PROSPECTIng for reactor neutrinos at short baselines

Danielle Norcini

on behalf of the PRESPEC'Ks collaboration
&SR, U.S. DEPARTMENT OF Office of ﬂ HEISIEE'SI%ONS

Yal e ENERGY science @ FOUN

Danielle Norcini MIT Laboratory for Nuclear Science Seminar: 18 September 2018 Yale University 1




Nuclear reactors and neutrino physics history

DYB, DC, RENO, 2012

precision measurement of 6 13
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The experimental apparatus
used by Reines and Cowan
to detect the electron neutino

what can future reactor experiments tell us about neutrinos?
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Reactor neutrinos: powerful and pure
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e reactors are a powerful source: generate _ 'ﬂr :
a lot of pure electron antineutrinos - |

e €.g. generation in a PWR reactor:
235 238\, 239Py, 241Py

e fission produces neutron-rich daughters

that beta decay ~6 timeS Unt” Stable fission process in a nuclear reactor
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pure, prolific source of neutrinos with a workhorse detection mechanism
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Measuring 613 at reactors

e
(=2}

PWR reactors perfect to precisely measure mixing “f 1€
5 4+ (a) Isotope v, spectra (1/fission/MeV) 14
angle 613: Daya Bay, Double Chooz, RENO T ot 0% 14
3:_ ©+ + (c) Expected v, in near site ADs (10°/MeV) _:1'2 ‘::','
: : : s+ + -
* IBD cross section x antineutrino flux = = + i
2/ —_0.8 3
1.8 t0 10 MeV (~low energy) o ®) AR
e oscillation minimum ~kilometer baselines ) Joa
e complicated nuclear physics makes flux/ °-5§— Daya Bay: CPC 41 (1) (2016)
Crpe = — T
spectrum models difficult ’ A mouting toeray trey.
e use relative measurement between detectors to  survival probability A2,
I P(De — 1,) = 1 — 5in*(26)sin’
see oscillations AE,

Daya Bay

reactor core

near detector far detector

flux between detectors for relative oscillation measurement = no model needed
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Precision reactor antineutrino experiments: flux
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e O13 also measure the flux experiments at near detectors and compare to model
* when comparing all reactor experiments to model, shows ~6% flux deficit

 model issues or is there a particle physics solution?
* Reactor Antineutrino Anomaly: meter oscillations by eV-scale sterile neutrino

(Mention, et al, Phys. Rev. D83 (2011))

e sterile neutrinos would have major implications on neutrino physics/cosmology

flux disagreement - does an eV-scale sterile exist?

Danielle Norcini
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Do other channels show sterile signs?

LSND MiniBooNE GALLEX/SAGE
decay at rest short baseline accelerator Ga source calibration
(54m®, 110 1)
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global scene motivates looking for eV-scale steriles at short baselines
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Precision reactor antineutrino experiments: spectrum

Daya Bay Double Chooz
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e precision reactor experiments led to further evaluation of models
* deviations throughout the spectrum measured, prominent excess 4-6 MeV prompt
e cannot be explained by a sterile neutrino

e S it an issue with the models - one, some, all isotopes?

spectrum disagreement - do we model all of the fissile isotopes correctly?

Danielle Norcini
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Other complications - fuel evolution at PWR reactors

Fas35
Fuel composition changes over time as fissile o %63 060 057 054 051
Isotopes burn and build up. S 6.00 Lo Dava Bav: PRL 118 (2017)
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* DYB, RENO show that the size of the flux 3 -
deficit is dependent on the fuel content 5 80°
¥ 5.5+
* flux models are getting something wrong =
S 5.0 -
. . . . . —
* 235U may be the issue, IBD yield/fission hints 45 | | | | |
that this isotope is the problem T I

multi-isotope fuel evolves over time further complicated models
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Recapping the reactor scene

1. When comparing to model, reactor neutrino experiments globally observe fewer
neutrinos than predicted.

2. ©1zexperiments show significant data-model discrepancies in spectrum.
*2018 re-evaluation of 1980’s Gosgen also shows it (arXiv:1807.01810)

3. Measurements at PWR reactors are further complicated by evolving fuels and
IBD fission yields.

need new experiments that provide clarity to the reactor situation

O13 experiments were successful using the relative

oscillation measurement approach with two detectors to
avoid model systematics.
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Precision Reactor Oscillation and SPECTrum experiment

Goals: Antineutrino detector
1. perform model independent search for eV-

scale sterile neutrinos at distances 7-12 m Sy

]
2. make a precision measurement of 235U -
reactor antineutrino spectrum |
. motioﬂ
@ High Flux Isotope Reactor (HFIR), range %

Oak Ridge National Laboratory
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PROSPECT will probe unexplored baselines while measuring the 235U spectrum
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Neutrino source: High Flux Isotope

e 85MW highly enriched uranium reactor

® >99% of v from 235U fissions,
effectively no isotopic evolution

* compact core (44cm diameter, 51cm tall) |55

e 24 day cycles, 46% reactor up time

e detailed study of surface cosmogenic

backgrounds

(PROSPECT: NIMA A806 (2016) 401)
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-Xperimental strategy at HEIR reactor

instead of 2 detectors, 154! Goal - spectrum measurement:
v single isotope (most abundant in PWR)

Goal - sterile neutrino search:
gecerMEecececs v access to short baselines

Ol 0 0 e i | y.compact core

G S0 E8ENEN 6N v static IBD vyield

Cacecerscscees WA e v segmented detector = relative measurement

Reactor antineutrinos
L vs E, oscillated

incident cosmic neutrons
cosmic primary

. energy scale
muon-induced neutrons g/y

neutrons through shielding

—
(@)
TTTT

thermal
energy scale

nuclear
binding/fission
energy scale

£\

10°10° 10" 10 10° 10°
neutron energy [MeV]

flux E x d/dE [Hz/m 2]

Nothing is perfect...

e [imited overburden = cosmogenic fast neutrons are
dominant IBD-like background

* possible reactor generated accidental backgrounds
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PROPSECT segmented detector design

2.6m

Realization of experiment strategy:
e target/detection: 6Li-loaded liquid scintillator
e 154 segments, 119cm x 15cm X 15cm

outer neutron shield

e thin (1.5mm) optical panels held in place by
3D printed support rods

'l S N i TN i g oy
IO PF?OSPECT Cross section I|

e 25 liters/segment, total mass: ~4 tons orED --2;553555555553}
* segmentation enables: %82222222282822!
e calibration access throughout volume {33333288823282}
* 3D position reconstruction (X, Y) with (Z) ;22222228828282!

from double-ended PMT readout
e fiducialization

l| inner neutron shield &

. . : : Floor
| L
tilt for 119cm
3D printed calibration I =g
support access | ,ﬂ Liquid Scintillator Volume “o INI -

rod "
.. ;:;‘»
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Detection with 6Li-loaded liguid scintillator

prompt B+ Ve + p— BT +n

I
'

delayed Q roum

* custom developed 6LILS based on EJ-309, non-toxic and non-flammable
* compact detector needs a capture agent that is highly localized, within segments
* minimize position dependent efficiency

* spatial and temporal cuts to identity IBDs and reject backgrounds

6LILS provides event localization and identification required for a compact detector
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Pulse shape discrimination (PSD)

Even better handle on IBD acceptance and background rejection with particle ID.

10-1 - - _ R e w—— _ _
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PSD can identify particle type through shape of pulse
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Classification of events using PSD
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Classitication of events using PSD
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R .
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Classification of events using PSD
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Classification of events using PS
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Roadmap: R&D of 6Li-loaded LS detectors

PROSPECT‘01 5cm |ength

Develop LS 0.1 liters |
Characterize LS LS, 6LILS multi-layer
Aug 2014-Spring 2015 shielding

PROSPECT-2 12.5 length
Background studies 1.7 liters

Dec 2014 - Aug 2015 6LiLS
PROSPECT: NIMA A806 (2016) 401 fj i
PROSPECT-20 1m |ength
Segment optics 23 liters B pcrpic el Internal lieﬂectors -
Background studies LS, 6LILS . | . T h
. Li EJ-309 LS 15.2cm
Spring/Summer 2015 [opnspect yINsT 10 P11004 (2016) P ﬁ P—

energy resolution
PSD performance

PMT with light guide UVT acrylic flange
PROSPECT-50 1x2 segments 05 g
Performance validation 1.2m length 5
Simulation benchmark 50 liters 5091
2017-2018 LSSLILS ;o —
PROSPECT: JINST 13 P06023 (2018) " o1 T dectonic recol
11x14 segments °-°0'=' .:(-):'-5-- 0 15 : s
2EOSPECT AD 1.2m length e PP neray (MeV)
ICS measurement N DN . ,
ysles measureme 4 tons <N light collection
data taking 2018 6LiLS T

%

PROSPECT: arXiv:1808.00097 |

pint
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Can we combat the backgrounds? YES!

—10°¢ PROSPECT: J. Phys. G: 43 (2016)
> = n+H — before cuts _
= 104l a — (1).(2), ) =9 (top of detector) &
£ 5 simulation £ D
gm a7 2.0
=102 ° E
E) g ) 150
L 10§ 4 <
15 3 1.0
2
107" 1 0.5
_; e 0
1052 "4 @6 8 10 o 2 4 6 8 10 0.0
prompt ionization [MeV] segment x

* knowledge from R&D program used to demonstrate feasibility of design

* combination of PSD, shower veto, topology, and fiducialization (clipped
cosmogenics) cuts provide >104 active background suppression

* with validation of concept and detector experience, ready to build...

a combination of passive and active shielding enables a surface neutrino experiment
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Optical module construction @ Yale

Modules in liquid volume: scintillator approved!

opaque acrylic housing
seal plugs

1 i UV transparent
lﬁ ~  window \ 4
[ g // ]

)0 front reflector

i , /f‘-&{

B &
menting reflecto
M

OVEMBER 2016-2017 il
'YALE WRIGHT LABORATORY il

Danielle Norcini MIT Laboratory for Nuclear Science Seminar: 18 September 2018 Yale University 22



A

. -

e e v
Lo ke St an st St oty
Frrrre s

%







RN

&
-

o A
T RARAOUNNNNUANNLRA

(> O

-
e — 3" —

A



https://drive.google.com/file/d/1gqG68I9FHiZcMPQjlUJnplzUTkTeGMwx/view

M

A
NOVEMBER 17, 2017
.- FINAL ROW INSTALLATION

| |







AR
ina

M NN
M







Wy
ik
AL\ nun




Within a few hours.. neutrinos!

* March 5, 2018: fully assembled
detector began operation

* Reactor On: 1254+30 correlated S o | enctor On
events between [.8, 7.2] MeV 24 hours RxOn Reac 0
44k eactor Off
'H(n,y)2H
¢ ReaCtorOff 614+20 correlated E 3 1ZC(n,n,)12C*
events (first off day March 16) @
benetfit of being at a research reactor! 5 5 _ PRELIMINARY
g T
* subtract RxOn and RxOff for 1- :tll’[
antineutrino spectrum
0_ I I I I
0 2 4 6 8 10
* distinct peaks in background from Prompt Energy (MeV)

neutron interactions with H and 12C

time to 50 reactor antineutrino detection at Earth’s surface: <2 hours
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-nergy reconstruction

* ensure energy reconstruction is performing

E0.0B:— § 1970 (a) Gamma Sources
g [ ]I I, * gamma sources deployed throughout
0.04— [ ° -
S T Best it MC detector, measure single segment and full
0020 A G detector response
O —— kN ey O O AT .. o e o e
05 1 -0 ; “°c _mevi ® beta spectrum from proton PSD tagged 2B
= 08f 2C(NP)B () B Sooctram production for high energy calibration
= 0.6/ Ly AZ ofp, e | (-
E N it ++++‘_ j "’ “ ¢ fU” deteCtor Erec W|th|n 1% Of Etrue
0.2 t"*ﬂﬁ 8 1 Data
O‘H...................# ::: *”,"’wwm__ éooa_— Energy Model
2 4 6 8 10 12 14 = -
Erec [MeV] g [ \wecs 4.5% at 1MeV
PROSPECT: arXiv:1806.02784  0.061-
0.04-
* high light collection: 795+15 PE/MeV ook
o . [ Prelimi
» resolution includes geometric/dark current | e
: 1 2 3 4 5

good energy reconstruction and resolution performance
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Penod
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Need to ensure reconstruction is uniform over the 154 segments and time...

* many calibration and distributed intrinsic sources to look at the data in

different ways (e.g. 13’Cs, BiPo a’s, nLi )
* map energy response of each segment, uniformity ~1%
* map energy response of each segment over time, stability <1%

energy reconstruction is stable throughout the detector over time

Y
o

AD segments/bin

Danielle Norcini
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227 Ac tor relative volume and pOsition resolution

N
o
O

When 1 detector is really 154 individual detectors...
* relative mass and position resolution vital for ™

Counts/cm

oscillation search 100
BFAd [2Th  [PPRa] [EPRd [E°Po| [yB  °
21.8 yrs ,5_ 18.68 days « 11.43 days 8’ 3.96s @ 1.78 ms @ 36.1 min 0 R e
-500 0 500
PRELIMINARY z [mm]
e 227Ac uniformly distributed in LS prior to filling Uniformity in rates within segment

e double alpha decay (219Rn—215Po—211Pb),
highly localized, 1.78ms hali-life, not in our
signal window

00 PRELIMINARY

W
o
o

Counts/0.25 cm

X?/NDF 147.30/136
| Prob 0.24
' Eff 1.00 +0.00

I}IIIIIIIIIIIIIIIIIIIII
I g "W
=

e variation of relative target mass in each 200 —
segment < 1.5% 3«' ]
N . 100 £ -
e measured absolute z-position resolution of < W L/
5cm 0 1""""”‘1 AN B 1%"[ .
-200 -100 0 100 200

very small volume variation and good position resolution
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Pulse shape discrimination performance

310 SINGLE SEGMENT 0.4
§ : PROSPECT: arXiv:1808.00097
= 1
L 03
£ T c
-1 ke
107" 5
_ LOG SCALE! ®
9 = L 0.2
&)
1072 @ 3 =
- oC b ©
Q o Lo:
- = - = HEom = SEN.=oeR JRSC ciSey 0 =
1073k Hli S 5 @ 0.1 o ; .
5 ‘ %] [3) H t H o ety SR - Skl Electronic Recoll
R g
) LL] "
10 lllllllllll'llll | OIO
00 01 02 03 04 05
segment 36 n+°Li PSD [tail fraction] Energy (MeV)

e excellent particle ID of gamma interactions, neutron captures, and nuclear recoils
 dominant backgrounds: cosmogenic fast neutrons, reactor-related gamma rays
 vast majority identified and rejected by PSD for prompt and delayed signals

e tag IBDs with high efficiency and high purity

excellent pulse shape discrimination performance
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Sterile neutrino analysis dataset

e 33 days of Reactor On

e 28 days of

From 0.8-7.2 MeV prompt:

e 24,461 |IBD interactions

e average of ~771 IBDs/day
* correlated S:B = 1.32

e accidental 5:B = 2.20

e |[BD event selection defined
and frozen on 3 days of data

REACTOR ON REACTOR OFF REACTOR ON
> -
8 B + Correlated
© 15004 { TRR. W11
> T S f
= B
O
0 B
H R
1000—
B b }
: +++++ to MAINTENANCE { % ¢, ;
W WA causramon |t AR
= Accidentals
O_ oooooo joecece | o cecccee pecece | ecee
03/05 03/22 04/08 04/25 05/12 05/30

PROSPECT: arXiv:1806.02784

Date (MM/DD)

best signal:background achieved on-surface (< 1 mwe overburden)

Danielle Norcini
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IBD rate vs baseline

—h
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L —+-Data
@2 = 7 —1/r°
S
S 09 O
o +
0

0.8—

0.7 4

0.6—
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PROSPECT: arXiv:1806.02784
0.4 | | | | |
' 7 7.5 8 8.5 9
Baseline (m)

* bin events from 108 fiducial segments into 14 baseline bins
e observation of 1/r2 behavior throughout detector volume
* 40% flux decrease from front of detector to back as expected
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IBD spectrum vs baseline

PROSPECT: arXiv:1806.02784
. . . 2 T T T T I T
llustration of baseline 18t t e cr71m | O ool
dependent oscillation O] rull Osgillafion | | | 1 j
o - — Null oscillation ) At Y ke UL L ,_j__ P A Y N 1 BIPUN X SrT |
0'06:_ 72X —— Baseline 1 1l+i+ T*- Sl + ++7 LL+-"'1'+‘l f+—ff"’ 53 L"* { l' | 1
- —— Baseline 2 e 0.8 | | | | ! * 1 | ]
0.05 T I | i _
- —— Baseline 3 c| > 06 |
0.04 —— Baseline 4 = 04y T T 1
- —— Baseline 5 g 8 0.27 Tt T 1
0.03- 8 % ottt — ——t————+—+—
oo2F S o 12 8.0-8.4m || 8.4-8.8m || 8.8-9.2m |
- -6 + 1 4
0.01: g 40—-) 1'4_1 * 4 T 1 } l | ¢ 1
: Elo 12 it l t ¢
C I } [ ] 1.1
0— 5 — . : I 8 2 1'l'+-+‘+‘4’-'§-9'";""""*T-'-l|' ---------- ~I1 ‘+‘T’{"§=§:t”"—' + ‘LL:::::"“H‘%: ‘:_‘:"I""iv' Frekrooo
Prompt Energy (MeV) ol s 0.8} + Ik | + + | 1 I ]
m u 0-6 T --" \ [ ] 4
0.4f 1
6 baseline bins 02;
0 1

16 energy bins 5 4 5 6 71 Pérorr?ptzllfrej(MéeV? 53 4 5 6 7
e sterile oscillations would distort content of energy bins
e compare spectra from 6 baselines to measured full-detector spectrum
e baseline-energy (L-E) ratio analysis is independent of reactor models
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Sterile neutrino search with first dataset

* compare measured L-E spectra to
normalized full detector spectrum for
each (Am2, sin220) to build x2

* this Includes covariance matrices to
capture all stat+sys uncertainties

AmzZ, [eV?]

e {0 determine confidence intervals
use Feldman-Cousins approach

* generate y2map for each (Amz2,
sin228) with PROSPECT-like toy MC

e 95% exclusion curve based on 33
days Reactor On operation

107"

e direct test of the Reactor 1072

Antineutrino Anomaly

PROSPECT: arXiv:1806.02784

PROSPECT EXCLUSION, 95% CL
| PROSPECT SENSITIVITY. 95% CL

*

SBL + Gallium Anomaly (RAA), 95% CL

] ] IIIIIIr

J\A

\\
>~
S

107

first result: disfavors RAA best-fit point at >95% (2.20)
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World leading 235U antineutrino spectrum

5
COMING SOON!!! Reactor On
4]k Reactor Off
H(n,y)2H

5 . N1o(%
_CC) 3 120(-n,n )120
@
- PRELIMINARY
229| '
O 'L -1

1- T[LJ Lj]

0- | | | |

0 2 4 6 8 10

Prompt Energy (MeV)

PROSPECT: J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001

Danielle Norcini
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Stay tuned for PRm

1. Reactors are an incredible source of neutrinos and new experiments at short
baselines could uncover new physics.
2. PROSPECT is a unique, segmented near-surface neutrino detector that has
e driven an extensive R&D program with SLILS scintillation detectors
e constructed and installed the detector in <2 years
e observed neutrinos at an HEU reactor at 50 in ~2 hours on surface.
3. PROSPECT disfavors the RAA sterile neutrino hypothesis at 2.20 and spectrum
on it's way!

\

inner dete ;
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Feldman-Cousins approach

* Using Feldman-Cousins,
p-value for 3v oscillation hypothesis = 0.58 (x2/NDF = 61.9/80)
p-value for RAA sterile oscillation hypothesis = 0.013 (x2/NDF = 68.7/78)
(Best fit has x2/NDF = 57.9/78 (Am?2, sin220)=(0.50, 0.35))

* Using standard (incorrect) confidence level assignment (using Wilk’'s theorem):
p-value for 3v oscillation hypothesis = 0.14

p-value for RAA sterile oscillation hypothesis = 0.005

* |f standard (incorrect) confidence levels used instead of Feldman-Cousins:

We say 3v Is less compatible with data than it actually is!

* Shows the importance of using Feldman-Cousins
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Sterile analysis analysis selection

PROSPECT: arXiv:1806.02784

Cut
prompt cluster PSD

delay cluster PSD

delay cluster Erec
prompt-delay coincidence time

prompt-delay position spread in
segment (along z)

muon veto
fast neutron veto

fiducial (along z) veto

Accepted value
within 3o of electronic recoil band mean

above 3.60 of electronic recoil band
mean

0.46 < Erec(MeV) < 0.60
(+1, +120)us

within 1 segment (14cm), within 1
adjacent segment (18cm)

delay within (0,+100)us of muon cluster
(Erec > 15MeV)

delay within (-200,-200)us of FN cluster
(hlgh PSD, Erec > O25Me\/)

within outermost layer of segments
(14cm)

Danielle Norcini MIT Laboratory for Nuclear Science Seminar: 18 September 2018

Yale University

45



Modeling the antineutrino energy spectrum

Two major approaches to calculate spectrum:

Decay Rate Branching Fraction

ZI“

Spectrum

1. Ab-initio

e sum the spectrum from thousands of beta
branches using nuclear databases
* databases incomplete and large uncertainties

2. Beta conversion

* empirical measurements of beta spectra for
each isotope (foils, 1980’s)
e fit with ‘virtual branches’ and converted to

antineutrino spectra

* avoids messy beta branch physics
* Huber model most modern, popular
Phys. Rev. C 85, 029901 (2012)

o, xS(E ) [MeV fission’]

©
o

0.1 =il
: r
: r/

Dwyer & Langford, PRL 114 012502 (2015)

S SOOS Nuclear Calculation

e _ -= B Conversion, Huber
e B Conversion, Mueller
¢ -—-- Nuclear Calc., Fallot

i I
- i —— DayaBay

R 1= Y7 TR S ST O
- +  Double CHOOZ
SC . | ; | 1T
2 3 4 5 6 7 8
Antineutrino Energy [MeV]
a‘1U' T .L\\{ T T T T T T T3
: $tee. j.\‘\,
& N
310'1 \ -
“ E-ovn.... N :
g ......... o.\;\ -
< 10 e ..\.- 1"
I KRR . ]
..,'"
10' ........... ‘ '}.-'~ -3
....... i 3
L] ° '1 b
235 . 1
10 U ' c.l.l E
Schreckenbach, et al, N
Phys Lett B160 (1985) 1
1 1 1 1 1 1 1 !

1 2 3 “ 5 6 1 8 9 10

KINETIC ENERGY OF BETAS IN MEV

predicting reactor spectra is complicated and uncertainties are currently large
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Designing the segments: P

Acrylic cell Internal reflectors
|
: i
20 liters LiEJ-309 LS 15.2cm
.
100 cm
UVT acrylic flange
_m - P7/ Filling with scintillator
|C°"'°""g| First test of realistic geometry:

15 | | | | | ® experience working with 6Li-loaded

Lal Different configurations J#L = ESR |IC]UId scintillator
= Diffuse PY )
813 $ 1 No reflectors type of reflectors. specular
£ 12 ¢ ¢ : * type of coupling: coupled
% 14 | o eop e (technically easier)
N oupled
L 1.0p £ - ®* readout: double-ended PMT

I | O Single-ended , )
> # [ ] Double-ended ¢ ||th gL“de: yeS!
0.8L— ' ' ' ' ' : :
300 350 400 450 500 550 e @ HFIR site for background studies

p-€./MeV  prosPECT: JINST 10 P11004 (2016)

Danielle Norcini MIT Laboratory for Nuclear Science Seminar: 18 September 2018 Yale University 47



Demonstrating performance: P

ROSPECT-50

Radioactive
source
deployment tube

Acrylic
tank

Aluminum
tank

Calibration drive

Optical separator

Pinwheels

Demonstration of performance and

testbed for subsystems:

optical separators, PMT module 1200

Borated polyethylene

<+— | ead

PMT
optical
modules

252G f source

) Parameter

radioactive, optical calibration 10000 — g
shielding concept £ o
light collection: 850 PE/MeV  ° 4ol
resolution (0): 4% @ 1MeV 2000
PSD: excellent separation TR d b b i

multi-segment background studies

TS = .

"7 - electronic recoil

5 . | | )
0.5 1.0 1.5 2.0 2.5
Energy (MeV)

PROSPECT: JINST 13 P06023 (2018)

Danielle Norcini
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Construction of PROSPECT complete!

lots of channels = lots of cables

N

_,ﬁ Y T, Y g S
kel N, B
-:v.v \ - A J '

blrdseye view ~ secondary containment | outer shield test
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... that was quick!

Nov Nov Feb
2016 2017 2018

COMPONENT CONSTRUCTION (PMTS, REFLECTORS, ...)

ASSEMBLY

DRY
COMMISSIONING

INSTALLATION

WET
COMMISSIONING

finished detector component construction in 1 year
component construction to installation ~16 months
online in Spring 2018!
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Impacts of sterile neutrinos

Of course, the addition of a each sterile state adds a set of new parameters to the
mixing framework. What is the practical effect?

DUNE response to steriles

neutrino events, NH anti-neutrino event s, NH
70 T

An eV-scale sterile would impact:

40 |

30

events /0.25 GeV
events /0.25 GeV

20

e |ong-baseline experiments measuring
CP violation, especially at large
mixing angles has dramatic effect

10

0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Ey (GeV) R. Ghandi, et. al., JHEP 1511 (2015) Ey (GeV)

OvBp response to steriles

e neutrinoless double beta decay
observing Majorana neutrinos,
allowed regions are greatly changed

Imgsl  [eV]
Imgs|  [eV]

107 10°° 1072 107 1 107 1072 107"
Lightest mass: m; [eV] Lightest mass: m; [eV]

Giunti & Zavanin, JHEP 1507 (2015)

Steriles indicate new physics and will have a profound effect on future experiments.
We need definitive short-baseline experiments that don't rely on predictions!
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10! .

PROSPECT 3yr, 30
IceCube 1yr, 99%

Am}, eV?

1071 ¢

102

1072

Complimentary space,
different channels

Steriles with IceCube

i IceCube 99% C.L. Exclusions
| = [C86 rate+shape

| v JC86 shape only (blind result)

==u: JC59 result

10t
@) @)

adapted from lceCube: PRL 117, 071801 (2016)

Danielle Norcini
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Gosgen spectral deviation

1.9
Gosgen (Combined)
RENO
1.4

® 1.3

5]

) ®

Q.

g 12 L

~ .

O 3151,

= 1.1 4} -k

i |l bl T

(Y] L -

E ‘| s - . %TT%%? ............ ... ..c%a......
0.9 |
081237 35 ¢

arXiv:1807.01810prompt Energy (MeV)

Re-evaluation (2018) of Gosgen(1980’s) experiment also showed a bump in 4-6 MeV region
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PhotoMultipliers

6m2eVl)

Bugey 3

e similar to PROSPECT detector technology

* paselines1b, 40, 95 m

e Li-6 loaded PSD capable liquid scintillator

* optically segmented

e no oscillations with absolute or relative analyses

* LILS degraded over time

e ~15% dead volume (as opposed to ~4% for PROSPECT)

0
40m/15m
1 -
95m/15m
—1
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1 | I 11
— - e 2
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0.2
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0.06 |
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. e L — |
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Lithium-loaded liquid scintillator (LILS) development

Novel scintillator cocktail:
e PSD LILS that is non-toxic, non-flammable
e extensive studies with LAB, Ultima Gold
o EJ-309 gave best light yield, PSD

Scmtlllator specs (PROSPECT-0.1):
Light Yieldgy-s00 = 11500 ph/MeV
e Light YieldLiLs, measured = 8200 ph/MeV
e prominent neutron capture peak in LiLS
e PSD FOM at (n, Li)is 1.79
e energy resolution (o/E) of 5.2% at 0.6MeVee

10*

PSD for Cf in LiEJ-309

T i 0.7 500 ;
- | EJ309 : : : B mean 05985+0 0003512
: : : : : ™\ sigma = 0.03135+0.0003167
‘ ‘ ‘ ‘ - |3 LiLs 0.6 Cf'252 : I102 : : - R Ng 1.033e+04+113.8
3 : L : : : g . . : 400 e freeee A AN M = -1.697e¥ 04+ 1511
107 g A e L S S S 1 R ) ] : : - Bc=1598e+04x 1022
: : : : . 0.5F &--- LT - ; ; ; © Jchi2/ndof = 0.8075( 75.9/94)
) NN Soqfie o (nLD) T s b T & s S
S 102 : : : : : : % §oTRRs- s - T c 1= : : ‘ ‘ ‘ ‘ ‘
R S o o o A U o ] e R ambes 3 3 | | F | | |
2 0.3 T T R 10 O ] : 3 B : 3 : 3
o - R - 200 S Lo SR
‘ ‘ ‘ ‘ ‘ 2 | T z z X 3 L 3 3
110 L AR S S SR . - SR S [ . | 021 SSERE= T i : : 4 : % : :
: : : : ] e Fhshmy g ‘:__,____.____ _ 100f--------: e A Y R A - - R i
Co 60 0L e scmn e Y L U
100 L L |l L 0.0 -E":. - I I I I 100 0 —- ':i ) 1 1 1 e ’
0 T00 200 300 400 500 600 700 00 02 04 06 08 1.0 1.2 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Integral (pe) energy (MeVee) energy (MeVee)

developed novel LiLS with excellent light yield, PSD, and neutron capture capabilities
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Calibration system

Source belt storage

e motorized source deployment system
between segments

v ..

* no optical effect of source deployment \

Source
motors

Optical
fiber

» 35 positions throughout detector,
calibrate individual segments and full
detector cource

* MM-Precision source positioning

: : ‘ example ca sule|
« gamma calibration for energy scale e cap

and reconstruction Source Decay [keV]
22Na et->511y, 1274y
60Co 1173y, 1332y

137Cs 662 y
* optical calibration of every segment 68Ge
with laser via optical fibers

o Cf252 neutron source for efficiency
calibration and neutron transport

e+->511y

252Cf Spontaneous fission ->n
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Time dependence of cosmogenic backgrounds

N r 1306 o N[
T 1 I T 0.65— |,
= 304 g e [ i
T 0.60 15 R
2] - = g i :
= J302 & & 060 “rlh -4
2 . x o - RS
Ll 3 ] O I ¢ 2
¥ —30.0 G I "H
0.55¢ | 0 £ 0.551—
I i P Y 208 8 -
f I - g L
| = :
. 29.6 0.50-
0.50— -
i 129.4 0_45‘_ i
" | | I-'I’RELIIVIllNARYf292 I T R B B B
: 294 296 298 300 302 304
03/05 03/22 04/08 04/26 O%/rllg SCgIE;/SO Atmospheric pressure, inHg

* correlation between cosmogenic backgrounds and atmospheric pressure

* measure correlation during reactor off time, and use it to correct
background subtraction during reactor on
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3uilding chi?2
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Measured L/E ratio

© 1.3p — T ———— -
9 {PROSPECT Data PRELIMINARY =
D 1.2HRAA Prediction =
o “F :
L 11— | i =
© — ]
— L | | =

GE) 10:— ___________ ——1 = —-F — e l — l— —|—— I __:u
e | 1 :
O 0.9F _ =
O — -
0.8 —
0-6.0 05 10 15 20 25 30 35
L/E...(m/MeV)
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Segments included in oscillation analysis

—

>
E L>; ’CE 350 __ o I | I I I I | I I . I I . | I. I__
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w2 u it ]
09 O S 20 ! 1 [T | e
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5 © g 200 | ! 3
— 0853 - = | .
= % 150 L —
3 0.8 o - I o .
' 1001 - : i
SRR - N
— 0.75 50 o | o
= - Total active fiducial volume: 1691 liters L]
1 - L | | | R ST SR N SO N R B | | 1]
Il Preliminary/jg - R - S—F- 5
2 4 6 8 10 12 ' _
Segment X Baseline (m)

* asmall number of PMTs have displayed current instabilities

* evenly distributed across baselines

* cause under investigation, these channels have been turned off out of caution
* efficiency impact on neighboring segments taken into account

high-segmentation and large target mass limits impact on physics analyses
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