimate: —
Fi G =ys T 4 of & -
1:—.- S/keVe e\.- ExxiZd% s - Cf252 Data
05E- %2 / NDF: 118/ 111 = 10
0_5""""“"“‘""' J_..#i_..|...4J 08f-
0 100 200 300 400 500 600 700 800 -
3pong DA Photoelectrons B |
0.6-— 102
U grad jj 04|
Matt Heath’s Fﬁ N: -
RAGE g 2=
. = A 3 L
analysis )
- o
IR (R TR | i eaoa g Loy i gy
1 L 0 50 100 150 200 250
Spring Data Photoelectrons
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39Ar in Spring ‘17 data: Ea—
« from CENNS-10, stage 1 config: TPB-acrylic St
sides, no Pb shielding, beam-off (lower 6_
511keV v rate) i3 i
» background-collection threshold ~100 keVee i i Sl
- ~0.5PE/keV = E threshold ~ 80keVnr af :B“‘“’ e
C Ar (35 Events [ s)
- comparison to expected rates from : .20l
environmental y measurements + 1 Bqg/kg 3°Ar ¥ R S
+ detector/shielding MC, very good agreement E N

to expected

Fit1

*g 8 —+— BKG Data (186 Events / s)
« fit with background allowed to float 5 TG Bt e
:> 1 Bq/kg 39Ar i 10% ' Wall + Floor (152 = 2 Events / s)
6

l Energy Scaling: 1.01 £ 0.00
| 2 | NDF: 152/ 85

N
][lll\lll‘ll\\ll\\|\\II‘\II\‘II\\|I\\\|\
—

Lo Lo |

L A ] L A L l 1 L ] L L I 1
400 600 800 1000 1200 1400
Ereco (keVee)

(=]
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The CENNS-10 (LAr) Detector

Events

14

12

10

03/19/2017

Run 101802

w

x
-
o

Upgrade, in Summer’17 to get more light

lIIIlIllTIllTIll?[IIIII][TI]]l[

Preliminary:
~3 PEs/keVee

| T

57Co spectrum

<E>:271.2 £0.3
0183 £0.2

O/ <E>:6.8%

%2/ NDF: 33.9 / 32

o ST TP

o
-

400

600 700 800
Photoelectrons (PEs)
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39 i ‘ .
Ar in Summer ‘17 data: CENNS-10 Summer Data Beam Off Spectrum

o

o

(54
T

« from CENNS-10, upgraded
config: TPB-Teflon sides,
full Pb shielding, beam-off

Events/sec

0.04

« background-collection omf_
threshold ~20 keVee L
« ~3 PE/keV = 0.021—

E threshold ~ 20keVnr

0.01

T (T T T T T S O M  edadagedeaag a0k g 55

* observed spectrum consistent T P H S ST S
. . . . 0 200 400 600 800 1000 1200 1400 1600 1800 2000
with ~1 Bg/kg, negligible envir. Photoelectrons (PEs)
v rate

» energy calibration, MC tuning, etc
in progress
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: ‘ F90 ER vs NR t
39Ar in Summer ‘17 data: . e evene

s

(early) simulation
ER (Ar39)
NR (CEVNS-like)

« PSD separates 3°Ar from CEVNS signal

 initial simulations show that separation is
adequate and 3°Ar background can be
completely suppressed.

* However, real events may prove
more challenging and we are currently

understanding that in the data AN T R I S T D S i
200 400 600 80O 1000 1200 1400 1600
Number PEs
Low Energy PSD
s IF
S 0af- bkg data :
% 0.8;— - 10
g 0.7;— |
0.52— |
= ‘ 1
0.4;— ‘
i B e
02f- St b A AR
E ’ 107
0.1:—
D:—‘;L‘—L—‘—‘—‘—I—‘—‘—LJ—‘—‘—‘—I—‘—‘—‘—l—‘—L‘—‘—‘—‘—'—I—L‘—‘—J—‘—‘—‘—I—‘—FJJ

o
N
=}
s
=}
2}
S
@©
=}

100 120 140 160 180 200
Photoelectrons (PEs)
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39Ar in CEVNS data:

Some (rough) rate calculations:
* 100 CEVNS events/ SNS yr in 20kg with
20 keVnr threshold
* beam-on livetime = 200 mins (10us
window x 60 Hz)
 1Bqg/kg 39Ar =
240k events in 1 SNS-yr
~50k in ROI (20-200 PE)
» reduce to 500 evs backgnd (as with Csl
data set)
» then PSD requirements are:
« atmos. Ar: 1% leakage
« underground Ar w/20x reduction,
20% leakage allowed
 if 100x 3%Ar suppression, then S:B
= 5:1 before any PSD
* A powerful improvement, esp with larger
detectors!

03/19/2017

Singlet Pulse/Total

F90 ER vs NR events

o

(early) simulation
ER (Ar39)

NR (CEVNS-like)

|

| |

1 1 1 1 | - ]
1400 1600
Number PEs

L1 1 Ll | . A | | I -] | -
600 80O 1000 1200

1
400

1 L
200
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Future for LAr wW/COHERENT

« summer ’17 data set (7-12/17)
should provide 15t CEVNS LAr signal

« currently in 5-month shutdown: 83Kr calibration +
misc improvements, will run CENNS-10, 2018-19

» working on proposal for larger detector(s) w/
« O(1 ton) LAr
» depleted Ar
 LXe, LNe
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Another effort with LAr for CEVNS detection

CAPTAIN-MILLS at Neutral Current Disappearance Pattern

in a Two Detector Setup

LANL-Lujan neutron source:

« 7 ton fiducial LAr volume

* initial tests summer ‘18

« underground Ar highly desirable

3+1 Sterile Neutrino Oscillation Fits
-~ —{3year
< X7 »
5 10} : (b jS
S -
S R S
ki i A
1 g \
| 90% CLsensitivity e
| —— 99% CL sensitivity | I
30 CL sensitivity N
101} LSND best fit .
F [ LSND 99% CL - o
I R N | T Y B I Y B I B }
10" 10° 10° 1 0!
sin“(26,,.)
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Summary of possible underground LAr for CEVNS

» for n DAR v sources (eg: SNS, LANL)
20-100x 3°Ar is desireable

» Timescale/quantities req’'d for program described here:
« 2019: ~100kg for CENNS-10 at SNS/COHERENT
o 2020: ~1 t for new LAr detector at SNS/COHERENT
« 2020: ~10 t for CAPTAIN-MILLS at LANL/Lujan

Would enable background-free* CEVNS measurements!
* (beam-unrelated)
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~uran Low-Radioactivity Underground Argon Workshop

19-20 March 2018

Pacific Northwest National Laboratory

PNNL Underground Argon workshop
R. Tayloe, Indiana U.
for the COHERENT collaboration

CEVNS with a liquid argon scintillation detector

The COHERENT collaboration is deploying a suite of low-energy
detectors in a low-background corridor of the ORNL Spallation Neutron
Source (SNS) to measure coherent elastic neutrino nucleus scattering
(CEVNS) on an array of nuclear targets employing different
technologies. A measurement of CEVNS on different nuclei will test the
N2-dependence of the CEVNS cross section and further the physics
reach of the COHERENT effort. The first step of this program has been
realized recently with the observation of CEVNS in a 14.6 kg Csl
detector. A 22 kg, single-phase, LAr detector (CENNS-10) started
data-taking in Dec. 2016 and will provide results on CEVNS from a
much lighter nucleus. The design, performance, and backgrounds of
the CENNS-10 detector will be presented.
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