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Moving to a (somewhat) gentler regime...

~GeV+ neutrinos
can create a
gquite a mess ...

~tens of MeV
neutrinos

are not as
disruptive,

but still leave
non-trivial debris ...




OUTLINE

Low-energy cross sections overview:
physics motivation

Supernova-neutrino-relevant cross sections:
water, argon, lead ...

Measurements with a & decay-at-rest v sources
Coherent elastic neutrino-nucleus scattering (CEVNS)

Work underway and prospects



Neutrino interactions in the few-100 MeV range
are relevant for:
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Physics: oscillation, SM tests,

astrophysics



Neutrino Interactions in the tens-of-MeV regime
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IBD & ES well understood... interactions w/nuclei less well understood




Nuclei of particular interest:

carbon b

oxygen detector materials for  Jy
current and future ;

argon supernova neutrino

lead detectors

(These are not the only nuclei:
additional nuclei are of interest for other detectors;
supernova explosion physics, supernova nucleosynthesis)



Cross-sections in this energy range
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Of these, IBD and ES on electrons well understood...



.. but so far 12C is the only heavy nucleus with v interaction
x-sections well (~10%) measured in the tens of MeV regime

e.g LSND Karmen
Phys. Rev. C 66 (2002) 015501 Phys. Lett. B 423 (1998) 15-20
C"»“r: 405_ §25~ }
§ 30; H ’
Sl L% L] Hl*l NN
; DU

10 | °f

O [— E/MeV

S0 A W 2 VMVM') 2C*(1%,1;15.1 MeV)

120(V€, 8_)12Ng.3.

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



Example 1: interactions on oxygen nuclei
CC interactions o oo o1

TABLE III. Partizl cross sections for charged-current neutrino-
induced reactions on '"O. Fermi-Dirac distributions with 7
=4 MeV and T=8 MeV and zero chemical potential have beea
assumed. The cross sections are given in units of 10°% cm®, ex-

ponents are given in parentheses.

Varlety Of Neutrino reaction o =4 MeV o =8 MeV
final state total 1.91 (~1) 137 (+1)
i "“O(v, & p)“0(gs.) 1.21 (—1) 637 (+0)
eJeCta “O(v, & py)“O* 4.07 (—-2) 3.19 (+0)
“O(v, & np)0* 3.92 (-4) 176 (—1)
“O(v, & pp)''N* 261 (-2) 326 (+0)
"O(v, & a)’N* 1.16 (—3) 131(-1)
“O(v, & pa)''C* 2.17 (-3) 566(—1)
“O(v, & na) 'N(p)'"C* 1.11 (—6) 328 (—3)

TABLE [IV. Pantial cross sections for charged-curreat
antineutrino-induced reactioas on "Q. Fermi-Dirac distributions

v |
b O(ve)F Ang'JIar with 7=5 MeV and T=8 MeV and zero chemical potential have
I.2 |- superneva T = § MeV i i i been assumed. The cross sections are given in units of 107 % cm?,
r d|Str|bUt|OnS expoaents are given in parentheses.
FE are . .
e T . . Neutrino reaction o, =5 MeV o, =8 MeV
s 08 Interesting — —
s} total 1.05 (+0) 9.63 (+0)
; - ) '0\ :" & v )“_\](gg) 3“? [_ ’.' 215 |+0'
:; /;4, : "()': :,' £ v nl "N(g.s_) 52“ |'— ’-l “81 |'+'0'
04 7 3 - e P
’ /__.,.::7/’ Tud ] 0w, e ny)°N* 147 (-1) 1.90 (+0)
.__-_'_’-"_:::_.‘ (_‘,-"—--: — '0‘ :-‘ & ¥ n!,) "'C. “.56 l - 3' 1.38 ' - i'
 __— ' 1 ~ (T, . nn)*N" 550 (-3) 181 (—1)
o i A - - I ¥ — g
0 a5 90 138 180 Oy, & a)''B" 1.07 (-2) 1.91 (—1)
8,, (Cegrees) o

Haxton: PRD 36, (1987) 2283 O(F, & "na)' "B 6.20 (—3) 2.16 (~1)




NC interactions on oxygen nuclei

Final states from
NC excitation

Langanke, Vogel, Kolbe:
PRL 76, (1996) 2629
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Example 2: interactions on argon nuclei

Charged-current absorption

v, + O0Ar — e + 0K* — Dominant

v, +4Ar — et +40C|*

Neutral-current excitation _N?t mU<t3_h
INtformation
40 40 A\ ¢*
Vx tTAr — Vx + A In literature

Elastic scattering

_ | Can use for
Ve,x te — Ve,x T e — —— pointing

In principle can tag modes with

deexcitation gammas (or lack thereof)...




Can we tag v, CC interactions in argon
using nuclear deexcitation y's?

v, + 20Ar — ¢ + 0K

2200 =T - o E T
) ' J;T (MeV) (nsec)
o § B 02
T ¥ Dw :
- , . ) &
A 2Lt
- - ' = 213 '2, 2.29
‘.\-,-.-E— - E Y 1.96
o e _ = O 164 480
e S = = 0.80
s - - 5003 6.1
; . T
o 0.K21
;u:-:l -} -
:..v.-.- 00;2 AM=15 MeV
e B e HE 1200 1220 1240 1200 ‘OA'u
. 1.
MicroBooNE geometry (LArSoft) (9964 %)

20 MeV v,, 14.1 MeV e, simple model based on R. Raghavan, PRD 34 (1986) 2088
Improved modeling based on 49Ti (*°K mirror) p decay measurements possible
Direct measurements (and theory) needed!

Need to understand efficiency for given technology



... In fact there can be transitions to intermediate
states, adding to the cross section (and complicating the y-tag)

PHYSICAL REVIEW C VOLUME 58, NUMBER 6 DECEMBER 1998

Neutrino absorption efficiency of an “’Ar detector from the 8 decay of “’Ti

M. Bhattacharya et al.,

and newer measurements 0
by Trinder et al. 4°Ti
measure
relative
these states stlrengths
can be 39 WI’[AI:; ﬁdk
populated of #YTi
to mirror
nucleus




Example 3: interactions on lead nuclei

Ve + 208|:)b s ZOSBi* + e

v, +208Pp —

\

N\

1n, 2n emission

208Ph* + v,

CC, E;,=18 MeV

NC

1n, 2n, y emission

400

300

ve. — Pb cross sections (total)
[1074° cm2]
(\®)
(@)
o
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80
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Relative rates
depend
on v energy
=> spectral
sensitivity
(oscillation sensitivity)

From C. Volpe, TPC10 workshop

Solid: J.Engel, et al. PRD 67, 013005 (2003)
Dashed: E. Kolbe et al., PRC 63, 025802 (2001)
Dashed-dotted: N. Paar (private communication)



HALO at SNOLAB
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How can we measure these cross sections?




Stopped-Pion (tDAR) Neutrinos
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Good overlap w/ SN spectrum
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Far-off-axis neutrinos at the FNAL Booster Neutrino Beam
could be used for this:

BNB neutrinos at cosH < 0.7

— e Flux
. mostly
pion DAR

[Arbitrary Unit)

L‘lA_Ll

100 180 200 280
E, [MeV)

CAPTAIN-BNB experiment
(5-ton LAr TPC) proposed
to measure v-Ar x-scns

300



SpallatiOn NeUtron SOU rce 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




Time structure of the SNS source
60 Hz pulsed source
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Comparison of pion decay-at-rest v sources
from duty cycle
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a.u.

The SNS has large, extremely clean DAR v flux

1 - IIA I I

50 100 150 200 250 300
E, MeV

Note that contamination from

non nt-decay at rest

(decay in flight, kaon decay, u capture...)

is down by several orders of magnitude
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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; /\
coherent up to E ~ 50 MeV A A

f‘ - Important in SN processes & detection
e - Well-calculable cross-section in SM:
{ ~ SM test, probe of neutrino NSI
- Dark matter direct detection background
- Possible applications (reactor monitoring)

do  G? , (N — (1 — 4sin® Oy ) Z)?
d—Q—4—ﬂ_2k‘ (1"‘(3089) A

FA(@* | X N2




The cross-section is large
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Large cross section, but never observed

due to tiny nuclear recoil energies:
x10°
140N~ Nuclear recoil energy spectrum in Ge for 30 MeV v

120

100

80 Max recoill

energy is 2E */M
40 (25 keV for Ge)

Number of events (A.U.)

60
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= but WIMP dark matter detectors developed
over the last ~decade are sensitive
to ~ keV to 10’s of keV recoils




Why use the 10’s of MeV neutrinos from &t decay at rest?
=>»higher-energy neutrinos are advantageous, because both
cross-section and maximum recoil energy increase with v energy

3:105 3
I
"‘é, ] 30 MeV v’s Reactor experiments
>10% ¢ (RICOCHET,
w CONNIE,
= - COGeNT etc.)
10 = can take advantage
g 5 of very large flux
Z | (~factor of 104)
102 = but require very
- low energy thresholds,
i — 3 MeV v’s where background
10— can be daunting;
- radioactive source
f for same flux experiments require
1 o il ol ol .|| even lower thresholds
10 10"

hecoil energ}o(keV)



Two collaborations aiming to use tDAR
for CEVNS measurement:

CENNS @ FNAL BNB: single-phase LAr

PHYSICAL REVIEW D 89, 072004 (2014)

A method for measuring coherent elastic neutrino-nucleus scattering at a far
off-axis high-energy neutrino beam target

COHERENT @ ORNL SNS: Csl, Ge, LXe, ...

arXiv.org > hep-ex > arXiv:1310.0125

High Energy Physics - Experiment

Coherent Scattering Investigations at the Spallation Neutron Source: a
Snowmass White Paper

COHERENT at the Spallation Neutron Source

fsnutown.phy.ornl.gov/fsnufiles/positionpapers/Coherent PositionPaper.pdf




COHERENT detector subsystems

Nuclear Technology | Mass Distance Recoil ﬂfi
Target (kg) from source | threshold | @Y\‘I’ 9
(m) (keVr) ((C @‘e& _\ﬂ.%SNS
CsI[Na] Scintillating 14 20 6.5
Crystal
Ge HPGe PPC | 10-20 20 5
Xe Two-phase 100 32 4

LXe TPC

G e e 1 T
\ —

NN,

VIV




Plan view (horizontal cut) at basement height
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Currently measuring neutrino-induced neutrons

in lead, (iron, copper), ... ¢
s L — Pb v, NIN total
2 12 <+ Pbvg NIN 1n
2 208D * _ LI — Pb v, NIN 2n
Vo + O8Pb — B\l‘ +e CC 8 — Ge CEVNS
1n, 2n emission o
v, +208Ph — 208ph* +y NC -
1n, 2n, y emission °‘2; e

55
Neutrino Energy (MeV)

- likely a non-negligible
background,
especially in lead shield

- valuable in itself, e.g. HALO

- short-term physics output




NIN measurement in basement

- Scintillator inside Csl detector lead shield (now)
- Liquid scintillator surrounded by lead (swappable for other NIN targets)
Inside water shield

Plastic scintillator panels
Total mass of 4 panels: 21.1 kg

Photomultiplier tubes (PMTs) for liquid scintillator cells

"-OD threaded aluminum rod

PMTs for plastic
scintillator panels

Lead
Divided into 8 volumes

Modular water shielding Total mass: 895 kg

3.5-gallon "Waterbricks"
52 in design
Plastic mass: 59.4 kg

4.5"-diameter
9"-long
liquid scintillator cell

1 1/4" steel plate

P h |I Ba rbea U Supported by five 1"-OD steel rods



Summary

Cross sections on nuclei in the few tens-of-MeV regime
are very poorly understood (theoretically and experimentally)
... especially relevant for SN neutrinos

Stopped-pion v sources
offer opportunities for
these measurements

CEVNS also never
before measured

(SM test, DM bg);
now within reach with

WIMP detector
technology

COHERENT@ SNS and CENNS@BNB going after this

... hext measurement may be NINs on lead
(bg for CEVNS and of SN relevance in itself)



