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Outline
 What we know about neutrinos and oscillations

« Reactor measurements of 0,

* Motivation for sterile neutrinos.

* Reactor searches

 The SBN programme at Fermilab
* Conclusions
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Our picture of Neutrinos in the
/U U U \ standard model is almost
Ve el Ue2 Ues 1 complete.
Vp — Uﬂl Uﬂg ng 1/2 Last mixing angle 6_, was first
U U U measured not that long ago (more
V- \ 1 Ur9 73/ V3 on that later)
Am3, [107°eV?] 7.56£0.19
(m,)* V3 ‘ )
) |Am3, | [107%eV?] (NO) 2.5540.04
AL |Am3, | [107%eV?] (I0)  2.4940.04
012/° 34.5%1%
sk ATT2 Y “Known” B13/° 8441318
(m)f —f—= Vi neutrino 5 w2t
- .
| e phySICS sin?6,5/107! (NO)  4.307020
h 4 a3 /° 41.041.1
HvV.- B Vi V. BVs sin® f53/107* (10) 5.9670:15
B23/° 50.5+1.0
Salas, Forero, Ternes, Tortola, Valle: 2017
28/03/18 A. M. Szelc @ IOP 2018, Bristol 3
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« We usually start with one type of neutrino
and measure how it changes into anoth%r
P(vg = vg) = —4[(UannUs1Upn2Uyz)sin*(1. QTAmuE)

] ] _ o L “amplitude” “frequency”
+ (L"al(z}:g1L’IQ;;L‘T&;;)J:-’ETL (]"QT&T‘”’L’%E) P 1 Y

- T n- : L
-+ (LII{JEE L"r,:’iz L'I(_‘r:i'{-"r(l:i )“:;ETL‘E ( ]_IQT&T”‘Z}:% E )] \
- | N Y \L(km)

« We can do this by detecting the new P(v, = v,) = sin2(260)sin(1. gmm
neutrinos (appearance) or registering the N - E(Gev)
loss of original (disappearance).

)

_ Two flavour approximation is
* Need to know how many neutrinos there good enough in most cases.

were originally (flux or near detector).

28/03/18 A. M. Szelc @ IOP 2018, Bristol 4
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Baselines?

* Osclllations depend

on L/E — sin? 26, 3 sin? 1‘267§m§EL :
* Hence, with different 1,

energies can probe I

different oscillation o

phenomena. N
« | will focus on o

baselines <o(~1km). 4 N

0_30;1 e 1 e . o

Baseline (km)
28/03/18 A. M. Szelc @ IOP 2018, Bristol 5
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i SBL measurements of 6,
* Reactor experiments:

- Daya Bay
- Reno .
- Double Chooz Z,
Z N
* Use near/far detectors | jecor dotecor2.
0.4 f .
to understand flux. SRR NN
Baseline (km)
Daya Bay:
8 detectors, ~30 s %fg”.if'
Gd loaded | < §==~ww
scintillator - S3—. J;
E~E,- 0.8 MeV f)e' © -

[}
| v 2.2 MeV
o WMW\._".I P Q

£ =1.022 MeV

28/U3/ 18 -_ A. M. Szelc @ IOP 2018, Bristol
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aj ‘.Il}-l | | B
15 EH3 @ w ‘ ¢ 1%ENeutrino 2014 .
c 1.0 o 1 o L02F B
U Y O E
= 10 2 :
E 0.8 10° h 11 8 0.8 - Daya Bay E
™ ol e % 096F E
o 2 i ~ 0.M4F i :
g 0.6 0 5 % {]_‘}2:— Far Hall '{ B
f E * AD 5+6 data points are displaced 2
E - Bf::t E 0.9 E_ by -50m and E[}mtfor visualpclariw_z
w 0.1 — No oscillations |1 0880204 06 08 1 12 14 16 I8 2
BN Fast neutrons Weighted Baseline [km]
3C(a,n)" 0
i 241 A m-13C | .
'Li/He « 0,51S now the best
1230 da S B Accidental 13
" 1 = measured mixing angle
£ 1) ol . (not clear if zero ~6 years
T L.00 .
5% t e . ago)
s it |
o 000  Measurements from Daya
07 2 4 6 8 10 12
Prompt reconstructed energy, MeV Bay, Reno and DOUbIe

sin® 26, = 0.0841=0.0027(star.) £0.0019(sysz) ~ Ch00z consistent with long
baseline measurements.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 7
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Daya Bay
80000—(A) i —~Data
> ;‘- m_,‘.. . Full uncertainty
é = - Reactor uncertainty
”r
-~ ___ - m‘_‘,"
u = m'mm Integrated
L R >
e . . I.'"---_'_l
§ o 128 local excess T
; - 40 ‘ .l.ll:ll-l
g 1'1 —ﬁ-"‘ﬂﬂh W |E:|
£2 B g
2 E .
Hi CPC 41(1) 2017
~ 0.8
2 4 ' 8
Prompt Energy (MeV)
- RENO
Preliminary
gl LB o & &L [r ok o &[]
2% Near  arXiv:1710.08204 .~
— | +.._‘_. ' |
o 15
= | F _
% 10 o
o 10 o _
- - R -
=J RENO 1800 days -
e} o . . . . . . . , . .
% 200 200 500 800

28/L_. ..

IBD rate from thermal power (/day) zelc @ IOP 2018, Bristol

Surprises In Flux

 The 5MeV “bump”. Observed by all
reactor neutrino experiments.

 Daya Bay measurement of rate vs fuel
composition.

5.5

5.0

4.5

d939 [1()_43 sz /flSS'Oh]

3.0

52

Phys. Rev. Lett. 118, 251801

(2017)
9
Ax2
4
L 4 9

A Daya Bay
—e— Huber model w/ 68% C.L.

o935 [107% cm? / fission]

C.L
| 68%

( . 95%
0935 = (10.1+1.0) x 10~ % .
o941 = (6.04 £ 0. 60) x 10745 99.7%

56 60 64 68 7.2
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= . . .
2%+ Recalculation of reactor neutrino fluxes and analysis
= . . . .
Zo of sources in gallium experiments show a deficit.
Dm 1-2IIII | I T 1010110 I I T TTTTI I T T TTII] | I TIH1111 | T T TTTTI | I T TTITT1
G)E S i | | | | Pl"llys-Rev- DssL, (2011) 073|006 11l
Ly 2 1 1l
O IR E Tl
= 9= il
E’ 0.8— 1 -1
3 o7} iy
§ e i— — - No oscillation i
0.5 With oscillations (3 active v's + 1 sterile v) 111
0_47111IT Elx'?elrilr.l"ﬁlts 1 | IIIIIII | | ||||||| | | Illllll 1 1 IIIIIl| | lIIIIT
10° 10" 10° 10° 10 10° 10°
Reactor To Detector Distance (m)
S B A R N A AN AR L 1.04
- Rops/oreq=0-8610.05 1.02
B 1,05 g 09;
% F gi ():%
g 095 @ D ,,% 0.94
~ o 3 092
g oss l i T ~ 0.9
% 0.8l % 0.88
g 0.86F-
Ga
- IGAILll.é)ﬁ =cilla.LullezI : SIAIGIE-CrI = snlcilsl.ﬁr Th e S e r e SUItS n e e d an
understanding of the neutrino flux
28/03/18 A. M. Szelc @ IOP 2018, Bristol



b Accelerator Anomalies

25 LSND MiniBooNE
- W . .
%E Baseline 30 m Baseline 540 m
£Y9  E=[20-50] MeV E=[0 - 2] GeV
2T L/E = 1 m/MeV L/E = 1 m/MeV
& 167 tons liquid scintillator T Artmeatmimne
Ty i e S
g 175 ® Beam Excess - ;.0_ + EE‘;:E: f: E
g =3 psoney OSCillation = e =ime  } “Photon
E o5 EEE pwgein }Signal? e 04 ;L L Elg:::;tr.Syst.Error _:Ike
| @z oner Backgpounds 02 il o S :
10 : : -
7.5 0 j{—+ Neutrino ]
5 : 2 Pt E
25 I:JE 1.0 E
) s i Lo e Jﬁi 0.5 § 3 . _
0.4 0.6 0.8 1 1.2 ',-'14 0‘%,2 0.4 0.6 0.8 ] 1.0 1.2 1.4 1I.5 3_,0
PRD 64 (2001) 112007  L/E, (meters/MeV) Phys. Rev. Lett. 110, 161801 (3013) _
excess appearance of ve- excess appearance of veand ve:
evidence for v,—ve oscillation at S0 called low energy excess.
Am?=1 eV?? Cherenkov detector: e ~ y

28/03/18 A. M. Szelc @ IOP 2018, Bristol 10
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ol What does this lead to?

Y. v and vy, =2 v, Vv and i, T
L o (v. disappearance) ‘ (v, appearance)
/// o g T LI B T T T T T 1O2 " 7 T T R ——
4 m? (g2} [ veDs | ' ISEEs g ' 99%CL |
L — o | [ [ —— LSND f
(m,)? JF V4 ;a = - —— MiniBooNE H
/ \ 3 . L —— KARMEN |
(0] —— NOMAD
/ : 10 BNL-E776
%o g ICARUS
—— Reactors | —— OPERA
\ ;\mz | — anélium . .I ul iIrs
L=ND / — Sun | | | 3 %a
— T2K -4 1 |

2
41

T‘L
g

, 107
Ame,, T \ ; - ggz,/f: gt
i < AN . i . 99"/'4: C,L 1l

(m,)* _}:—ij Vs o ”'1'[;-2 o ”'1'[;-1 e 107 102 107" 1
“TI1}2 Jj[ . - 11'Fl anzzﬁee sanZﬁeH

. G - S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,

| T et Vi Vo, arXiv:1703.00860, JHEP06(2017)135

¥ (v, disappearance)

] i ) LY L I | ] L ’_;jﬂ' 1] ‘7 . .
V. BV, BY. BYs < « Tension with other
. . 10 | — H -
 Very different experimental ; S | experiments, e.g. long

technigues are hinting at baseline muon disappearance.

short baseline oscillations.

eV’

2
41

o R '
: . : | The rest of this talk
L th : 99% CL - :
Neel%l AF] nel:trllrjlo sttat$ which o will be devoted to
would have 10 be steriie. CCEEEEREC efforts to sort this out .
28/03/18 . . 1 -

S 2
Sin“20y,
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* We're looking at L/E, so need to
get close (few meters)

— use compact research reactors.

* Need do disambiguate from flux
uncertainties.

- Moveable detector or segmentation.

« Backgrounds (from reactor and
COoSMICS)

- Fiducialization, shielding, efficient
neutron tagging.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 12



Y
er

The Universit
of Manchest

MANCHEZIER Recent results

NEOS
* First new short
baseline g
measurements e
are here. il

e So far,
Inconclusive.

(.85

1.1 —_— .
NEOS data | 0.8 | L =
1.05 7 e 0795 F - |
T IR g :
'9 * ‘g —
= 'H + } -l| | 8 0.7 = . P =41
L 1 | : | - 1 | 5% Iy j
& + T Ww &l e }
= Mt ' e 1 £ o6s | g
T .
0.95 - . - -
flux-free, no-osc 0T i ux—tree,\ Nno-0sc
flux-fixed, osc(bt}[})l) gux—llzllxz(ai, obc(ElEp])
flux-fixed, osc(bfpy) — — — - 0.55 uxl— ixed, olsc( pz)l S |
0.9 T R T 2 3 4 5 6 7

1 2 3 4 3 6 7 8 9

Pr tE MeV
Prompt Energy [MeV] ompt Bacrgy IMEN]

Dentler et al JHEP 1711 (2017) 099
28/03/18 A. M. Szelc @ IOP 2018, Bristol 13
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Very Recent Results

mumetal

Gamma catcher (unloaded):
- Vetos ext. background
- Captures escaping y's

1.8
1.6
1.4
1.2

0.8
0.6

Cell 4/ Cell 1

0.4
0.2

crot

V

Reuvisiting old ILL results
(v. short baseline) leads
to higher significance.

20 cm thick acrylic buffers
for homogeneous detector
response. PMT coupling via
oil bath.

2 3 i 5 & T B

1824
>\.‘._
+ U
T STEREO@ILL Grenoble
vl First data, will acquire more this year.
20
CC
Jm®
EE
Y
o)
Liquid Scintillator
Target: 6 identical cells
- Gd-loaded (0.2% in mass)
-V, =2.2x0.9x0.9m3
2
- 13
% 1.5
14
o 12
@ o8 ++ _-_+—I—_|_+_L
< 056 -+ == =
3 0.4 -
0.2
ot

Reconstructed Evis (MeV)

D. Lhuillier - Moriond EW 2018

28/03/18

A. M.

Reconstructed E (MeV)

Szelc @ IOP 2018, Bristol

E, (Mev)

B.K. Cogswell et al.,
arXiv:1802.07763

14
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So, is the reactor anomaly
there or not?

* The groups performing the global fits:

Gariazzo et al., JHEP 1706 (2017)
135,

Giunti et al., JHEP 1710 (2017) 143,
Dentleret al. JHEP 1711 (2017) 099,
agree that the sterile neutrino model
cannot be ruled out. (before STEREO

results and the ILL revisiting).

 This can still work with the

accelerator results (more on that
later) — but then trouble with muon
neutrino disappearance.

Amj, [eV?]

~? E— NOMAD

MINOS + Daya Bay + Bugey 3
Phys Rev Lett, 171 151801 (2016)

A. M. Szelc @ IOP 2018, Bristol

J. Kopp@MoriondEW

95%, 99% CL Lo
10112 dof Y
PR
I'#:
All Tl
v disapp IH
|\_\
0 ET ee——— 1
10°} I
All Reactors : : Ci5
= — I
I
I
=1
-1 =
10 L— Sy
. . L
1073 1072 1071
. | Ueal”
E 90% C.L. Allowed
- [CJLSND =

— MiniBooNE
— MiniBooNE (¥ mode) pr

" 90% C.L. (CL,) Excluded

F --- KARMEN2
- — MINOS and Daya Bay/Bugey-3

4
10 107° 107 1073 1072 107" 1

sin“20,, = 4lU,,FIU, P s
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* PROSPECT commissioning at HFIR
(Tennessee § o '_'_;_'_'_'__'_'__WL'_%'_;;_'__'_'__'_'_'_I'_%_'Jr__'_'__'_'_'_'_'_' T

=]
0.96

Antineutrino detector 0.94

092

‘III|\II|HI|I\I|IH|II\
_+_
——
_+_
+
Ay
+
+
+
——
=
—f—
—t—
_+_
_+_

Iad]

090
| _ K Mass Splitting: 1.78 eV~; Osc. Amplitude: 0.0
oscillation @Kopp best fit
£ N |._+‘_.PR|(.)S.P.E(.3T .(3.}"1-). [P B

00 05 1o I3 20 23 30 35 20

P R
4.5
L/E (m/MeV

—

compact core
——

Baseline 7-12 m
Lithium doped Liquid Scintillator

Segmented detector allows a model
independent search.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 16
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UK Led collaboration -
 Detector designed in :

UK
» Use scintillator (PVT)

filled cubes for
segmentation.

Amplitude
[ 3
--‘N
-]
7}

Belgian Reactor 2 (BR2) at

SCK-CEN. n
95% Enriched 25U, 60MW. b B ok dhaunals,

~300 events/day.
28/03/18 A. M. Szelc @ IOP 2018, Bris Perform oscillation search. 17
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G eI SolLid sensitivity

sin?(20) = 0.5
Am?=1.5eV?
er— >
SoLid | 3
Prel'mﬁ'uary G 10

Am
IIIIII|

=
=
o

Crallium Anomaly 95%: C.L.

z B
-g »
e B
a 1 Eiaveus H-}j ----------------------------------------------- -| 10_1 — Reactor Anomaly 95% C.L.
u [ ]
o |4 : : -+ : Galobal fit 957 C.L. M . .
8 0 ++ ++ + H.‘H’ ™ - . SoLid preliminary
= 0.95 + + i * Global best fit
g + +—+~+ | | | +++++ v |ezs SoLid 95% C.L. - 150 days reactor on
a‘ 0.9 .~ SEsEESERE Solid 95% C.L. - 450 days reactor on
'E : SoLid 3o C.L. - 450 days reactor on
> H
” 085 — [ 150days reactoron 1 e a— L] L] L 11
E e 450 days reactor on 10_2 10_1 2
0.8— z
r' 1 ce b vy P wa g by wn vl o el oy o ia e o] o Sln Zeee
1 2 3 4 5 6 7 8
L/E , in m/MeV

28/03/18 A. M. Szelc @ IOP 2018, Bristol 18



Y
er

The Universit
of Manchest

MANCHESTER

1824

Data taking in 2018 continuing stably:
o ~ 150 days reactor on.

o + data in 2019-2020.

o First Physics results expected late
2018.

Time (us)
12110 12120 12130 12140 12150 12160
e )
o SoLid
Q ] imi
S oo | Preliminary
g
2 4
% 4000
=
T ]
2 2000 4
g ]
3
%]
0 P
History of planes around Neutron - * Fig: Example muon candidate, crossing al four modules. 50n; time window. |
neutron trigger readout Trigger

From: D. Saunders, ICL
28/03/18 A. M. Szelc @ IOP 2018, Bristol 19



paeBEy Enter SBN Programme at
Fermilab

A Proposal for a Three Detector Distance from Active LAr
Short-Baseline Neutrino Oscillation Program BNB Target Mass
in the Fermilab Booster Neutrino Beam Detector e

Submitted FNAL PAC January 2015 arXiv:1503.01520 [ : SBND 110 m 112 ton
(Ly) 600 m V. e ~ MicroBooNE 470 m 87 ton
~ ~ O(1 km/GeV) -

(Ey) 700 MeV ICARUS 600 m 476 ton

L — TR

; o |
v r Neutrino Beam m R,
s Q =1 Booste

| _—

= !

’ - MicroBooNE -
s MiniBooNE | - Near Detector

SBND

13 ~
L-- — i .
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A Proposal for a Three Detector
Short-Baseline Neutrino Oscillation Program

Distance from Active LAr

Evenis / GeV

0.5 1 15 2 2.5

3 . 1 15 2 2.5
Reconstructed Energy (GeV)

Reconstructed Energy (GeV)

“Irro¢

YT

MicroBooNE

MiniBooNE

Far Detector
ICARUS

. ] . Detector BNB Target Mass
in the Fermilab Booster Neutrino Beam
Submitted FNAL PAC January 2015 arXiv:1503.01520 a 110 m 112 ton'
(L.,) 600 m < P 470 m 87 ton
~ O(1 km/GeV) | g
(E,) ~ 700 MeV - ICARUS 600 m 476 ton
- T600, 6.6e+20 POT (600m) IR - MicroBooNE, 1.32e+21 POT (470m) B — v,
aonp—  Signal: ( Am’ = 0.43 eV ? sin® 26,, = 0.013) WK - v, 1400 signal: ( am? = 043 eV 2, sin® 26,, = 0.013) Ll v, 2o -AT1-ND, 6.6e+20 P? T (100m) =i _3_?\,
" Statistical Uncertainty Only =Ky, = Statistical Uncertainty Only =Ky, Signal: ( Am? = 0.43 eV *, sin® 26, = 0.013) pr:
C = NC Smgle ¥ 1200 e gmg;e ¥ 18000 —  Statistical Uncertainty Only R
2500~ =y, cc B > F =y, cc 16000 = NG Singie 1
r -Dl‘ﬂ i L[] 1&3‘0_— -mﬂ :’é; —Vu cC
2000~ B Cosmics o L B Cosmics a1 WO
E — Signal @ — Signal ~— 12000 I Cosmics
8 i = 2 10000 — Signal
; ¢ 5
8000
@ @

1 1.5 2 2.5
___Reconstructed Eneray (GeV)

Near Detector
SBND
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A Proposal for a Three Detector ‘
Short-Baseline Neutrino Oscillation Program
in the Fermilab Booster Neutrino Beam

N Distance from Active LAr
- BNB Target Mass

Submitted FNAL PAC January 2015

arXiv:1503.01520

Reconstructed Energy (GeV)

Far Detector
ICARUS

Reconstructed f

Events/MeV

S 110m  112ton

i '-'—:‘%:'it -
eS0T o RsiCe)
o . g - Sy, 1 -
A, Y700 MV SOt Recall the MiniBooNE Low Energy
- T600, 6.6e+20 POT (600m) _ N ~  MicroBooNE, 1.32e+21 P Excess.
s000F— Signali ( Am* = 0.43 8V 2, sin® 26,, = 0.013) :E Ve MO0~ Signal: ( Amf = 043 eV 2 sin2 . . . | | | .
r it ; — vy L - . [ ]
- Statistical Uncertainty Only == NG Single 7 o00 Statistical Uncertainty Only 1o - Antineutrino 1
= 200 =y, CC oSk “F | + Data (staterr) -
8 r -Dl‘ﬂ ) i o] 1&30_— 10l [ vefromp L =
2000 B Cosmics o = + 3 v, from K
o~ L N — = [ vefrom K h
@ 2 — Signal D) £ o8 I +° misid .
5 ™ .5 2 [ A =Ny :
- | S 06 — B dirt ]
Lﬁ o0 Lﬁ E _+ [ other ]
“ 0.4 == —— Constr. Syst. Error _:
>0 | l_i_' i
| | 0.2 T .
0.5 1 15 2 25 3 0.5 1 15 a5

Neutrino

0.6

08 1.0
ETF (GeV)

1.2 1.4 1.5
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- The golden channel ~ *~ 5 < -
(v, = ve) — sterile
neutrino possible. '

. - : P . v interaction]
Al!'lternaUVEIy Slngl!]e é_—f‘[hé'—Neutr—inq Event.  _ G . e R
— MNov. 13,1970 — World's first - - E HE i ; b -:-
p OtonS Somet Ing ﬁbsei'vatidn-nfanegtri_nnin a : @n Charged il i
[ o :ydrngen buhble chgm!:}er. L e o= . - N .

new in neutrino e e
Interactions (see R. |
Murrells talk)

e The LArTPC and its ;
bubble chamber-like e i
data gives us |

excellent tools to tell
28/03/18 A. M. Szelc @ IOP 2018, Bristol

them apart.




e i Electron-y separation in LAr

- ArgoNeuT Data

ArgoNeuT Data

The University

: — Simulated Electron Candidates
e ...................... J— Simulated Gammas
¢ ¢ Electrons, Data
JUU U O ..................... + + PhUtUnS, Data

Double handle:
topology and dE/dx

Area Normalized

A §at
P> 53 |-
0 1 2 3 4 5 6 7 3 s |
dE/dx [MeV/cm] "
£ |,
B3
The LAITPC is an excellent  £&/
tool for electron/photon ° - : :
separation Wire Number

28/03/18 A. M. Szelc @ I0P 2018, Bristol 24
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20
2L
QO Q
=5
=
) m©
EE
-5

LArTPC Operation

Anode wire planes:
u v y

Liquid Argon TPC

PMT

I L L L T T \

SRR ERRRERRERRRRREEEN

]

28/03/18

A. M. Szelc @ IOP 2018, Bristol
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MicroBooNE

A. M. Szelc @ IOP 2018, Bristol
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Fractional Flash Count per 0.15 us
with respect to Cosmic Background

- L] = = :

MANCHIGIER MicroBooNE

Running stably since 2015

(Largest running LArTPC In the
World).

Significant UK involvement.
Development and understanding of

LArTPC technology for future
programme (DUNE) — see talk by

A. Lister
* llINlt'I'l'u::wr nutallhpuﬂ\jﬂnlm 51E18 POT) EX r m I hi h r n ri
BNB neutrino t e €ly high argon pu ty
b4 scintillation light ~obtained.
: TR LY triggers

Constructed CRT — important for
. cosmic backgrounds (and
Independent efficiencies).

) | i b F i L}
Time with respect to the BNB Trigger Time [;:s]

28/03/18 A. M. Szelc @ IOP 2018, Bristol 27
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zm Developing LAr reconstruction

= 10— ——
E - B ::i::._li — ]
QO — - ]
O o8l arXiv:1708.03135 |
4= L .
LLl i J[ ]
C 086 — g
-g B - -.-
O B MicroBooNE Simulation i =
§ 041 v, +Ar = u+p+at ]
(¥p] L _
S . —u Pandora .
% L —pP reconstruction - "'H—hmb
o I — 77" chain e
D-Dﬂ — T MicroBooNE
Simulation + Data Overlay
True Momentum [GEV] 0.45 Neutrino ID Network
= 0.40 . - . ; 3 :
UK-deveIoped ® 0.35 Neutrino interaction Enchng
Pandora £0.30 |
reconstruction 50-25 mm Neutrino |
framework is being ;°?° el i
: -0.15 MicroBooNE H
us_ed for the first E 0.10 Simulation + Data Overlay 4
e el MicroBooNE : |
I ses 4 0.05 r g
<« Interaction Vertex ana L 1111
y 0-08°0 0.2 0.4 0.6 0.8 1.0
u Neutrino Classification Score
e | \ Event selection using
L = Deep Learning

JINST 12, P03011 (2017)
28/03/18 A. M. Szelc @ IOP 2018, Bristol 28
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= |owards Understanding the

20

o Low Energy EXxcess
55 « MicroBooNE has demonstrated

G)E 17+ b . 3

<« key “first” steps In automated '

reconstruction and
understanding
the detector response.

« Coming Soon: NuMI beam electron-neutrino
- First neutrino physics candidate

- MicroBooNE, 1.32e+21 POT (470m) BRp — v,

measurements (Ied by UK 00 signal: ( an = 0.43 eV % sinf 26,, = 0.013) -:;—”:e
ool Statistical Uncertainty Only :NC;:n\g?e ,
students and post-docs) 3 =cc
B Cosmics

* This experience feeds into the
LEE analysis. (strong UK
contribution)

Events / GeV

0.5 1 1.5 2 2.5 3
Reconstructed Energy (GeV)

28/03/18 A. M. Szelc @ IOP 2018, Bristol 29



SBND - the near detector

7 el B _em BN B BN B =
d=m = w = = e s = =

Booster Beam

The Short-Baseline Near Detector (SBND), will be located
closest to the source of neutrinos.

It will characterize the beam before oscillations occur and
address one of the dominant systematic uncertainties.

Planned start of operation 2019/2020.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 30
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i SBND

Significant UK contributions to hardware
and leadership of physics programme.

SBND will see a huge event rate.

Enables precision measurements of neutrino
cross-sections and nuclear effects.

Detector made of two TPCs (Four
Anode Plane Assemblies and
2 Cathode Plane
Assemblies)

Jmmm | ap, © E—

WA T

b Jt'"_ | e s
| ! AL

PP

i * FirstcaT
I ll*“r, il e

Membrane Cryostat

il
| T

28/03/18 A. M. Szelc @ IOP 2018, Bristol

31



MANCHESTER SBND construction
(UK-biased)

ity
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* Construction of field cage elements has started: Frames (s off eld)
* Cathode planes will be shipped to Fermilab soon . - and cold box (Lancaster)
(Liverpool). B

* Wire winding has begun in January in Daresbury
lab (Manchester) (test frame fully wound) —
followed by US winding.

* HV Feedthrough (UCL)
* Fieldcage assembly at Fermilab planned for August.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 32
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s Light Detection in SBND

a8

$

aAntcmas |
FeARTLY

A WMWY oy
iTew A

* Important R&D aspect

» Scintillation light
applications:
— trigger, t,
— background rejection

— calorimetry, particle ID
e Mounted on Cathode:

— WLS-coated reflector
foils to improve
collection efficiency and
uniformity (UK led).
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SBN Physics reach

Yy

='v ~ v, appe

o : e

2<  Constraints on the flux E NN —prerits

55 and cross-sections from the c [ L& >

o= near detector lead to a T G

~6 powerful combined ;
exclusion re glon. 0 e ...... :

LSND parameter space e

excluded at 50.

In addition, SBN can also
perform v, disappearance :
searches. Would confirm an
oscillation interpretation of 3
any observed v_appearance

signal.

Am? (eV?)

1 0_1 —— SBN sensitivities assume exposures of
- Ey.(il?lxm:u protons on target in ICARUS and SBND
0

. . N [heP‘Plh] . o
107 10" 1
sin®26,,,
Fit from S. Gariazzo et
28/03/18 A. M. Szelc @ IOP 2018, Bristol al., arXiv:1703.00860 34



MANCHESTER

M Alternative explanations to

>\L_

=L

. $ Ballett et al. JHEP04(2017)102
L

.2'6 Heavy Sterile neutrino decays as
CC an explanation of MiniBooNE
25 signal

VS

Ly

d ®

1078 005 C.L sensitivity :
SBND/ICARUS 6.6e20 POT .\_’
pBooNE 12 320 POT \\.\‘ ¥ ..

0.01 0.05 0.10 0.50
M,, (GeV)

UK-led search
(D. Porzio,
Manchester)

MicroBooNE
Simulation
in-progress

Vi {p}

251
: [ Background
UT(FJ — Signal
2.0t 4+ <= Data
= i
! -~ 1.5}
' i}
hi -
: S 1.0}

//\ 0.5 = i

vi(k)

LEE signal

I Best Fit Sig+BG

vilk 0.0 . : 1
J( ) 0 0 500 1000 1500 2000
Energy / MeV

Light neutrinophilic higgs exchange
with neutrino cosmic background
can result in resonance and imitate
MiniBooNE signal.

Asaadi, Church, Jones, Guenette
& A.S., arXiv:1712.08019
Accepted by PRD

28/03/18 A. M. Szelc @ IOP 2018, Bristol 35
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Summary

» Short Baseline Neutrino Oscillations are an exciting,
data driven field.

« First measurement of 6,; with reactor anti-neutrinos.

* Possible hints of new physics through short
paseline oscillations.

 More data needed to clarify the situation.

UK leading efforts in reactor based and accelerator
pased experiments.

* Interesting times lie ahead - stay tuned!

28/03/18 A. M. Szelc @ IOP 2018, Bristol 36
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Run 3493 Event 41075, October 23*¢, 2015

Thanks to A. Vacheret and B.
Littlejohn for providing materials.

28/03/18 A. M. Szelc @ IOP 2018, Bristol



gaascoa  Neutrino Interactions In
LArTPCs

ty
er

The Universi
of Manchest

Run 650, Event
29167 Induction
View

Yy interactions

100 120 140 160 180 200 220
Ingwction Plarne Wire

28/03/18 A. M. Szelc @ I0P 2018, Bristol



i LArTPC development

>\L
~'U
b
gé"JDevelopment and prototyping through the Fermilab SBN and
>
= 2ZCERN neutrino platform programmes
) ©
vS .
MicroB NE
= Single-Phase TN
. r‘ 7 ":'5_'_ DUNE Reference Design
1y, ICARUS  SB «( ~
LRy, B,
Sy,
R Rt
Ny
7 LBL
0
I
I
protoDUNE ¥
Dual-Phase 2015 018

WA105: 1x1x3 m*
ProtoDUNE -
dbl phase This is a somewhat

28/03/18 A. M. Szelc @ IOP 2018, Bristol  SiMPIified drawing... 39



ICARUS - The far detector

SLTAl
; —tE &,
- e e i P = *
"3 ’ AL RN R e B BB
o T i Em- B W O CEE W W 5

Booster Beam

Given its large mass and relatively large distance from
the source the ICARUS-T600 will have high sensitivity
to neutrino oscillation effects.

' Planned start of operation 2019.

28/03/18 A. M. Szelc @ IOP 2018, Bristol 40



gaey [CARUS from Gran Sasso to

>\L

2 CERN to Fermilab

e L[5 WP\ | ' '\, The ICARUS T600, after a succesful
cc s BT AT @ - A Run at Gran Sasso on the CNGS beam
?)g (7 ' "} Was transported to CERN for

4 refurbishment.

pto £ --..“"---.Il It then travelled to Fermilab over the

N . Summer (#lcarusTrip).

~ Building to hold is ready, the cryostat
Is under construction. Commissioning
planned for 2018

2/03/18 ICARUS @ FNAL M. Selc@ IOP 2018, Bristol ICARUS @ CERN 41
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M SBND cross-section physics

v, CC, BNB/FHC, 6.6x10°Y POT, 112 tonnes active mass « SBND will see a
GENIE Model Configurations
Hadronic Final State G17_01b G17_.02a huge event rate.
Inclusive 5,389,168 5,329,241 . -
0m 3,814,198 3,744,108 * Enables preC|S|0n
07+ 0p 27,269 34,696 measurements of
07+ 1p (> 20 MeV) 1,629,252 2,235,338 neutrino cross-
07+ 2p (> 20 MeV) 1,150,368 637,535 ti d
07+ 3p(>20MeV) 413,956 229,239 Seclons an
07+ >3p (> 20 MeV) 396,212 263,727 nuclear effects.
17t + X 942,555 1,021,212 _
L+ X 38,012 21,242 e Crucial for energy
1 7% + X 406,555 370,666 :
271+ X 145,336 131,308 reconstruction.
> 31 + X 42,510 40,702
Physical Process
QE 1,569,073 2,827,928 B _
MEC 1,398,?73 513,453 Induction 1"
RES 1,816,570 1,539,159 NUPHR . et
3 1 y 3 '|' = :
DIS 581,905 441,057 /
Coherent 22,846 7642 :

C. Andrepoulos, NUuINT 17

28/03/18 A. M. Szelc @ IOP 2018, Bristol 42
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o Booster Neutrino Beamline

o 1S o
& £ & 107
= = =
oy o o
£ E £
= = = 10?
o ) o
= = =
2 2 3
g 3" 810
3 g 5
z = & 1o
10% 3
0.0 0.5 1.0 1.5 2.0 25 30 0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 S,E}
Energy (GeV) Energy (GeV) Energy (GeV)
at SBND at MicroBooNE at ICARUS

deployabla 25 m

e Same beamline as
MiniBooNE. e
* A well known and e

understood system.

Booster acoalerates
tons to 8B Gev

28/03/18 A. M. Szelc @ IOP 2018, Bristol 43



Short-Baseline Reactor Experiments Worldwide

STEREO: Gd-LS Neutrino-4: Gd-LS NEOS: Gd-LS NuLAT: Li-
detector at 10m from detector at 6-12m from  detector at ~30m from loaded plastic
ILL , France SM-3, Russia Hanbit, Korea scintillator cubes

Active crown

Target
SoLid/CHANDLER: segmented DANSS: Segmented plastic PROSPECT: Segmented
composite scintillator cubes at scintillator at ~10m from KNPP, 6Li liquid scintillator at
5.5m from BR2, Belgium Russia 7-12m from HFIR, US
7 —-""“Plaif;eﬁii. g

.—-i'J I{r—st?r.lcl)

— lml:}

el | =

(;ut;gm} y-shield}

. - e =

Solid detector modules ﬁ‘él,l

Karsten Heeger, Yale University CPAD Instrumentation Frontier, October 8, 2016 32
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Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability
DANSS 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
(Russia) LEU fuel PS & Gd sheets
NEOS 2800 MW ~20 Homogeneous none Direct double | recoil PSD only
(South Korea) LEU fuel Gd-doped LS ended PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
(USA) U fuel °Li doped PS 3-axis Opt. Latt & capture PSD
Neutrino4 100 MW ~10 Homogeneous 2D, ~10cm Direct single Topology only
(Russia) B fuel Gd-doped LS ended PMT
PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recail
(USA) U fuel °Li-doped LS ended PMT & capture PSD
SolLid 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK Fr Bel US) 25U fuel ®LiznS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
(USA) 23U fuel ®LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD
Stereo 57 MW S Homogeneous 1D, 25cm Direct single recoil PSD
(France) 25 fuel Gd-doped LS ended PMT
N. Bowden AAP 2016
28/03/18 A. M. Szelc @ IOP 2018, Bristol 45
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B Physics with tracks

o CC-InCIUSIVe - Selection Il
measurement close to § oo o+ DuGmmOngemot
completion. B - T — 3

S 70 ) ¥, bkgd 3
. R . v, bkod 3
* In parallel studying the " - s ~

Cosmic bkgd
I . CC true vertex Out of FV blkgd

multiplicity of charged
tracks — important for understanding
nuclear models and energy

= MicroBooNE
—_ preliminary =

) e 3
100 200 300 400 SO0 600 700 800 900 1000
reconstruction. SR
BNB Protons On Ta rg et Observed Charged Particle Tracks in Neutrino Interactions
2.0E19 8.0E20 c 1
—— Delivered POT POT on tape % ! = —+4— MicroBooNE Data (stat only)
g —— MC Default (stat+syst. errors)
1.5E18 6.0E20 = = ——— MC with MEC
o L 0 )
é- |. .|’ 4 = =2 MicroBooNE Preliminary
1.0E19 L4 40E20 3F = (Includes muons)
! e g 102 I 5e19 POT
q ~ = i
5.0E18 L 20e20 © - .
' 107 = — bempn
| | - KE, >37 MeV,KE >82MeV | | li0
0.0E00 # 0.0E00 B 4 P
1 1 I 'l | 1 1 1 1 1 1 1 I 1 1 1 1 1 .. 1 A
Oct 2015 July 2017 i s e wm g g ol o BER

area normalized observed multiplicity
28/03/18 A. M. Szelc @ IOP 2018, Bristol 46
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* Michel electrons are ShOwerS

an excellent calibration source.

« Allows us to check that our
modelling of EM processes is
working well.

» Next step — e from neutrino

Interactions.
- A great sample to understand you EM .
shower reconstruction in energy, angles ,  Michel Electron Reconstructed Energy Spectrum
etc... $ 20| '} DATA |
- . Simulation
2 g
MicroBooNE | yB-PUB-NOTE-1012 g iy ,
(hit size increased by x2) v il MicroBooNE
E ii I* statistical errors only
E 4 '
K.l JINST 12, P09014
: : ' (2017)
i ‘
$o0s/ ¢ l;
y E A .
o - [ s
[ — Run 6058, Event 4706 ¢ |t T
) . Collection Plane e 0% 10 20 30 40 S50 60 70 80

reconstructed energy [MeV]

28/03/18 A. M. Szelc @ IOP 2018, Bristol 47


https://doi.org/10.1088/1748-0221/12/09/P09014
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s Developing LArTPCs with
MicroBooNE

Extremely high purity obtained.

ity

The Universit
of Manchester

Constructed CRT — important for
cosmic backgrounds (and
Independent efficiencies).

* Understanding noise and signal
formation in LArTPCs.

MicroBooNE Volume Exchanges

5 6 y 4 8 9 10 i f i i
$ = T e -M'cro-ﬁ-oﬁ--ﬁ-ﬁE-F-E-E!Q-'f!?—rﬁm‘-’_!ﬁ'-—.--,-—------- S IMICI’OBODN_E _After noise removal
G 0.9 = == e
F = =0 = =X
0.8 - = = e
_____ ms e - e sk ' g T =S =
0.7E- e e T R
L N— e IS 2y
06— 7 == - = 00|
0.5F ! == By o= _h' E &
T i 2 B : — ST e o 200
o4l 3ms design requirement 1 o e o E
e L — 1400
0.3F = - —
- ] = T e |
0.2 tdrllt= 2.82ms : 1260 | — e B 1200
0.1 = — =
OR P | L a | Ll Ll 1 | L ] o ‘_l- .-j__ .
12 14 16 18 20 22 24 26 T e e -‘F-: b L =4 S, i S
Days from Start of Filtration % a0 100 1500 w00 o 50 g 1500
V wire No. wire No.

V
JINST 12, PO8003 (2017
28/03/18 A. M. Szelc @ IOP 2018, Bristol 48
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