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Neutrino Oscillations

> 1957: B. Pontecorvo proposed Neutrino oscillations in analogy with K0 <= K9
oscillations (Gell-Mann and Pais, 1955)

» Flavor Neutrinos v, v, v, produced in Weak Interactions
» Massive Neutrinos v, v, v; propagate from source to Detector

» A Flavor Neutrino is a superposition of Massive Neutrinos

P.s = sin®(20)sin (A&L) (2 neutrinos approximation)
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Neutrino Oscillations

» Oscillations described by the PMNS matrix:

Atmospheric Reactor Solar
1 0 0 cosfy3 0 sinfyz.e™ cosfyp sinfyp O
U= 1| 0 cosfry sinfys |- 0 1 0 .| —sinfy cosfip 0
0 —sinfy3 cosfys —sinf3.e™® 0 cosfys 0 0 1
03 : P(v, —v,):  613: P(ve > ve) : Reactor v 015 : P(v. — 1) :

Atmospheric v and Beam 613 & 6 : P(v, — ve) : Beam  Solar v and Reactor v

» 3 mixing angles (612, 013, 023) and 1 phase (0) to be measured

» Demonstrated by Super-Kamiokande and SNO experiments

(Nobel Prize this year)
Phys.Lett.B433, 9 (1998) and Phys.Rev.Lett.89, 011301 (2002)



Reactor antineutrinos

- Reactors are copious sources of v, & B @
- Beta decays of fission fragments el B
* Low energy antineutrinos T & O JOF
- isotropic flux e 9 —9
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Example: Double Chooz Experiment
reactor experiment =» disappearance experiment




2012 : Reactor Anomaly



Revised reactor neutrino spectra

2011 re-evalatation of reactor antineutrino flux and update  Reanalysis of reactor SBL experiments

on cross-section parameters G. Mention et al., Phys. Rev. D83, 073006 (201 1)
(Mueller et al. PhysRevC83054615)
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Reactor Anomaly + other anomalies in neutrino

sector
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Terra incognita
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SolLid baseline coverage

- Oscillations due to an (additional) sterile neutrino are not
excluded from other data sets
- Hints from other experiments in the same channel
- Further input is needed ! Very short-baseline reactor experiment



Recent reactor data

* Distortion in e+ spectrum observed / predicted
at all three experiments (Double Chooz, Daya
Bay, RENO)

40 local excess in [4,6] MeV window in
Daya Bay data

no effect on 613 measurement and
reactor anomaly

Origin of the excess to be
understood: is it a physics effect or
a bias in the predictions?
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Sterile Neutrinos

The measured anomalies can be explained by a sterile neutrino state with
Am? around eV?
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Stell’lle neutrino white paper J. Kopp et al., hep/ph:
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Combined no oscillation disfavored at more than 99.9% C.L. (3.30)

Two techniques in ve disappearance to address this on a short
timescale:

1. Large source, large detector experiments
2. very short baseline [5-20] m reactor experiments



Look for rate and energy variations

1.1
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1

IIITITIII

ITI! I 1 T

—— Prediction
—Actual _
---- Sterile neutrino ?

T

1 LI r

1
ALl

lllllllll

10
l distance from reactor [m]

- ]
= ‘e 154 N
T L RE 5258 BT Mo
& %3 583 g g2
~ < 7 =
2 8 A | [
: 4
1 | | IJ ml 1 L L 1 L ll ]
100

Data scarce at short distance :

Need better experiments and
other data points !

Rate/100 keV

|||1|]||||||\|||\|||\|||\|||\|||\|||x|||

Effect as a function of energy

18
1.6
14
12

08
0.6
04
02

0_.‘; SIS 4 S 58 1 A i i Il Il IS A S 4 5 10 Y S0 S 4 S 4 1
2 3 4 5 6 7 8 9 10

.....

Lt
7 8 9
Energy

PR

Am?=2.35 gV/?
Sin?20e¢e = 0.165

Energy

[MeV]

» Good energy resolution
experiment
» Good position resolution

« Control of background is
key for best sensitivity



Key Experimental Parameters

Reactor and detector parameters relevant for covering the suggested parameter space.
K.M. Heeger et al., arXiv:1212.2182vl
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sin*20,, sin*20,,
Total Statistics: Highest possible power and a detector with the highest possible etticiency
Detector length: A large detector length increases an experiment's ability to resolve oscillations
with position in addition to spectral distortions in energy.
Detector-reactor distance: The closest reactor-detector distance r
highest sensitivity.
Detector resolution: Oscillations at higher Am? are only visible if resolutions and bin sizing are
smaller than the oscillation itself.
Background: The S:B ratio is crucial for the success of the experiment. Small S:B ratios make it
difficult to resolve oscillation effects above statistical background fluctuations and uncorrelated
background uncertainties

determines the Am? range of

min



Keys to a Short-Baseline Reactor Experiment

|.  Sensitivity to the higher Am? range (2 eV? and above) requires a compact reactor
core, good energy resolution and position.

Am?2=2.35, sin?20¢e = 0.165
20% energy resolution

2. Use ratio of spectra at various distances

x6

. cover similar solid angle 0044

. no assumption on shape of spectrum N

. flexible baseline
3. Small oscillation effect (5-15% relative effect)
4. Detector should be portable, cannot use tons of shielding material

5. Detector should be able to work on the surface with very small overburden and
close a reactor core.

6. Background is important, needs to be characterized and under control



Detection principle and Backgrounds

Detection principle: 7 4 p — et L n
, Inverse Beta Decay
* Inverse beta decay detection

* Low overburden

Coincidence |
» Large muon induced background (FN), prompt-delayed

difficult to shield
* Pass E and AT v cuts!

* Close to the reactor core

event

g Gd/Li®

Correlated background from fast

* High reactor neutron and gamma accidental neutrons
background Wi
. | Neutron slowing/thermalisation
- difference reactor ON/OFF data not enough % -~ -
* Reactor background conditions can change ,’ n Gd/Li6
over the data taking at research reactors Y/
* need high background rejection power,
Control of background is key ! Accidental background
* limit passive shielding to low Z to avoid n
regeneration of background
SV Gd/Li6

Ey >~ 1 MeV



SBL Reactor experlments
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Physics motivation

LI | T T LN B B B B |

E :Prediction -
g b — étcetrlilziel neutrino ? E
i R WIINT
v’ Search for short base-line oscillation and test o5} : hﬁﬂ -
the sterile neutrino hypothesis ( Am2~eV2) s I : s R
0.7 ——— 1‘0 = — ‘1(1)0—

distance from reactor [m]

v’ Precise measurement of the 235U anti-ve & { i #ﬁﬁ |
spectrum T

0.9F
DC-lll (n-Gd)
0.8f Livetime: 467.90 days

1 2 3 4 5 6 7 8
Visible Energy (MeV)

JHEP 10 (2014) 086 [Erratum ibid. 02 (2015) 074]

v Full detector for challenging measurement

(~ 6.8 m from the HEU research reactor BR2
core @ SCK-CEN at Mol, Belgium)
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SolLid detector technology N

. Key detection mechanism: IBD _ ‘
Ve 17e+p—>6+—|-'n, PV -

Scintillator

cell
4] cm
\\\ \ /
) T
} Reflective wrapping (Tyvec)
Hamamatsu MPPC i I
3600 pixels E =E SoLid preliminary
PVT !‘ : . 1. ‘. IIIII ; .‘l.‘l“ ‘. y ‘. ﬂﬂﬂ
B At < 25045 * e
z ST
£ W T = R
< L) :%: i SolLio preliminary
- > time I - : E
©~10-100 us 3 ;

Li +n - 3He(2.05 MeV) + 3T(2.75 MeV)



Event topology in SoL.id

Inverse beta decay event Fast neutron event

e+
n
Y

— High granularity allows for signal localization and thus enhances
significantly the background rejection
— Possible fast neutron rejection through event topology

20



Belgian Reactor 2 (BR2)@
SCK.CEN

BR2 Confinement building

el Twisted core

f -4 ;

b i |

1 T ‘

4 o

i %M
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v

Solid v, detector:

1.5 T fiducial
Baseline:5.5—10m
On-axis with reactor core

Aluminum pressure Vessel

10

10"

BR2

Entries
Mean
“'Ar RMS

12291
7731
776.7

- No shielding
P Pb shield 5 cm

Energy [keV]

« 95% Enriched 235U

L 1 L
1000 2000 3000 4000 S000 6000 7000 8000 9000 10000

» Effective core diameter d=0.5m

« Peak power: 70-80 MW,
* Duty cycle: ~ 150 days/year
« Low accidental background

21




Belgian Reactor 2 (BR2)@ SCK<CEN

BR2 Confinement building Low vertical overburden
= VA < 1 Om WE
:I' :*! 1 A ‘.'75 ' l = al F%‘J
SRR S i 'I»‘P&QFHT'H-} | | SM1:
H R E T =
S (e ¥ o o0 [ Full scale module
i ol 300 kg
N — | 2300 voxels
; _,‘. ... " ; 3 ;‘, !

|

Solid v, detector:
 1.5T fiducial k
 Baseline:5.5-12m A

* On-axis with reactor core




SoLid Module 1 (designed by Subatech)
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Detector construction and operation
...a staged approach

2013 2014-2015 2016

80 cm

g —

5x modules 1.440

— tonnes
e SolLid Module 1 (SM1) 11520 voxels, 1920 chan.
288kg needs 2-3 tonnes for
NEMENIX 8kg 9 Detector planes SolLid

64 voxels, 32 chan. 2304 voxels., 288 chan.

24



EM Energy response

Energy Scale& resolution With 4-channel readout/cube >40 PA/MeV
~ Laboratory test bench  m=====) 150,/\/F at 1MeV Achievable !
Using 1MeV conversion electron ~.

From 297B;

1 MeV peak
h3
100 Entries 39999
ISingle channel responses ss61
so- g pon; 7 ndf 671.9/ 441
L Prob 7.561e-12
s Constant 61.57 + 0.59
i Mean 18 = 0.1
ot Sigma 6.606 + 0.095
5 i T =
i o SolLid preliminary
B Crossing muon event
“F Inter-channel calibration
P pEemE mmmEE Tazier R Using reconstructed muon tracks
o 5000 e — e —
In situ: %Co-spectrum in a cube — LanGaus fit
0065 ~soa 2000l El Data
£t  SoLid preliminary =" MPVy, =(1.775 £0,003)MeV/cm
“0_04_} + Expocted edge: 3000} Solid preliminary;
C =
0.03f— -4 Data
- 20001
0.02—
001 1000}
oF
T P S T T SN S SN SN SO S S (N S S S
0.5 1 15 2 25 3
Visible edge: 0.97 MeV + 0.20 MeV Visible Energy [MeV] 3 4 5 8 o5

dE/dx (MeV/cm)



Neutron reconstruction

1.2

Average Neutron Waveform Comparison

- Capture on SLi and excitation of £ SolLid preliminafy data
ZnS(Ag) scintillator -
08— —MC
S8Li +n — 5He(2.05 MeV) + 3T (2.75 MeV)  .f
- Capture efficiency for IBD neutrons -
using single (double) SLiFZnS per e
cell: 65% (80%) 02f-
* Distinct pulse shape allows OZJ \
separation from EM signals - . . . . |
. . 05 50 00 0 200 250
- Validated with 8°Co and AmBe . .
sources @ Time (16ns/bin)
3 10° Back;round I 4 g T00F T
[_] ReactorPth=60 MW | ] % ol = aveform X
10" EM n %::1::':; s Integral (x0.2)
10* r Solid preliminary SOOE_ -Amplitude
. E : <j e pid = - _ chan. Cor.
10 F E 3005_ ' xly 31A;?)P.
o F i 2005_ pid, = 520 - 5.79 = 5.29
ol E Solid preliminary
1F ) ) . 3 0:
20 -10 0 10 20 30 40 50 ST DT T T g ey

neutron PID

Time (samples)
26



Neutron identification

AmBe data

40:—..’.|

.,l.rfl v
o T

30 |

PR '

Neutron PID value

20 |

10 |

T B

- !e@!essu!! i

K L] .
. .

200 300 400 500 600

SolLid 10"
prelimina

10°

10°

800 900 1000
Amplitude ADC

700
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Neutron reconstruction

« Neutrons thermalize over distance of

< 10cm: — Confined topology of IBD events

- prompt-neutron time difference determines IBD search
window

- Simulation validated with Calibration sources (AmBe)

normalized counts

1072

107

prompt to neutron capture time difference (AmBe source)

fitting results (G4):
a, + aexp(-Att)) + a exp(-At/t)
1,=10.82 + 0.01 us

| D G4 simulation

t Measured data

fitting results (Data):

1,=11.30 = 0.28 us

SolLid preliminary

1,=91.36 = 0.02 us 1,=90.39 + 0.31 us
'/_”‘om =1.09 xfmm =27.98 '
TR [N N SR TR T N1 PR S T T R T T ! x1 0'i
100 200 300 400 500

Neutron capture time on °LiF:ZnS(Ag)

IBD Monte-Carlo

Am/Be data

Am/Be Monte-Carlo

Fast neutrons Monte-Carlo -

Spallation neutron data

-

40 60 80 100 120 140
Ty (us)

9320 +0.50 us
90.39 =0.31 us
91.36 +0.02 us
89.59 +3.17 us

92.01 +2.93 us
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Muons :
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- dE/dx exploited for A
- Energy scale and inter-channel calibration ~ Zod | b
- Tagging and veto of muons by outer shell! ., 7L |
- Monitor detector stability over time: ~1% [ . " J4 W,
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SM1 data taking & operational stability

Period Exposure Time
Reactor On 00:00 21 Feb — 08:00 24 Feb 50.9 hours
00:00 Ol Mar — 00:00 13 Mar
Reactor Off and 428.8 hours
00:00 01 Apr — 12:00 || Apr

+ Dedicated calibration campaigns with sources: 60Co, AmBe, 252Cf

Stat?le rYaters Of EM signals 87% good/stable cube operation

50007 : 70 70
e Cubes 300 ' 256
— Reactpr Power 240 240 (100%) 240
4500 o—e Crossing Muons | 60 460 250 224 (93%) 224 (93%) (93%)
4000 50 50 —
z
N g 3
Z 3500} 402 {402
3 [ c
5 g | 2
£ 30000 SolLid preliminary 30§ {30z
o o4 .‘7’
8
2500 20 20%
L
2000 O0tetTetter S0ty 0ae000t seeete? |, 10
15‘Lpf:Feb 23 IFeb 25 Feb 27 .Feb 01 IMar 03 IMar 05 AMar 07 ;War 09 lMar 11 N?ar 0 4

Date

Plane (0 to 9)
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Time correlated signals: Muon Tagged

Al Michele- 20us spallations 1.6ms
i\/\/\é ! I ' ! "
Tus 13us
- - — *
u —e +v,+ve u+N-> u+ N"+n
£ 14000 g 2500~ . . .
=R £ tt SolLid preliminary
512000 5
F Y f(AT) = A T .
10000/ *, ~ N 20001 Data
: ,c’. T=228 =0.01(stat) =0.11(syst) us - — Best Fit
8000~ Ok
-, Solid preliminary 100 4 T, =92.01 +2.93(stat) us
6000 — K
: . L f(AT) = TA e-AT/I“ + (‘
4000 — ., Looob n
B .‘:i.'"“--:.. .. R Y, fhrne .- 4
T R R BRI dh oo o oo S| 500 — ) + + + TS
2 4 6 8 10 12 Eoov s by bvwnn bowv s bvwva by b bywnn bl

AT since last muon in us

« Validation of Muon tagging
« Timing crosscheck

* Neutron contamination of EM signals:

< 0.01% of Michel electrons tagged
as neutrons

100 200 300 400 500 600 700 800 900 1000
AT since last muon in Us

Capture time compatible with results from
AmBe data and simulation

— Muon induced spallation neutrons

— |nvestigate directionality

— Neutron-like Control sample
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Time correlated signals: Muon Tagged

/\/l/% Michel e-

e
Tus 13us

14000

1€S

Entr
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20us
|
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u —e +v,+ve

-
'

f(AT) = 4 2T
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SolLid preliminary
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L .
PN Ao s o

2 4 6 8 10 12
AT since last muon in us

Validation of Muon tagging
Timing crosscheck

Neutron contamination of EM signals:

< 0.01% of Michel electrons tagged
as neutrons

e
3

u+N-> u+ N"+n

prompt to neutron capture time difference (AmBe source)

% h: || G4 simulation
v t Measured data
.%
£ oile SolLid preliminary
102 =
fitting results (G4):
3, + 3@xXp(-AVr) +3,8XP(AYT)  githing results (Data):
t,=10.82 = 0.01 us v,=11.30 = 0.28 us
107 1,=91.36 = 0.02 us 1,=90.39 = 0.31 us
gy .z:"T":.mg gyl .X'z"’.""=127.'98. AR PR T
0 100 200 300 400 500

At (ns)

Capture time compatible with results from
AmBe data and simulation

— Muon induced spallation neutrons

— |nvestigate directionality

— Neutron-like Control sample
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Time correlated signals: IBD-like

IBD
search window

-3ms (I) +3ms

Off-time
control window

+97ms +103ms
| [

v

¥ _

A

Prompt Delayed

EM signal  heytron
A 1 .
Y Y -

¥

IBD signal region:

0.1 us< At 55, <250 us
Purified by:

Muon veto (fast n from u)
Energy thresholds (Gamma bg)

Hit Multiplicity (fast n)
Topological cuts (accidentals)

Backgrounds:

Accidentals (B,.): prompt & neutron
not correlated in time

Determined using off-time
window and/or [At p <0]
for reactor ON & reactor OFF

Correlated (B, ):prompt & neutron
correlated in time

Determined using reactor OFF
data in [At ,, >0] window



SM1- High Segmentation

ZnS + PVT Cosmic muon track

SolLid reactor off experimental data

=> isolating events =>» Muon tracker
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SM1 — IBD candidates

IBD candidate: positron + neutron
(+ accidental gammas)
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IBD Analysis performance

100

——  Neutnno Prediction

Relative FH Bao
F Beco.on

\

80

60

40

Signal Efficiency (count)

20

0

Trigger + Muon + B rompt + Cube +etn
+ preselection veto Multiplicity ~ Topology

- Data-driven background determination
- Accidental background can be significantly reduced

- Time-correlated background reduced by 90% due to our
unique segmentation feature

- High IBD efficiency achievable in future analyses
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SoLid : Experiment phases

Phase | SoLid
2016-17 detectors
BR2 core 36m
Phase Il ~
2018
Light 1s transported by

total-internal-reflection

v
[ 3 7]
c, ( =
®
Y ///l///// :[ A
c \Z:
o ‘;‘

BR2 core

»
~
s
~
~Q
o
~
o
~
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SoLid : Neutron Capture in MicroCHANDLER

The 18-channel MicroCHANDLER prototype is idea for testing
neutron tagging.

For each hit cell, we compute the neutron ID variable as the ratio of
the integral of the pulse to the pulse peak value.

With Neutron Source

Neutron ID, Y
g ()]
[

Without Neutron Source

60 . =10°

Q 20 30 40 50 60

- Very good discrimination Neutron / gamma-ray by Neutron ID, X
pulse shape
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SoLid : Sensibility

Phase | SoLid
detectors

ssw] ||

) 36m
BR2 core 8x MARS modules

PVT cubes + WLS
fibres
2 tonnes fiducial

102_

Phase Il ~
2018

107"

— Phase |, 1yr - 2t@14%

95% ¢f "~
= Phase |, 3yr - 2t@14% + 1t@6% =

v

o.0oMm
BR2 ™™ 3.6m SoLid PRELIMINARY
core > 1 calendar year comesponds 150 days of reacter-cn
HiRes module 10702 10~ 100
WLS PVT cubes + sin?26

PMTs

1 tonne fiducial
=2 phases to cover a large phase space

=> best fit covered within the first year data taking



IBD candidate: positron + neutron

Conclusion

- Commissioned, operated and calibrated full
scale detector module

* |In realistic reactor conditions
- Very good stability over time

- Developed many analysis tools, including
detailed detector + environment simulation

» Optimizing object reconstruction and
identification

- Study of various backgrounds
- First hints of IBD candidates appearing: More to

come == —
 Currently staging a scale-uptoa 1.5 T
experiment /7Kx/g

- Data taking starting 2"d half 2016
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Backup

- Daya-Bay flux and spectrum

Y x10"® ecm2GW™ day-!

Data/Prediction

—
~

a—y
N

1.5

1.2

—

o
=)

0.6

measurements

B t
- L]

Daya Bay (stat.)

Daya Bay w fission™ fraction corr. (stat.)
Daya Bay near site combined (syst.)
=== Huber-Mueller

ILL-Vogel

i = Y ] H -------- H -------- f {,

IIllllllllIIlIl

AD1 AD2 AD3 AD4 AD5 AD6  Model

o R o e A o o o A o

77, A
1

7 / / I
&

11 : : ;
[ II

B —— Previous data
. —=— Daya Bay

Global average
= 1-0 Experiments Unc.

1-0 Model Unc.

10 102 10°

Distance (m)

o
FS

TC
k)
[
2
62 =
£
(8]
g
60 2
X
ol
5.8

R, =0.943 =0.008(expt) =0.025(model).

Entries / 250 keV

Ratio to Prediction

%2 contribution

Prompt Energy (MeV)

* Very interesting to confirm the

E e ——Data
20000 — = s B Full uncertainty
- = =z Reactor uncertainty
15000 — - = .  —ILL-Vogel
— aEG
_ == =
10000 — =,
I =
Z ==
- = Integrated
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—
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10°°

existence of the 5MeV bump for

pure 235U and at L=5meter !

42



SoLid Module 1 (SM1)

HDPE tight sealing
reflector bars 16x16 PVT

cubes array

b

e

3
B e e 4

l
|
|
l
l
|
I
l
|
i
|
|
|
|
1

il

3
o8

—RE BRI I RERIEDE

HDPE
Al Frame \ cover sheets

Al compensation
shim

- 16 x 16 PVT cubes grouped together
to form a single detector plane 9 planes totally, 288

- Mechanical support with aluminum frame kg

R 288 readout
- HPDE to reduce neutron dissipation channels

80*80*4@9m



SM1 construction

« 300 cubes machined and assembled

- Wrapped with tyvek and carefully
weighted

- Number of protons determined with better
than 1 % accuracy

Single detector
plane
under construction
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Deployment at BR2

November 2014
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Phase 1 configuration

Phase | experimental set up

SolLid detector modules
Phase 1 configuration ’. 288 kg
- 8 modules (M1 built) 0‘55_@, |
- 2 tonnes / &~ -
E
Q
| - i
lead wall / W Bt
,/‘}; .
I/ /
£ 17 / >
50 cm effective @ ‘ { / - C
(£%
=/ 50m

BR2 core 0 3m

150 days reactor on



Phase 2 configuration

Phase |l experimental set up

Configuration:

- HiRes module CHANDLER in front
- Phase | modules (8x)

- 2+1 tonnes total fiducial mass

450 days reactor on

8x MARS modules
PVT cubes + WLS

fibres

lead wall
/(
7

f
A/

50 cm effective @

= i:‘mt: 3m L 5
:-;; 50m I

BR2 core

\\~
S

\‘\
g
CHANDLER HiRes \.\

module

WLS PVT cubes
DAMT raad nnt
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Fraction

Neutron and EM energy containment

1.2

D e n capture
) —E +
= aep(€) Averages over whole detector
I R Egep(@nnih y) Total efficiency
S 1 1 T : . L
0.8
06— - — Generated in detector center
| | i ,
L | T Containment of IBD event
04"
0.2
0 —l I R T ---"'T""-"Im:"..lm‘;--l_ L1 T{.I": | e T o I
0 5 10 15 20

Cube plane number
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Short term plans

Implemented small design changes to:
Increase light yield: improve energy resolution and operate at lower tresholds
* Improved front-end electronics and DAQ: lower noise levels and cope with increased trigger rate
* Double amount of °Li based neutron screens
* Dedicated neutron trigger
* Supplementary passive shielding for cosmogenic bg
* Possibility to add active muon veto

* Construction started in phased approach
+ Start next data taking run second half of 2016
* Ready to undertake sensitive search for reactor antineutrino disappearance

* Provide precise measurement of 235U Vv, spectrum

Long term plans

+ Complement Solid with 1m3 HIiRES (6% o¢/E) CHANDLER near-detector module
+ 8x8x5 voxel module currently under construction
 See eg. J. Link at Aspen 2016

https://indico.cern.ch/
event/473000/session/2/
contribution/10/

attachments/
1213996/1771830/

Aspen 2016.pdf




