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Neutrinos in the Standard Model pr SPﬁCT-

120 Kovarik & McKeehan, Phys.Rev 8 (1916) 574.
1 . - ) : . mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
mﬂ o P FlrSt Observed in | charge - 2/3 u 2/3 C 2/3 t 0 0 H
v | o F!\ //“\H 1914 by J.Chadwick e @ |- & |- @ || @I
0= .
E 80 5 — up charm top gluon gggg?]
E BU E.a- : .- | - =4 8 MeV/c? =95 MeV/c? =4 18 GeV/c? 0
(5 | :E? - | -1/3 -113 -1/3 0
% 40 1:::./ \ N 112 d 112 S 112 b 1 »
as )J ‘\\ \ down strange bottom photon
27 " L
0.511 MeVic? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
i . i H-“-"““-n 1 e -1 u -1 T 0
] 20 Al 60 80 00 a12|I1 20 160 12 2 12 1 z
H"? GAUSS X CM.X 10 electron muon tau Z boson
Ener'gy Of CIZCTPO n <2.2 eVic? <0.17 MeVic? <15.5 MeVi/c? 80.4 GeVic?
0 0 0
112 ve 112 v}l 112 .I)T

Pauli(1930): “I have hit upon a desperate electron T tau

neutrino neutrino neutrino

remedy to save...the law of conservation
of energy.”

20 July 1956, Volume 124, Number 3212 : l,CI ENCE

Detection of the Free

address the beta-decay "anomaly”
Neutrino: a Confirmation

| + Successfully detected ~40 years

later at the Savannah River Reactor |

C. L. Cowan, ]Jr., F. Reines, F. B. Harrison,

H. W. Kruse, A. D. McGuire |
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Neutrino Anomalies...

solar neutrino anomaly

fusion

PRTSPECT
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... Lead to Discoveries PRRSPECK,

Super-Kamiokande 1998: solved atmospheric anomaly SNO 2001: solved solar anomaly
NEUTRINOS FROM SUPER- NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)
COSMIC RADIATION KAMIOKANDE THE SUN ONTARIO, CANADA
KAMIOKA, JAPAN '

gf\:ghﬂ_{:w } / { PROTECTING ROCK |

A" MMOSPHF e / T PROTECTING Electm:-ne:tfir\tzs Both electron neutrinos 3

Q 1000 m ROCK :;Ta‘:r:or?e‘.:e inine alone'and all three types pf 2100m
~ — | nals i the haavy water taok.
B Muon-neutrinos vy
give signals in ’
— the water tank. —

t | suPer- \

KAMIOKANDE |

/ e \ ¢-—<

1 SNO
I . * 18m
MUON- ov
NEUTRINO 4&
water Cherenkov o CHERENKOY heavy-water Cherenkov AV -
v,—v: 0ScCillation through the earth sum of all v matched solar prediction

% The Nobel Prize in Physics 2002
Raymond Davis Jr., Masatoshi Koshiba, iFor The groatest b md

i i i i et “for the discovery of
III:{ICCB rdo Gla(?COﬂI . . 2015 NOBEL PRIZE IN PHYSICS . . y
for pioneering contributions to neutrino oscillations

S . Takaaki Kajit .
astrophysics, in particular for the ArthﬁraBa. Mcg;gald which shows that
detection of cosmic neutrinos’

neutrinos have mass’

— SN
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Neutrino Oscillations PRRSPECK,

Neutrinos undergo oscillations between flavor and mass states, implying they are
massive (although very light) particles.

flavor states mass states

? Ve 4 @ Uei  Ueo U63

‘ Uy, — 1% @ where U = U,/l UVQ Uyg

o Vr V3 $ UT 1 U7'2 UTS
production propagate PMNS mixing matrix
atmospheric/accelerator reactor solar
1 0 0 C13 0 8136_i5 C19 S10 0
U = 0 C23 593 0 1 0 —S12 C12 0
0 —S23 (€923 -513€ 10 0 C13 0 —0 1

where c;; = cos(0;;)
Sij = Sm(ﬁm)
0 = C'P phase
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Ex: Two Neutrino Oscillation PRRSPECK,

Am?L
Po—pa#8 = Sin2(26’)5in2 ( i

where o, f = Ve, V), Uy
4F,

=
".’ ‘%o o ‘ ~ detector

source (E.) \‘y 0 \%y

>
Parameters 6 (mixing angle - amplitude) and Am2 (mass splitting - frequency) are
defined by nature. We can target specific Am2 measurements by designing our
experiments to have a certain L/E.
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Outline PRESPECTK,

N . e e Moda
e Reactor neutrinos and new anomalies

 PROSPECT: The Precision Reactor Oscillation and
Spectrum Experiment

e Current efforts
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Reactors: Tools for discovery PRRSPECYT,
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Detecting Reactor Neutrinos pnm

Daya Bay Inverse Beta Decay: v.p—e*n |

|
Automated = o B Overflow . . . I
e - |- 0.1%Gd-Loaded Organic liquid ‘n
‘ | scintillator (GdLS) surrounded by |
, b | photomultiplier tubes n
Innerﬁcwllf: iy Calibration i
Vessel - 4~ tubes
- | . . . |
- Neutrinos interact with free protons ,
Outer /
crylic— L ]\ |
vesel | [ |- Ey = Teyt Tot(My-mp)+me = Te,+1.8MeV
Reﬂectcrs-{x b2 . -::'“;'. s J‘ . |
| iy "oemee |- Neutrino energy threshold of 1.8 MeV, |
Stanless [ nq | producing signal of ~1MeV
Steel Vessel ||#

| - Capture resulting neutron as a tag of
IBD interaction (typically Gd)

|+ Time-correlated signals, separated by
~10s us
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Precision Reactor Neutrino Physics  PRR®SPECT,

Kilometer baseline 813 precision experiments: Daya Bay, Double Chooz, RENO

Bay site

| Daya

Am2L
P, — 7.) = 1 — sin®(20)sin? ( m >

1F,

survival probability

-~

e R .
y + Daya Bay cores

detect inverse beta decay:
anti-ve + p > et +n

reactor core

near detector far detector

Relative measurements reduce dependence on predictions of
reactor properties
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Reactor neutrino production PR@SP/E&

Research
Reactors

ILL HFIR NBSR

ATR

1 meter

rllD ecay Rat’% Spectrum

— ’ Povver plants have low- enrlched
1=0 J=0  Branching Fraction | uranium (LEU) cores |

Mixture of 23°U, 238U, 2Py,
241Pu

2

S

S
|

'« Fission of parent isotopes
vield neutron-rich daughters

e Beta decays produce ~6v/
fISSIOﬂ <1OI\/IeV

ut enrlched cores: mamly 235
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Reactor neutrino production

...........

..........

........

Decay Rate

Spectrum

Zlm

Jj=0 Branchlng Fraction

K lFission of parent |sotopes
vield neutron-rich daughters

e Beta decays produce ~6v/
fISSIOﬂ <1OI\/IeV

David E. Jaffe - BNL

Arbitrary

PRTSPECT

From Bemporad, Gratta and Vogel

Observable v Spectrum
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Predicting Neutrino Flux/Spectra  PRESPECK,

Two main approaches:

_ : ~ |Electron
Ab-initi ; "I Neutrino
-INItio AL/ S SN R S e _
Calculate individual beta-decay spectra <" |  \_|
for 1000s of isotopes from database info = | - - - \F
Sum according to cumulative yields L T 1
Problem: databases have huge T
uncertainties
Beta-conversion
Measure cumulative beta spectra from :
fission parents O
Use virtual beta-branches to convert S
into neutrino spectra Yo
Problem: can virtual branches capture Schreckenbach, et al, ]
all relevant physics? o PhysLettB160(1985), | [
1 2 3 o 5 6 1 8 9 10

KINETIC ENERGY OF BETAS IN MEV
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Predicting Neutrino Fqu/Spectra Pn@ﬁm*
 Early 1980s: Measurement of 23U OIS I

MeV h s |LL, from € spectrum

spectrum at Institut Laue-Langevin Y
(”_I_) 0.5

x D et al, calculation
o AG, calculation

* Agrees with ab-initio calculations

e <5000 neutrinos detected, 20%
uncertainties

e Mid 1980s: Beta-conversion
measurements at ILL, reduce
systematics improve uncertainties or

Paositron energy {MeV)

predictions
.. ]Flux Comparlson

* 1990s: Bugey PWR spectrum agrees £ ik Ll :
with Beta-conversion spectra - 1T | T

8 : ) 1 ] L ‘ L L ] ] I L 1 L I Ll | ) ‘ 1 L 1 1 I 1 1 1 L I ] 1 ] ]
0 1 Z 3 4 5 6 7

o

| f -1 L
* 1990-2000s: Measured fluxes agree e i
: C g 5 3888 ]
with predictions S PRO 83 (2011) -
X Distance to reaZcor (m) 10 ’
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Recent Events: Problems emerge an

our result ID HUber PRD 201%] B

1101.2663

0.10f ILL inversion B - +-
: simple f—shape P T - _
I - 1 1 I -
0.05 T —T T J N

 2011: Two beta-conversion
reanalyses increase predicted
flux

(-diL)/ L

* One pure conversion, one

hybrid bptween ab-initio and Energy (MeV)
conversion Y
- ~30 tension with previous qE C. zhang PRD 2011
experiments -
P 1 TR
Change in Flux/Spectrum: o F it Tﬂf fl i
w 0.9
« Conversion: +3% T
08 —— World data
e Neutron lifetime: +1% N —— World Average
0.7 - 1-0 Exp. Unc.
* Non-equilibrium isotopes: +1% T E 1-0 Flux Unc.
- - [ L Lo L
Could be bias from non-blind 060 107 10°
analyses? Distance (m)
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Flux Deficit at Daya Bay = prespeck,

1.2
WF
. B arXiv:1508.04233 (Daya Bay)
O 5 I L
'ﬁ 098 % 1 //////////////////////////////////// /f ///////// '/ /4 /////// //////////////////////////////////////////////////////////////// /11» ///////////////
=5 0.96— b I *
g 09‘:_ Ling Ao &’ - t H
o 0925_ ~ - —— Previous data
% 09E Deya Bay ot % 08 g?ggalBgzerage
E 0 - :
0 . - R = 1-0 Experiments Unc.
0.6 F— " ) 1-c Model Unc.
- | 1 1 1 1 1 | - 1 1 | I I
0 02 0.4 06 08 1 12 14 16 1.8 2 0.6 — L e L — 3
Effective Baseline (k 10 107 10
ective Baseline (km) Distance (m)

' /'-.
: /\/ A

Blind anaIyS|s of absolute flux agres W|th old prediction
Unlikely to be due to experimental bias
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Sterile Neutrinos?? PRESPECTK,

Krasnoyarsk-|
. Krasnoyarsk-IlI
Krasnovak k-lI
Bugey-3_|
DoubleCHDOZ

a= &
LT I = =
BE L Sgpme gL g\
oD o @ o) ) ]
BRI ERS £8 g5
51.05 : ~ ~ . l —ﬁ' : N
c I i =
S . T
< = gk
% 095“ —1- q
Z - *
<, 0.9 it l J-l-
m | o) »
= 0.851 ! m 1
i 0T
0.8 * 32 .
Abazajian et al.
0.75* io ] [ | |1 | | [ x-r-fz i | | I [ N |3 arX|V12045379
10 10 10 10
Distance to Reactor (m)

If not a bias effect, what is it?

* Problem with prediction?

* Detector effect that isn’'t understood?
 New physics?

AMi42 > 1 eV?

V3

Amas?] =2.3x10° eV2 Sterile Neutrino:

e High frequency oscillation
 Mass splitting ~1eV-?

Am422 =8x105 eV?2

e Baseline ~few meters
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http://arxiv.org/abs/arXiv:1204.5379

Other Sterile Neutrino Hints presSpeck,

+ HCY

(“m 110 1)

Lo 7%-,/
T

a
§ 17.5 ® Beam Excess
W K558 pf,—veein > 3
s P o = 5 e Data L1 | GallexCrl SAGECr
8 ,,,,,,,,, pl.e’In ~ 25 [ v, fromu _ T
125 £ F¢ 1 v, from K- —
o 2:_ { I v, from K° B 10
w = < misid 2 '
¢ —Pr 2
1.5 i =
) other X 09 \ \\\\\\\ \\
Total Background =B
‘ S \ k
0.5 g |
o 14
1 02 04 06 0.8 1 1.2 14 15 3. 0.7 Gallex Cr2 SAGE Ar
04 06 08 1 1.2 1.4 E%E (GeV)
L/E, (meters/MeV)
anti-ve appearance low energy ve appearance ve disappearance
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eV-scale neutrinos would impact:

Expected neutrino spectrum for
Long-baseline oscillation searches

Mass ordering for Double Beta
Decay searches

Needs to be addressed soon

__Inverted Hierarchy  Normal Hierarchy

.| 3+1 Flavors
_ .| 3 Flavors

.| 3+1 Flavors
: .| 3 Flavors

T T L T 10

ms (meV) m, (meV)
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events / 0.25 GeV

events / 0.25 GeV

Impact on Future Experiments pn@sﬁz&r

300 neutrino events, NH 0 anti-neutrino events, NH
T T T (614:624);(200,'100)'- T T T T T T
250+ (15°, 10°) il 1 60
(5°,5°) Il
200+ 1 3
3+0 [l &
150+ &Q
o
100 + §
Q
>
50 -
0
1 2 3 4 5 6 17 8 1 2 3 4 5 6 7 8
E, (GeV) E, (GeV)
neutrino events, IH anti-neutrino events, IH
200 T T T T T T T 100 T T T T T
150} >
o
)
N
100} =
=
&)
>
Q
50 -
0

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
E, (GeV) E, (GeV)

Gandhi, Kayser, Masud, Prakash
arXiv:1508.06275
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New Anomaly: Spectral Feature PR@SP/E&

]-II:'\IU P rc.hmm'ary e

~ = ™
- o —~Data 2 Ncar duu:mr ]
— e 30000 = v
20000— e i [ Full uncertainty E - e Data 3 —4— Data

> E - 8 Reactor uncertainty, &25'}“0 - — Prediction El %1 5 | I No oscillation

; 15000 — o= . Y — ILL+Vogel 20000} sin' 28, = 0.094 8 = [ ] Reactor flux uncertainty

& — R - | A, | =232 3 107" eV? 2B To) 4

Ny — o 22 15000 =Ny o || Total systematic uncertainty

] — = - Slo™*

o 10000— — - - R it: sin®

£ - = = 10000 8 Best fit: sin"20, , = 0.080

o - = Integrated - -H-++ *{’ i
- oo ntegrate -

5000(— - 9 50001 : 1.0M -

= ~ s 02 +
— L t; -

S 12 T 0.15) + 0.8}

= 0 — 2 i +

% § 11 +~+ ; 0.1 + + RS

£2 (Eimows S oosf + A

: b ARTIEXAXX 2 -— - -+ o . 6 -

25 T bttt + _____________________ Double CHOOZ, JHEP 10 086 (2015)

22 L 116061801 P fee ‘ ‘

et I n‘ N

c = 0.8 PR 6 06 L -0.051 ++ 1 2 3 4 5 6 7 8

; ' : ‘ & AT T T T P Visible Energy (MeV
2 4 6 8 S I T T R S IR - gy ( )

Prompt Energy (MeV) Prompt Energy [MeV]

‘ . AII three 845 experiments have observed a speetral deV|at|on
between 4-6MeV prompt energy (5-7MeV neutrino energy) “

| » Predictions based on beta-conversion (Huber, Mueller, Haag)

I

 Tracks with reactor power, observed in both Near and Far detectors l

|

Cannot be explamed by known detector effects
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New Anomaly: Spectral Feature PRM

Hayes et al. PRL 112, 202501 (2014)

Nonunique=[Z,r]0- !
— Nonunique=[X,r]1-
Beta-converted spectra could be = Nonwnigue—tzeiz| W1 ool i
W LI -
Use Allowed shapes for all decays, g | 1 o5 \ -
known to be incorrect < M
N 1 1 ¢
. - ! B B
Error in the measurements? “ W o \
095 "\ ;
- Ab-initio calculation for one database - | 3\
0.9 l ' | ' | 1 0.05 L | L |
seems to reproduce the feature rmew’ T Bew
Problem: Large uncertainties and T o __()Dwye&LangdNP'f“ﬁOf?Og e
. . @ {C - . ==== B Conversion, Huber
m|SS|ng data = _5 ¢ ------------ B Conversion, Mueller
g ' | | - Niuclear CaIcE., Fallot
Problem: More complete database g o1
doesn’t reproduce the shape

i —— Daya Bay

Feature seems to track with 238U TN Rl R
content, could point to one fission o~ 1B S | ol
parent as the problem? g o D R e ‘i

2 3 4 5 6 7 8

Antineutrino Energy [MeV]
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Anomalies lead to Discoveries PRRSPECYT.

1.2
S U k] 8% 14 - SRS
% 1_!,/ T & T/ /* fq/ ” 8 § - _._,_._-0- -+ ; 0:0:0.:0:0:0:4
2 T Ti I 0 OSSO S ::Egtgfg:f:}
<~ —«— Previous data = et
£ 08— ‘ —-— Daya Bay oL 098 XK
0 - Global average w I — X
i 1-0 Experiments Unc. | £ ~ 0.8 X
n 1-0 Model Unc. - 2 r 6 8
0.6—— "1'0 - 1(')2 - 1(')3 Prompt Energy (MeV)
Distance (m) - e R — " —
AbovedReghons: o 955 -+ Flux deficit remains after blinded analysis |
Allv, Disappearance E;;ps (Kopp), 95% CL . . . . \
Gallium Anomaly (Kopp). 5% CL |+ No existing experiment is able to probe |
SBL + Gallium Anomaly (RAA), 95% CL . ‘
— b Dla}’aBlayFTxc}uslioln,l95l%CL _ _ h these quesuons |
> Global Best
210k e - We need new data ;
o — C “ I
-~ : |- Spectral anomaly could point were to look |
il ] - All 813 measurements at LEU power |
- ] l
: : ;’ reactors 1
] 1 |
| | - HEU measurement powerful ],
| |
10-1E Daya Bay i crosscheck /
R ool EXCIUSion - “ : .7' \ 7 E'\‘ ————— 77 - J
102 0 | P.Vogel: “...it Is possible, perhaps even likely,
sin’20, that both anomalies have their origin in standard
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PRESPECK

The Precision Reactor
Oscillation and Spectrum
Experiment




Phased Experimental Plan Pkm

| Physws Goals 1
» Search for short baseline ve oscillations using detector segmentation |
 Distortions in energy spectrum that vary with baseline |

. I\/Ieasure 235U antmeutrmo spectrum to |IIum|nate the Spectral anomaly

e ——————— e —— o pe—— g ———

PROSPECT at HFIR

Experimental Strategy:
* Phase 1:
* Sterile neutrino search, cover
best fit region at 40 in 1 year
* World-leading 235U spectrum
with 100k events/year
. * Phase 2: World-leading short
baseline sensitivity
Challenges:
* Minimal overburden, cosmogenic
backgrounds
* Reactor-related backgrounds
* High energy (s10MeV) gammas

Antineutrino
.~ Detectorl

Antineutrino
Detectorll
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L

gh Flux Isotope Reactor prespeck,

e * High Flux Isotope Reactor (HFIR)
i »\[ at Oak Ridge National Lab
B« 35\ HEU (>94% of Ve flux from
235 fission) compact-core

reactor, 42% uptime
« PROSPECT activity for past 3 yrs

N—

-

/////////////////// L

« Backgrounds well characterized Za \\ /
. . Fuel Plates
¢ U n | q u e | O C atl O n fo r a S h O rt /: % (///W/////////////"////M///lI;‘IlIIHIHHl" -
baseline experiment
o i HFIR Core
115 75 8 ins %j"; %E Tl = Power Map 10 _
110 : B £ BT 22 oS 3 02 +4 g
- ol B CES L8 I £ 58 > 8
=105 ‘ D - | 7 08 %
L LT :
& L j| o
% 0.95/- ? L 0.6 2
= [ ] ©
ﬁ,n, 0.9+ i cqc)
z> 0.85 L 0.4
0.8— |
RS 1 (RN R j RRRR TR SRR R 1 R RN N R ST — 0.2
Abazajian etal. [ 10’ 10' 10° 10°
arxiv:1204.5379 Distance to Reactor (m) o

HFIR Baselines
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http://arxiv.org/abs/arXiv:1204.5379

Surface Neutrino Detection Pkm

‘Must be very close to research reactor

1 * Reactor-related backgrounds (gammas and thermal n)
|* Detector will have to operate at the surface (or close to it
e (Cosmic-rays are problematic

David E. Jaffe - BNL
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Reactor Backgrounds

y (m)
2 1 0 1 2 3 4
""""" NS RE). 3000
1_ /i —
2
— g 000
E—— ~
;5. —— - 1000
/ P
N - - 0
34 = 2=0.I' m
4_

10°

N

10

—
o

om Illllml Illllml [T

—

—
ol

\\

PRTSPECT

—— Front of Detector
—— Middle of Detector
—— Rear of Detector

||Iwi,
|....|.. .

2 3 4 5 6 7 8 9 10
Energy (MeV)

Rate Variation with Shielding

K% - — Config. (1)
> 3l — Config. (2)
=10 = — Config. (3)
*g = — Config. (4)
81025'
10;'
o
1 kil 111 l
0 1'5:'331 ' 7 8
Energy (MeV)

Targeted shielding effectively reduced gamma backgrounds
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Cosmogenic Backgrounds  erespeck,

— HFIR Near
— HFIR Far

©
N

N

—
OI

w

Counts/MeV/s
o,

A

—
o

IS

—
o
&

Fast Neutron
Spectra

1
»

—_k
|IIIIIII| IIIIIIII| IIIIIIII| LBLALLLLL AL L

—
o

10
Energy (MeV)

3

-+ <10MeV neutrons are effectively shielded

- >100MeV neutrons create showers of
particles and many secondary neutrons

* |IBD-like backgrounds stem mainly from
fast neutron interactions

e e

FaNS-1 at \
HFIR  E
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Surface Neutrino Detection PRM

David E. Jaffe - BNL

‘Three-pronged effort to address |
| these backgrounds:

N\
N\

N\

ew detector design
ew liquid scintillator
ew shielding design
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Segmented Antineutrino Detector PR@SP/E(ﬂ\*-

PMTs

[78.74] [47.24]
2000 1200

LiLS

SOMNANNN NN NANNNNNNANNNNNNNN

NN S NNNNNSNSNSAAAASY

A

(6LiLS) detector
- 120 optical segments
: o - 15x15x119cm3, ~25 liters each

PROSPECT Unit Segment - . - ldentify multiple particle
interactions, reject showers

-+ Double-ended PMT readout
- Access for calibration sources
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IBD Detection with 6LILS PRRSPECT,

Pulse-shape
Discrimination
(PSD) Signatures

Prompt signal: 1-10 MeV
positron from inverse beta

decay (IBD)

Delay signal: ~0.6 MeV
signal from neutron capture
on SLi with PSD signature

Inverse Beta Decay
y-like prompt, n-like delay
n-like prompt=n=like delay

Accidental Gammas
y-like prompit=y=like delay

Coincidence Signature of event:
e-like prompt signal, followed by a
~o0us delayed neutron capture

20160418 - SBU Seminar
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6Li-loaded Liquid Scintillator PRRSPECT,

High light yield (>6000ph/MeV) for energy resolution

Excellent pulse-shape discrimination (PSD)

Non-toxic, high flashpoint

Stable and affordable

“‘ N TE HNOLOGY
lQ Sweetwater,
XﬂS 79556

'LiLS based on EJ-309 meets all requirements

8200ph/MeV, excellent PSD

k)

1 \X 309 L\

A\, q“‘d S mn]]a or
u‘ nder

Safe to operate at a reactor

——— e ———
PSD for Cf in LiEJ-309
104 F T T T T T T 0.7 T ! ! T T
: | | ‘ ‘ - |3 EJ309 .
| LiLs 0.6 Cf'252 1
; — - . B
3 : : i (O] = - -
10 | | T o05b i T o
P ® o4l . - (n,Li) - a oy 300F
S 107 bt Ty 003 MR mbes ) S S
© 0.3}; 4 (410t 8 8 500
Q : v : = i
108 b o L ,,,,,,,,,,,, ,,,,,,,,,,, 777777777777 777777777 | (0/2 0.2 _ '-:'5::5" --:-___-_:
: : : : : : e s T __-.__.___ - 100}
0.1 e e i R
CO 60 1 i --:-___ _:_ e n = ] = . -]
100 I I L 00 'E"- o 1 L 1 L | 100 0 1 o “ | | | e Ay
0 T00 200 300 400 500 600 700 00 02 04 06 08 1.0 1.2 0.40 0.45 050 055 0.60 0.65 0.70 0.75 0.80
Integral (pe)
Energy (MeV) Energy (MeV)

developed novel LiLS with excellent light yield, PSD, and neutron capture capabilities
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Novel Shielding Design PRRSPECK,

-

- ) M.Mendenhall - NIST

13

Nig

iy

Ny

Mg

Ny e ——— —
= [ Optimize space, weight, and total

] = background suppression

ii Main problem is ~100MeV neutrons

create majority of IBD-like backgrounds
(gamma-like prompt, neutron capture)

Cut-outs for air planks

(detector movement) Neutron spallation on high-Z shielding

Increases backgrounds

|

',
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Novel Shieling Design PRYSPECY,

M.Mendenhall - NIST

« incident cosmic neutrons ——
E neutrons through shielding cosmic primary
:’E —— muon-induced neutrons energy scale
— 10 = /
L - thermal
g - energy scale
5 L Ve
X
L: 1 §_ nuclear
Outer Neutron 3 binding/fission
Shield h - energy scale
-1
10
20 N .IAA/\.IAIA.I L - N

107 107 10° 10" 107" 10 10> 10°
neutron energy [MeV]

| Optimize space, weight, and total ,
| background suppression "

' Main problem is ~100MeV neutrons |

| - create majority of IBD-like backgrounds
| (gamma-like prompt, neutron capture)
1

| - Neutron spallation on high-Z shielding |
‘] increases backgrounds }

| - Need neutron sh/eldmg inside lead shleld/ng )'
I
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BG Rejection via Detector Design PRESPECT,

. 29 £
Neutron coincident events G 5 I2'5§
(@)] (D)
5 D b 0¥
= 10°¢ n+H — before cuts ? ; Z'O%
% n ryd — (1), (2), (3) 5 5
S 10%E — (4), (5) [E
€ — (6) : n
3 3 1.0
010 >
E ) - 12C jnelastic ] 0.5
107 0
S T 0.0
T 1o .  segmemtx
i 'Background reduction steps:
7 |« Efficient PSD and neutron tagging |
_1 ! R . . . }“
10 « |dentification of multiple particle |
10-2LL | Interactions
o 2 4 6 8 10f.

prompt ionization [MeV]

Active suppression of >3 orders of magnitude
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PROSPECT Signal and Background PReSPECK,

(63}
T

—_k
o

%' n+H — before cuts

 Signal (dashed) and background (solid) =i —h@.e
§10°
prompt spectra are shown through S0
selection cuts =10

* S/B better than 1:1 is predicted.

 Rate and shape of the residual IBD-like
background can be measured with high 5=
precision during reactor off periods.

2 | | | 4 | | | 6 | | | 8\ Sl \10
prompt ionization [MeV]

= 3.0r
= 2_# IBD signal
Cuts IBD signal Cosmic BG E | backgrounds
Exposure Daily Daily 2 200 after cuts
PSD 1630 2.1e6 g |
Time (1, 2, 3)| 1570 3.ded g
Spatial (4, 5) 1440 9900 1.o+
Fiducial (6) 660 250 od
: : : T it
Simulated event rates (0.8 < E < 7.2 MeV) after applying ; DRE PR +.+f1+0

background rejection cuts

David E. Jaffe - BNL
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Short Baseline Oscillation Search Pkm

Sensitivity: Best Fit Oscillation
.......................... Phase I (1 yr) at 30 %’1.02:----.----|----|----|--- -
Phase I (3 yr) at 30 e 1.00E—=----fgr———-- 'H “““ BE S 1 — e —3
-------- Phase I + II (3+3 yr) at 30 = 0.98 Jr J[ il 1k : =
------------- Phase I + I (3+3 yr) at 50 g 0.96= Wl + .I. _ —
[ SBL Anomaly (Kopp),95% CL 094 4l ¢ } ' -
All v, Disappearance Experiments (Kopp), 95% CL 092 'I'_I_.I. . & =
allium Anoma ,95% 0.90 -
Is)]jlia-;(a}yléxclu?ion, 9 ;}%}(ziN) 95% CL 0.882— ““““““ Mass Splitting: 1.78 eV?; Osc. Amplitude: 0. 9_2
o B (et T 086 , , e T Phasel(Lyp [T Phase [+ 11 (343 yn) —=
----------- 0 L2 3 4 5 6 7 L/ES N V9
107 | e (m/MeV)
i 1 o ] . e
_ * Segmented detector designed for
T | oscillation search
’ .
= 1t | | *Each cell is a separate “detector”
A — C ]
E : * Oscillatory L/E between segments
! : limits uncertainties from reactor
' | | ® True oscillometry needed for
1071 - confirmation of sterile neutrinos
L 1 | * Probe best-fit region at >30 in |

107 107 1 year
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[eV?]
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Am

10

Movable Detector

Sensitivity: Phase I for 1 year at 30
.......................... Front Position

Movable Position

Middle Position

SBL Anomaly (Kopp), 95% CL

All v, Disappearance Experiments (Kopp), 95% CL
SBL + Gallium Anomaly (LSN), 95% CL

il

.....
ot
e

107
sin“20,,

107" 1

PRGSSPECN;
. HFI
o Core

il
| Y ) Y I I
S ) ) S
......
ﬁ = i
L
i
'{
1 "
i
“nH o)
e . T
= 7—4‘“‘\
o
e |
tal L L sl
et ﬁ%—j
et pas Sy
g aunt <
=l | T

'« AD-1 is designed to translate by 1m, |
almost half the detector length

| « Improves the sensitivity from <3o to
 greater than 4o

Provides powerful systematics check }"'

I— — - p— - — — ]
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235 Spectrum Measurement an

w
o

> O :

o j IBD Signal
N 25 Simulated BG
= i

e

3 2.0:

c i

Q1.5

LL

—
o
T LI

o
&)

O | | 2 | | | 4 | | 6 | | 8 | | I1O
prompt ionization [MeV]

S(E,)/F(E,)

1.20

1.15

1.10

1.05

1.00

0.95

0.90

0.85}

0.80

B-Conversion, Mueller, 1-o
——— (-Conversion, Huber, 1-c
~—— Nuclear Calculation, Dwyer/Langford, 1-o
—— PROSPECT, Phase |, 1-0,,,,

= PROSPECT, Phase |, 1-0,,,
| | | | |

2

3 4 5 6 7 8
Antineutrino Energy (MeV)

- ~700 inverse beta decays detected per day, 100k/year

- Best energy resolution of any reactor neutrino experiment (4.5% @ 1MeV)

- Phase-1 precision will surpass spectral model uncertainties

- Directly test reactor neutrino models

- Produce a benchmark spectrum for future reactor experiments

David E. Jaffe - BNL
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Phased Detector Development an

a
N

PROSPECT-O0.] — gclnlgt i
Aliter S
Fug 20 | LS cel
Spring 2015

PROSPECT-2 gy

Dec 2014 & ¥ | 7 lier

— ﬁ,, ! o

s =S

1,”
23 liter

rI.Zm
4| 2x25 liter

PROSPECT-50
Febr:uary 2016

PROSPECT 120x30 liter
Phasel LS segments
10| 7% | 5x15x1 19cm

\J

*technically driven schedule
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Full-scale Test Detector PRRSPECT

+ PROSPECT-20

+ 23L test cell of 6Li-loaded Liquid Scintillator

|+ I5x15x100cm? detector

* Measured Light collection: 530PE/MeV

-+ 4.5%@]I1MeV energy resolution

* Measured PSD Figure of Merit: | .4 at (n,Li) capture
* >99.9% background rejection

'+ Double-ended readout

| . . . . .o s . 0.00 L LCER L i : G
m ) uniform Ilghtigllectlt reconstruction 5 o A00 805 8051000
| i L wmogm a Number of Photoelectrons
Acrylic cell Internal reflectors 10
' 1 Co-60
: 1 Bi-207 |
1 Cf-252

_ Counts (A.U.)
o

‘ 194 cm

O | | | ] T
100 200 300 400 500 600 700 800
Number of Photoelectrons

PROSPECT-20 Paper arXiv:1508.06575
David E. Jaffe - BNL 20160418 - SBU Seminar




PROSPECT-20 at HFIR PRRSPECK,

o |IBD-like Events
| = - — Reactor On
(]
(2}
c
3
&3 0.006
0.004}
0.002
0.000 ' ' ' '
2 4 6 8 10
Energy (MeV)

Operated for four months at HFIR
J*  Two HFIR cycles

Data
Simulation

. Shielding package roughly 25% mass of full shield gwé
- Reactor-related backgrounds mitigated N
| Targeted local shielding %10'25
» Active background rejection with LiLS &
- Validation of background simulations for full 104k
PROSPECT detector

"-200 -100 0 100 200
Time Separation (us)
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—
-
|

E

PROSPECT-50 Demonstrator

83"

David E. Jaffe - BNL

I

PRTSPECT

|PROSPECT-50:
- 50 liters of SLILS

{' Test platform of each subsystem

|

|
)
|

|
Il

| - Thin-walled reflector panels |

| - PMT enclosures w

| - Filling system and procedure
! - Calibration system t*‘
3 - LED optical

|
-+ Source capsules |

l
i | - Cell-to-cell variation }'

e ——
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PROSPECT-50 Installation




Cf-252 Neutron Data

10000 —1EJ-309 (No 6Li loading)

8000

6000 H

Counts

4000

2000 {

0 - | | | |
0 500 1000 1500 2000 2500

Energy (pe)

Source 30cm above, uniform
IHlumination

Fitted nH peak: 1615pe (2.0MeV)
Light Collection 807pe/MeV, same as Bi

Excellent PSD performance

Counts

PROSPECT-50

T pe—

H e T =
0.35 =4 o A P - .
- i . 'll' o
)

0.30

0.25 {2

e LT

0.20

PSD

0.15f

0.10

0.05

500 2000

S S
0 500 100
Energy (pe)

0.00

25000 I I I I I I I I

20000 —

15000 - —

10000 -

5000 |- -

0k | | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.4¢

PSD Parameter




Low-mass optical separators pnm

Compatibility: BN e

e extensive material compatibility testing required to %” ‘ _ o 3
ensure long-term LS performance |

e focus on materials proven in recent experiments -
PTFE, acrylic, polypropylene, ...

e |ong-term mechanical stability verified

Separators:
* physics goals demand low inactive mass, high 5
reflectivity, and long-term compatibility o 6f10 R
® developed multi-layer system meeting all o T — PROSPECT AD
requirements 5 5 — bugey
e fabrication procedures for full-scale system under % -
validation £ 4 © wall study
o f
3
2mil [eflon Heat Bond o[
Reflector ~5mil
23mil  Carbon Fiber — -
Reflector ~5mil -
imm thick ™ Panel Composition (b e T .1.5|0.0. T |2|5|OIO

Photoelectrons

produced robust low-mass separators from LS-compatible materials
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Calibration Techniques PRESPECK,

antineutrino detector source deployment system optical calibration system routing between segments
with and source calibration with string and guide tubes with string and guide tubes and PMT modules

optical fiber

motor

E R detector
Ce source segments
— path
= e etel %sljevemiffuser
segments
pulsed laser sources radioactive and cosmogenic backgrounds will be
- LiLS light transmission used to monitor and calibrate detector response

- PMT gain, timing & linearity between source deployments

encapsulated y sources Example: PROSPECT-20
- energy scale - through going muons
- scintillator non-linearity - 40K

- n capture on °L;
neutron sources

- PSD calibration R&D on scintillator spiking with 22’Ac (a,a coinc.)
- neutron detection efficiency - segment uniformity, relative LILS mass measurements
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Summary and Outlook PRESPECT,

e The reactor flux and shape anomalies need to be
resolved: New physics or not?

« PROSPECT will be most sensitive and comprehensive
short-baseline reactor experiment worldwide

- PROSPECT will make a 40 test of the sterile neutrino
best fit after one year

- PROSPECT will measure the %3°U spectrum with the
highest precision to-date

 Key design goals have been demonstrated and technical
implementation is underway

David E. Jaffe - BNL 20160418 - SBU Seminar
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Pulse Shape Discrimination Pkm

Can take advantage of how different particles deposit energy in scintillator using
pulse-shape discrimination (PSD). Gives particle identification information.

energy+PSD cuts for prompt and delay signals

EJ-309
0
107 ¢ ! ! ! ' ; 0.5
' - - — gamma|’
— neutron|| . R
pot ko N T 0.41- F il g
) ]
§ 102 | E ]
o &
a o 0.2} !
n
a L
103 F j
0.1—_;5
1
} 1
10 0.0L3 o : :
0 20 40 60 80 100 0.5 1.0 1.5 2.0
Time (4ns/pt Energy (MeV) .
(4ns/pt) 9y arXiv1309.7647

PROSPECT-2 (LILS)

particle classification: light particles = "“gamma-like”, heavy charged = “neutron-like”
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Baselines Probe Different Parameters PRRSPECT-

Gd-doped
liquid scintillator

RENO-50 detector

" OD PMTs Water

LS (18kton )
15000 20" PMTs

30m

c 0.8
9o
)
s 0.6
| -
L
S 0.4
>
T 02 "

N U

00— 10 100

From: Vogel, Wen, Zhang Distance [km]
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ILL 235U Spectrum Measurement

I_{_‘ 1 1 1 1 T T T
30
counts
MeV h
2.0} ]
\\i; REACTOR ON
\ REACTOR OFF
\
1.0} \\ .
\
\I
o 1 2 3 4 5 & 7 8
Ee+ (MeV)

1981: Only published measurement of
33 spectrum at ILL reactor in France
with S/B ~ 1

+20% uncertainties, unable to constrain
reactor models

David E. Jaffe - BNL

l.O T T T T T T T T
COUNTS oo + Present results
MeV: h OT o s |LL, from e spectrum
° . «~ D et al, calculation
0.5k I o ° AG, calculation N
O S hpehg s
1 | 1 | | | i i
O 2 3 4 5 S 7 8
Es (MeV)
Woe Systematic [
COUNTS |—2F P
MeV h —— E
o) mmmm— " B Wy~ s, WO NS -5l . S—
b t Ave
»\ ==l T=4A%0
| \L [
A=1eV? sin?20=0.3
0.5¢ \A2=2.4ev2, sin°26=0.3 7
% i 2 3 4 5 6
Ee+(MeV)
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Competition

1.NEOS (Kor

ea): Unsegmented 1000L GdLS at 2.8GW, PWR,

25m baseline, 0.5 yr run started Aug2015

2.Neutrino-4

(Russia): Movable, segmented 14m3 GdLS,

o0-12m baseline at 100MW SM-3 reactor

3.SOLID(EU): Segmented 2t PS/6LiIFZNnS, 5-10m baseline at

72MW BR2

reactor, starting 2"9 half 2016

4 STEREO(EU): Segmented, 1.7t GdLS, 9-11m baseline, at ILL

57MW reac

or, has observed neutrinos but has high levels of

reactor-rela;

ed background, first data fall 2016

5.CeSOX: ~4PBqg *Ce-"44Pr antineutrino source at Borexino,
planning for fall 2016 deployment
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Competing Efforts

® CelLAND and SOX: Radioactive source experiments: quick-ish

® |soDAR:Accelerator-produced beta decay source: longer timescale
a1e Oscillation signal for A m® = 6.31 eV* and sin’(26) = 0.16
E 0:12: £ 100,
g 0.1 1 § 80
g 0.08 360-‘
B .06 g 40
§ 0.04 %’20-‘
& — !
Antineutrino Energy (MeV) ‘\j‘f.‘_ .
T 0PE
~ [ Bo
l:
s |
— 10E-
E E
<

i

L l””l

arXiv:1312.0896

arXiv:1307.2949
arXiv:1304.7721 '~

[ Reactor anomaly 95% CL

[ Global fit 30

—— IsoDAR @ KamLAND 3yr

——— PROSPECT 3yr

— '"Ce 75kCi1.5yr @ 9.6 m
"**Ce 75kCi 0.5 yr @ 9.6 m + 1 yr inside

I . | I Ll L 1 11

10 10 Sin2(2086)1 60
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SBL Reactor Context

® PROSPECT: designed to provide a precision measurement for
BOTH key physics goals

® Moveable segmented detectors give best mapping of oscillation space

® Design enables higher energy resolution other efforts

e PROSPECT has the experience, development, and infrastructure
in place for the world’s pre-eminent SBL reactor effort.

A (biased) overview of global efforts — Good : Not Good

US

EU

Russia

Asia

Effort Dopant
PROSPECT Li
NulLat Li/B
Nucifer Gd
STEREO Gd
SolLid Li
DANSS Gd
Neutrino4 Gd
NEO Li/Gd

David E. Jaffe - BNL

Good Good L Range
X-Res E-Res (meters)

Exposure,

Fuel MW*ton

able?

Move-

Running at
intended
reactor?




