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NuMI Off-axis v, Appearance IIES,

D

s Far Detector
@ s - -

ANO~vA

= Start with world’s most /
powerful neutrino beam ° \ W\ Wi (/™
= NuMI v, beam at Fermilab

Decay Pipe
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The NOVA detectors 1L

AOvA
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NOVA FD on the surface

Surface far detector, rate is driven by QU s i -
cosmic ray muons. Rate of 148 kHz T T o N e i f :
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Zoomed NOVA FD 10us spill
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NOVA Physics Program PO

M
i Vv I V. I
= Disappearance of v, CC events : : | Am?
_ _ @
o vy—=v, & Vy—=Vy, mV. vV I
o Precision measurements of: 2 mv. A2
sin2(0,3) & |Am3,| . V- AV
V. I
[ Ams,
VI, V: I

Normal Hierarchy s Inverted Hierarchy
= Appearance of v, CC events

O VyVe & Vy Ve = Disappearance of NC events?

o Determine mass hierarchy o Deficit of NCs could be evidence of oscillations
o Search for 6.p# 0 involving a sterile neutrino
913 & 623 & 8CP 634 & 624

o 2016 analysis: arXiv:1706.04592
o New 2017 result!
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NOVA Physics Program PO

Additionally, many cross section analyses, searches for exotic phenomena, and non-
beam physics studies!

5:1'4 NOvVA’s region

= ND cross-section 12 «— of interest

measurements: %

o inclusive v, 7

o inclusive v,

o inclusive i

o coherent NC it°

o neutrino-on-electron scattering

WG2: Monday 25, Linda Cremonesi (UCL)
“NOvVA recent results of cross section measurements”

WG1+WG2: Tuesday 26", Kirk Bays (Caltech)

= Exotic Physics: i ) o
“Cross Section Results from NOvA and their effect on oscillations”

o multi-muon seasonal
neutrino magnetic moment

high energy cosmic ray air showers
magnetic monopole searches

dark matter searches

supernova neutrinos

Disclaimer: Non-exhaustive lists.
NOVA has a very rich non-oscillations
physics program

O O O O O
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NOVA's Analysis Datasets PO

= 2016: Full detector equivalent exposure: 6.05 X 10%2° POT (Feb. 6th 2014 to May 2nd 2016)

= v, disappearance and v, appearance analyses
= 2017: Full detector equivalent exposure: 8.85 x 102° POT (Feb. 6th 2014 to Feb 20th 2017)

= NC disappearance analysis
= Excellent v, beam delivered; NuMI beam achieved 700 kW design goal

o Routinely running above 650 kW during latest vV running (Feb. 2017 onwards)

2017 Dataset V v V v
2016 Dataset All Time NuMI / NOvA Protons

3 —DELIVERED (28-day average)
© DELIVERED (day average)
~——RECORDED (28-day average)
* RECORDED (day average)

25

(%]

1e18 POT Per Day

*

B
]
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YI/T/L
YT/T/6
v1/1/01
ST/T/T4
ST/1/21
ST/T/€
ST/T/t+
st/1/s T
ST/T/9-
ST/T/L4 o
ST/1/8
ST/1/6
ST/T/et
ST/T/TT
ST/T/TT+
9T/T/T
9T/T/T4
9T/T/€ -
9T/T/t+
9T/T/5+
9T/1/9 -
9T/T/L -
ST/1/8
9T/1/6
9T/1/et
9T/T/TT
91/T/2T
LT/T/T
LT/1/2
LT/T/E
LT/T/Y
LT/T/9
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Neutrino Interactions at NOvA Y

AOvA

Low-Z to enhance electron photon separation, each plane is ~0.18 X,
Moliére radius is ~10 cm, 2.5 NOVA cells

v, CC

v, CC T ]

NC [ _=_|::  Diffuse activity from ;
. o g nuclear recoil system

10 10° 10° q (ADC)
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1. v, Disappearance

2016 DATASET




v, selection &

[~ [ —I éimullatet; sellecteéi ewlents[ .
80— — Simulated background —
B —+— Data 7
B [ Shape-only 1-c syst. range |
sol— -t ND area norm., 3.72 x 10° POT |
n | i
= Select v, CC from NC background c [ ]
LI>.| = i
o 40— —
9 - .
= Combine input variables in a k-Nearest 20— ~
Neighbour algorithm, 4 inputs: - i
o Track length % S —T
Length of primary track (m)
O dE/dX | - L T T T 1
107 Simulated selected events =
. = —— Simulated backg d 3
o Scattering : "o Donuluted backgroun f
o Fraction of planes that have track-only e T T pOT -
@ [
§ 10° E
= v, selection purity of 95% and efficiency % :
of 81% ol _
- S T RPN RS roe susrmrstaress
a 0.2 0.4 0.6 0.8 1

| Muon ID'
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v, Energy Reconstruction PO

- I -#-Data i ]
5 o — Simulated selected events N B
a :
E B - DShape-only 1-c syst. range [ ]
5 _ --- Simulated background N ]
5 - ND area norm. .
or 3.72 x 10°° POT b
N 1
©
£ B i
D —
Z -
_Ii'-l L L 1 1 I Ll L L 1-4..4-.] l A 1 1 I [
1 2 3 4 1 2 3 4 5
Muon energy (GeV) Hadronic energy (GeV) Neutrino energy (GeV)
,,,,,,,, - Eu + Ehad = Ev
----- au E,,: Fit splines of muon track length to muon

energy
E, .q:Fit splines of non-track calorimetric energy
to E, (true)—E (reco)

~7% energy resolution

Use ND data to predict FD spectrum
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v, Disappearance Results O

= Far/Near extrapolation predicts, I, | | i
: s - NOvA Normal Hierarchy ~ —
in the absence of oscillations: 1201 o Terareny

i 6.05x10™" POT-equiv. i

= 473 + 30 events i i

> 100 Best Fit Prediction —

o | i

o n = = =+ Unosc. Prediction _

wnn 80— —

: N Oata _

= Observed 78 v, CC candidates o I oo -

= Estimated background of 3.9 ;‘ 60— -

events from beam and 2.7 from % - .

cosmics > 401 —

L - _

201 —

= Fit for sin?(0,3) and Am3, - -
%

Reconstructed Neutrino Energy (GeV)
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ANVOvA

v, Disappearance Results O

: . w7

= Far/Near extrapolation predicts, - —— Prediction NOVA 6.05x10%° POT-equiv. |

in the absence of oscillations: -[] 1-o syst. range -

= 473 +30 events 15{—"--- Max. mix. pred. -

~----Backgrounds 17 -+ i

0 - —4— Data -

"E = -

o 10 —

Lﬁ - -

" Observed 78 v, CC candidates I I

= Estimated background of 3.9 sl |

events from beam and 2.7 from B i
cosmics -

OF -

2 g 1ok :

O o= R R | R R, -y T ——— R R —————— —

= Fit for sin?(0,3) and Am3, P F -

= ‘G 0.5F -

w - -

@8 of L] L HHearene S P I

= =1 1 L 1 , _

0 1 2 3 4 5

Reconstructed neutrino energy (GeV)
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v, Disa ppearance Results O

ANOvA
I |' ] L] 1 I |' ] 1 | ] I 1 | I T |_
30l NOVA 6.05x10°° POT _
B FC corrected, normal hierarchy 7]
< 3
> .
@ n
@ -
o
— 2.8
S -
o
o 07 B
= .
<1 26}
24—

= Two statistically-degenerate best-fit points
o sin2(033) = 0.40479939 and 0.624 19922 (68% C.L., NH)
o Am3, =(+2.67 £0.12) x 103 eV?

= Maximal mixing disfavoured at 2.6c (FC-corrections applied)
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v, Disappearance Results (5SS

B I I 1 I I 1 1 1 I I 1 ]

3.2 Normal Hierarchy, 90% CL —

B NOVA 6.05x10%° POT i

30 0 e T2K 2016 (Bayesian) 7

fm B MINOS 2014 i
> - i
S L U T i ]
— 26— —
e [ N A i
"::] 24__ "-4--...________ ____________ ,J' __
22 Tteel e o —

2 Uh | | ! | | ] | | ] | | ! | | |

' 0.4 0.5 0.6 0.7
in0

= Two statistically-degenerate best-fit pointsS 23
o sin%(633) = 0.40473939 and 0.6241922 (68% C.L., NH)
o Am3, =(+2.67 £0.12) x 103 eV?2

= Maximal mixing disfavoured at 2.60

=  Updating this coming fall with 50% increased exposure

Phys. Rev. Lett. 118, 151802
(2017)
Published 10t April 2017
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2. v, Appearance

2016 DATASET




v Event Selection /IES

= CVN: Convolutional Visual Network, a deep neural network implementation of a CNN

= Input is NOVA’s 2D event display (pixel map) “images” of calibrated hits

a
Em{
1

3
10 107 10 a (ADC)

= Each layer performs convolutions to extract features and draw correlations to identify
neutrino flavour

= Current version classifies events as NC, VMCC, v.CC, v;{CC and cosmics

A Convolutional Neural Network Neutrino Event Classifier
A. Aurisano, A. Radovic, D. Rocco et.al: JINST 11 (2016) no.09, P09S001
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v Event Selection /IES

= Select v, CC interactions with 73% efficiency and 76% purity

= Equivalent to 30% increase in exposure compared to more conventional IDs

" Maximise s/vs + b

= Exhibits good data-MC agreement in Near Detector

- Analyze in 3 PID X 4 energy bms / \

- T | | T T ' T 2000F T T T |I T | T : T T T T | T T T —

[ —e— NDdata | | _ B : | : | | —#— ND data .

— 00— Totaimc | | +_ b o ® 0 T foaMe

e = Flux Uncert. ! ! 10 | ! . : ! — Flux Uncert. |

L = — NC 1 1 L 1 : 1 : — NG

o 800 Beam v, CC : ! o B : ! : ! — Beamv_CC 7

‘© i v, CC : ! & 2000 : : : ! — v, CC —

- | | 1= L | . i
X 600 ! ! - X ) L L
od L 1 1 Y| 1 1 1 1
N | | I~ b | .
© -t | ' 19t | o
—— — | — ™ | | | |
g T | 1 £ 1000~ . .l .
b petesaes . 15 [ |
o1 200f- i Hd T | B .

1 L I | L 1 1 | 1 II. L I L L 1 l. L 1 L i A' :
0.75 0.80 0.85 0.90 0.95 1.00 0 1 2 3 4 5
CVN v classifier Reconstructed neutrino energy (GeV)
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ND Background estimate

= v, CC selection selects 10% more events in ND data than in simulation

1L

ANVOvA

= Data-driven methods estimate what fraction in data is NC, beam v,CCand v, CC

" Beamyv,:
o Weight v, with K* parents up 17%
o Decrease v, with t* parent 3-4%
o Overall 3% increase in 1-3 GeV

= Michel electrons:
o Fit observed N, o SPECtrUM

o Data excess assigned between
NC (+17%) and v, CC (+10%)

= Extrapolate adjustments to the FD
for more realistic background
estimates

Events / 3.72x10°° POT

: 0.75 < CVN < 0.87 0.87 < CVN < 0.95 0.95<CVN <1 |
3000(— —4- Data o
B D Beam v, .
I [lv.cc I
I [Inc o :
2000— | o Uncorrected MC _
| . N |
1000— — |
L - 1

00 1 2 3 4 0 1 2 3 4 0 1 2 3 4 5

Reconstructed neutrino energy (GeV)
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v, Appearance Prediction D

ANVOvA

3 5O:|\]O\;A Fb 'sir{ze;z3='0.l4d-0'.6'2: Background Estimate
- B 20 ' |

8 41:':_6.05><10 POT equiv. i Total Bkgd 2o
5 ol _ NC 3.7
@ 30:_ _: .

£ \_/_\ Beam v, CC 3.1
> o E v, CC 0.7
o | ;

% 10 ——— NH: Am2,=+2.67x10°eV? v, CC 0.1
= b = IH: AmZ,=—2.71 x10%eV? ] Cosmic 0.5

o % . S?E on + 10% syst.

Ocp

Predicted Signal

Signal prediction depends on hierarchy, 6., and sin?(0,5)
Width of band governed by sin?(6,53)
36.4 19.4 Prediction values quoted for sin?(0,5) = 0.5 (maximal mixing).

Signal £ 5% syst.
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v, Appearance Result

ANOvA
50 B T T T T | T T T T T 1 . I2 1 | 1 1 1 T ] B T T T T T T T T T T T T T T T ]
B NOVA FD sin 923=0_40_0_62 i 20_'\?;5 < CVN < 0.87 0.87 < CVN < 0.95 095 <CWN <1 ]
| 2 . - | .
40l 8:05x10 ° POT equiv. i s o D ]
o il e c B . . n
B .’;:if sizi:i:§:§:§§s§:§§:§§§§§ 2?: ol | — Best Fit Prediction .
C B R S5 e B R SR o ~ 15[ —{lll Total Background
49 v.’.’.v.'. o 0: - 0000 0.0.9.9.0.0.9.9.0.0.09..0 - .
()] 0o Tatetatels & statelateleieeatt ety ] Cosmic Background
30 Seleletel 505 Jegsieteteletetatetetstotetel O] — %
q}) o L el St S S S S St S B S 0 - 6.05%x10 POT equiV.
T 20 S wop
> |
s = _ — -
(@] = . c =
= T =% Data (+1o) 1 2 .
— : -3.\/2] n
10p ——— NH: Am2,=+2.67x10%eV? i
B . -3 v /2 B
N —— IH: AmZ,=—2.71x107eV" ] [
% T T 3 on —~ 2 '3 1. 2 3 1_ 2 3
2 > Reconstructed neutrino energy (GeV)

Ocp

Observe 33 v, candidates, 8.2 + 0.8 (syst.) predicted background
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Joint Fit Result

1L

ANVOvA
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0

NuFACT 2017, Sept. 25t — 30t

Joint fit of NOVA’s v, appearance and v,
disappearance data

Constrain sin?(26,3) = 0.085 + 0.005,
reactor average value

Two statistically degenerate best fit points
in Normal Hierarchy :

sin?(0,3) =0.404 , 6., =1.48m, and
sin?2(6,3) =0.623 , 6, =0.74n

The best-fit point in the Inverted Hierarchy

31

near O.p = >

o 0.460 from the global best-fit points

G. S. Davies (Indiana U.), NOVA



Joint Fit Result O

sENOVAFD = —— NHlower octant ]
— 55-U5><1020 POT equiv. ——|H lower octant ]
3 4l ---- NH upper octant ]
8 - ----|H upper octant 7
c D S
@ Of : '
‘2 N | ']
'c  2F L N R
> L : ” R
0 1 | Y
L 1 L il L T ! i L ! L | —/
00 I n 3n 21
2 5 5 2
= |nverted Hierarchy in lower octant is disfavour%d Phys. Rev. Lett. 118, 231801 (2017)
at >93% C.L. for all values of 6, Published 5t June 2017

o Excluded > 30 outside the range 0.97t < 6, < 1.94n
o Updating this coming fall with 50% more data; antineutrinos (2018) to break degeneracies

WG1: Wednesday 27, Linda Cremonesi (UCL)
“Details of the NOvVA oscillation analyses and systematic uncertainties”
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ANVOvA

e ]
....... vp II::: . ]

3.NC Disappearancé

NEW!
NOVA’S FIRST 2017 DATASET RESULT
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Why NC’s? PO

= Do any v s oscillate to a sterile state?
o v, to v, mixing causes energy-dependent depletion of NC

= NC spectrum unaffected by oscillations among active flavours
o Select NC events in ND, extrapolate to FD prediction

o Count NC events in FD, compare to prediction and fit shape
o Extend to 3+1 model

o Fix AmZ, = 0.5 eV2rapid oscillations in FD, minimal in ND

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 102 10 1
12— et 1.2
B ND : FD 7 Am%
1 ' 11 L
: *\_t:zﬁbvc\/—; E.
';5 0.8 | —_0.8 %0
Tk | - 2| v, —
= (.6|—=3-Flavor Prob. : —0.6 |
= E 2 2 I 47
o _—Am41=0.059V ! - A 2
- 0-4__—Am§1=0.5 eV? ; _—0.4 Miim
[ —Amg; =5 eV’ : : V. I
O°2:_ : _:0'2 vV,
- S OOPY SEPLooY A EV. BV, BV. @V,
107 10" 1 10 10? 10°
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2017 NC Analysis J©

o
—
o

= Events classified using CVN . MNearDetector NOvAPrelmnary
)| B ——ND Data _

= Analysis Upgrades: e f — Tola aworpreccton
o Increase of 50% more data g wsof- | | TV oG backaroums —

o Improved cosmic rejection % 1005 ]

o Energy fit o "'_ ]

o 50% improvement to NC selection 2 50}_ M ]
efficiency s B O ]

o Improved cross-section modeling ° b= eeee

2 4 6 8
Energy Deposited in Scintillator (GeV)
o Improved detector response modeling

Far Detector NOVA Simulation
Background Estimate T T T T T T T T T
8 E — —— NC 3 Flavor Pred?ct?on AME, = 2.44x10° eV E
Total Bkgd 42.8 g °F ot e reatton 0,285 0,245
< - [ v, CC Background 0, =22.8°,6,,=31.2°
v. CC 22.2 3 40 [ Cosmic Background —
M ) © - ]
v, CC 9.9 > F E
O [~ ]
v, CC 2.8 S PF E
%) B ]
Cosmic 7.9 5 E
W E .

Total Signal Prediction: 148.3 o 1 2z 5 4 5 6. 7 8 9 10

Energy Deposited in Scintillator (GeV)
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NC Disappearance Results &

ANVOvA

NOVA Preliminary

T T T T
—¢— FD Data ]

= 80—
@) B + [ Syst. Uncertainty -
a = —— 3 Flavor NC Predictior
& B CC Back d .
S el 233 CC Background | Observed 214 NC candidates
x C ic Back d o 4.
S ) Fosmie Backgroun® 1 Prediction 191.16 + 13.82(stat.)£21.99 (syst.)
© [ AM3, = 2.44x107 eV .
S B 0,5 = 8.5°, By, = 45° ]
- 20 . ] .

3 889 107POTeqiv 1 No depletion of NC events observed
to] — .
o B i
2 I + ~| NOVA sees no evidence for v, mixing
c = ,4{_.
G-) — o o] —3
g | o e
LIJ —

00 1 3 4 5 6 7 8 9 10

2
Energy Deposited in Scintillator (GeV)

Fdata . Z Fpred (bkg)
Fpred(NC)

R-values 0-2.5 GeV

Rne =
PR SRR PR 1.190 + 0.160 (stat.) %%, (syst.)

No NC disappearance > R=1
PRSPl 1.190 £ 0.123 (stat.) o sy (syst.)

Using NOVA’s two degenerate best fit points 0, <45 1.179 + 0.123 (stat.)T9142 (syst.)
. 9 2
for sin?(0,3) , |Am32| , and 6.p (NH) o 0,; > 45 1.176 + 0.123 (stat.)*3152 (syst.)
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NC Disappearance Results &

ANVOvA

= Constrain NOVA’s degenerate best fit points for sin?(0,53),

2
Am3,

,and 8.p (NH)
= Profile sin2(053), 8,4

= Perform a shape-based fit for 8,,and 65,

NOVA Preliminary

In a 3+1 analysis, for Am%, = 0.5 eV2:
0, < 16.2 at 90% C.L.
05, < 29.8 at 90% C.L.

0T 1
. NOVA 2016: 68% C.L* : 024 034 |U.u4 |2 |UT4‘2
i — NOVA 2016 90% C.L. i NOvA 2016 20.8° 31.2° 0.126  0.268
30 __ ............. NOVA 2017: 68% C.L. __ NOVA 2017 16.2° 29.8° 0.078 0.228
a = —  NOVA 2017: 90% C.L. . MINOS 7.3  26.6° 0.016 0.20
@ _ J SuperK 11.7°  25.1°  0.041 0.18
=) 7 IceCube 4.1° - 0.005 -
q:ﬁ . IceCube-DeepCore  19.4°  22.8°  0.11  0.15

o 10 20 30
0,, (deg.)

*: 2016 applies constraints for maximal mixing; rate-only fit

N
o

WG1+WG5: Tuesday 26", Adam Aurisano (U. Cincinnati) Today: 11:30am
“Looking for Sterile Neutrinos via Neutral-Current Disappearance with NOvA”
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ANVOvA

2017/ & Beyond
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Future Sensitivities P

Projected significance of rejecting maximal mixing, wrong hierarchy, wrong octant and CP
conservation

Normal 8.,=3r/2, sin2923=0.403 N OVA Slm U |at|on
AmZ,=2.5x10”eV?, sin°9, ,=0.022

1 I I I T

C NOVA joint vg+v, : 5 5
A Max..mixing............ TS
+---- Hierarchy :

S Octant ............................ SN X SN

= |mprovements in
suppressing systematics

N

= 25% gain in exposure from
improved analysis

|
|
O
Q
<

= 40 weeks of beam starting
2018

N

= PIP 1+: 800 kW in 2019,
900 kW in 2021
+ target improvements

,,,,,,,,,,,,,,,, //’ g IIproJectedbeam|ntens|y ...........................

;-"" - and analysis improvements g
0 r_ll -.I/ | | | ] |y i |p | L | ] | ] |

2016 2018 2020 2022 2024
Year

Significance (o)
L | L | L Iolol I | L | I
\
\
L1 11 | | | L1 1| l | 111 | | | L1 11
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Future Sensitivities P

Projected significance of rejecting maximal mixing, wrong hierarchy, wrong octant and CP
conservation

Normal 8.,=3r/2, sin2923=0.403 N OVA Slm U |at|on
AmZ,=2.5x10”eV?, sin°9, ,=0.022

1 I I

C NOVA joint vg+v, : 5 5
A Max..mixing............ T, S T
+---- Hierarchy :
S Octant ............................ SN X SN

= |mprovements in
suppressing systematics

N

= 25% gain in exposure from
improved analysis

|
|
O
Q
<

= 40 weeks of beam starting
2018

N

= PIP 1+: 800 kW in 2019,
900 kW in 2021
+ target improvements

,,,,,,,,,,,,,,,, //’ g IIproJectedbeam|ntens|y ...........................

;-"" - and analysis improvements g
0 r_ll -.I/ | | | ] |y i |p | L | ] | ] |

2016 2018 2020 2022 2024
Year

Significance (o)
L | L | L Iolol I | L | I
\
\
L1 11 | | | L1 1| l | 111 | | | L1 11

NuFACT 2017, Sept. 25t — 30t G. S. Davies (Indiana U.),



Summary J©

= NOVA has a rich physics program

= Muon neutrinos disappear
o NOvVA disfavours maximal mixing at 2.60

“Electron neutrinos appear
o Slight preference for NH; IH, lower octant, /2 ruled out (>30)

= Updated NC disappearance analysis with 8.85 x 102° POT-equiv.
o NOVA sees no evidence for sterile neutrino mixing
o Competitive limits; ND short-baseline searches underway

= Updated v, - v, joint fit and v  -only results will be presented this Fall

= First anti-neutrino results to be released Summer 2018

fjo.

@novaexperiment

NuFACT 2017, Sept. 25t — 30t G. S. Davies+{Indiana U.), NOVA
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The NOVA detectors 1L

ANVOvA

WLS fibers

Far Detector

To APD | %
Readout

P e L i, Scintillation | |

.\\\\\\t e

.
4
‘
l

| ~— AR AA
o= PVC extrusions filled
with liquid scintillator Wavelength

155m °,

Paftic/e
Trajectory

Shifting
= ND: 20,000 channels Fiber Loop
= FD: 344,000 channels — =
3.6 cm 506°¢
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Nuclear correlations &

= ND hadronic energy (v, CC) suggests extra process between QE and A production

= MINERVA report similar excess in their data?
NOVA Preliminary
L T. Katori, QMUL

— NOVAND Data | LV ZE— — ¢ u

Multi-nucleon 2p2h interaction

0.4 0.6
Visible E, , (GeV)

1P.A. Rodrigues et al., PRL 116 (2016) 071802 (arXiv:1511.05944)
2S. Dytman, based on J. W. Lightbody, J. S. OConnell, Comp. in Phys. 2 (1988) 57
3p.A. Rodrigues et al., arXiv:1601.01888

G. S. Davies (Indiana U.), NOVA



Nuclear correlations &

= ND hadronic energy (v, CC) suggests extra process between QE and A production

= MINERVA report similar excess in their data?
NOVA Preliminary

Modified from T. Katori, QMUL

2.85x 10°P.O.T. —} NOVAND Data -~ N
Tuned 2p2h [ mec .
w and nonres. [ ce i
E imn I Res l
. [Jois :
- Other N
: o = Ehag
0.4 0.6 1 E, = EH * Ehag
Visible E,_, (GeV) Q? = 2E,(E, — p,cos(6,) —M2)
lq] =Q% +q,

= Enable GENIE’s empirical Meson Exchange Current (MEC) model?
o Also reduce single non-resonant pion production by 50%3
o Reweight to match observed excess as a function of|_q)| transfer

1P.A. Rodrigues et al., PRL 116 (2016) 071802 (arXiv:1511.05944)

2S. Dytman, based on J. W. Lightbody, J. S. OConnell, Comp. in Phys. 2 (1988) 57
3p.A. Rodrigues et al., arXiv:1601.01888

G. S. Davies (Indiana U.), NOVA




Making an off-axis neutrino beam W&

Target Focusing Horns

— * e e >
5 : ) pmmmmm————— >
T
p* from ¢

- NOvA Simulation
o 10 E T T T T T T T T T T T L 10 o R
E - 1-3 GeV = —Total 3 T ; n ax:js

N . | —— 7 mra
2 - 97.5% : 1 8 — 14mrad

1E - L
O E : E 0 21 mrad
<X : > 6
= | ] S 0
O.‘O—I .E..... .................................................................................................. ‘-0—' -
- F > 4L
8 T
L L
Oioetl /oty I
Q 2r
O : I
“gw‘S iIIIlIEFLIUKA1I1lI o
-0 E (GeV) 10 15 0 10 20 30

E, (GeV)
= At 14 mrad off-axis, narrow band beam peaked at 2 GeV

o Near oscillation maximum
o Few high energy NC background events

G. S. Davies (Indiana U.), NOVA




Near detector spills

Top view 500

200 = 1000 1500 _
100 — E
g ; enamt empmmm T . ]
3 0 YTl ]
] s :
i - :
~100 E
00— Beam direction i
E : -- rm:imeme=am mma=-am= T i
L 0 Wro-=mommmme=mT - B
> i . ) :
[ e " e - ]
1 - .
- Side view i
~200 = | | | E
0 500 1000 1500
Z (cm)
NOVA - FNAL E929 Color denotes

. 2 10? ‘ Y 2 .C | .
Run: 10407 /1 2 E L 0
Event: 27950/ -- E £ 3
LEg L 3 LE [ mwﬂﬂm E

UTC Thu Sep 4, 2014 0 I .

05:28:44.034495968 10 10°

t (Usec)
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ANVOvA

Near detector spills ©

¢ Multiple events in ND per NuMI spill

** Over 2 million/year fiducial events
collected

*** Events separated using topology and
timing

¢ Color in display denotes time

¢ Blue hits are early in spill, red are late

‘ ‘ 1500
NOVA - FNAL E929 i Color denotes
210

Run: 10407 /1

Event: 27950/ - E % =
: E HHHW ’“ [ ‘—LL T - ﬂ“ﬁ Lot
UTC Thu Sep 4, 2014

: : | ’M‘u

; sdlbobii = AT
_ 220 25 2 10°
05:28:44.034495968 t (HSEC)

z (cm)

q (ADC)
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Reconstruction

.

ANVOvA

Vertexing: Find lines of
energy depositions w/ Hough E
transform CC events: 11 cm

resolution % %

Clustering: Find clusters in angular
space around vertex. Merge views
via topology and prong dE/dx

T-racking: Trace particle trajectories with Kalman filter tracker.

gl
e
B

-

Also, cosmic ray tracker: lightweight, fast, and for large calibration samples, online monitoring.

[p—
——
- —

— D

G. S. Davies (Indiana U.), NOVA




Reconstruction 1L

ANOvA

( 200 400 600 800 100(

100 | . Event Separation: Coarse
! e event-level time-space
- e . {_1° _°
z 0 L clustering, or ‘slicing
8 . Utilize density-based DBSCAN
. -l clustering algorithm!
—100 - -
-350 - .
—400 - R =" -
—~ = !' f : : =
5—450 - - - J
>~
=500 - -
-550 |- -]
0 200 400 600 800 100

Z (cm)
NOvVA - FNAL E929

Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 : > 3
14:44:25.490674976 10 10° 10°

t (Usec) g (ADC)
1. M. Ester, et. al., A Density-Based Algorithm for Discovering Clusters in Large Spatial Databases with Noise (1996)
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Reconstruction

( 200 400 600 800 100

100 B ' Vertexin: Find lines of
' energy depositions w/ Hough
= transform
5 =
. CC events: 11 cm resolution
[ NC events: 29cm resolution
—100
—-350 -
—-400
5—450 =
-
=500 =
-550 |-
0 200 400 600 800

NOvA - FNAL E929

2 | 2.
Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 1

T 218 220 222 224 226 228 10
14:44:25.490674976
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Reconstruction

( 200 400 600 800 100(

100 |- Prong Clustering: Given a
seed vertex, look for clusters
z 0 in angular space around
= vertex.
_ Merge views via topology
-lop and prong dE/dx
-350 - -
—400 — .
5—450 — -
-
=500 - —
-s50 F -
0 200 400 600 800 100(

NOvA - FNAL E929

2 | 2.
Run: 22357/ 1 = —510'
Event: 16934 / -- 10
UTC Sun Feb 28, 2016 1

14:44:25.490674976
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Reconstruction

1L

ANVOvA

Excellent reconstruction capabilities

Reconstruct n® peak — used as a calibration cross-check
o Demonstrates ability to reconstruct NC events

NOvVA Preliminary

300

100

™)
3
I | L | L | L

L B T
—4— Data
— MC n0 signal
— MC bked

Data u: 134.2 £ 2.9 Me
Datao: 50.9+2.1 Me

MC u: 136.3 £ 0.6 MeV
MCo: 47.0+0.7 MeV

Vv
Vv

G. S. Davies (Indiana U.), NOVA



Beam v, Background Estimate @&

oy
=
W
—
=
(%}

T | T T T T T T T T T T T T T T T T T

T |_ BU T, T T T T T T T
Uncontained Vui in ND _ : :

150 T T |' .1 T T [ T T T
Contained v, in ND 1

.o

= —— v,CC from Pions | = —— v,CC from Pions 1
g [ - 1 @ e ¢ S
2 100|- —v,CC frcm'lE Kaons | g [ — v,CC from Kaons
S L —— Bkgd. + other ]| x F —— Bkgd. + other 1
~ T e ] N 40— —
o [ : il T .
0 7 i ]
E 50 = "%‘ - 1
o r 1 0 201 —
w 1 w .

D_ P . i 1 1 - 0 i : L | i i

0 2 4 6 8 10 12 0 2 4 6 8 10

Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

= Beamv,.’s at NOvA’s location mostly arise from muon decay in beamline

= Atlow energy, v,'s and beam v,’s come from common pion parents; at higher energy,
the parents are Kaons

= Pion and Kaon yields are derived from the observed low and high energy v, data

= Infer that Kaon yield is higher by 17% and Pion yield lower by 3%

= Leads to 1% increase in Beam v, background between 1-3 GeV in ND

NuFACT 2017, Sept. 25t — 30t G. S. Davies (Indiana U.), NOvA



ANVOvA

v, CC Background Estimate O

15000} —
— i -4 Data |
Q . Imcv,cc -
G‘bmﬂﬂn — [l MC NC ]
& I | IMCBeamv,
N N i
f")- | -
*g 5000} —
L = ]
-
L - . i
0 [ ‘ = J
0 1 2+
Number of Michels

= Look for Michel electron associated with interactions selected with v, criteria

= v, CC’s should have 1 additional Michel electron than NC and v, CC’s

= Fitting the number of Michels distribution suggests an integrated increase of 17.4% in
v, CCand 10.4% in NC backgrounds

NuFACT 2017, Sept. 25t — 30t G. S. Davies (Indiana U.), NOvA
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Take advantage of recent advances in machine learning/computer vision

o Classify event-displays!

CNN - deep neural network, inputs are the pixels of the image

G. S. Davies (Indiana U.), NOVA
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V_H Disappﬁerarance Results lll®

ANVOvA
N T
35 NOVA 6.05x10%° POT-equiv. .
B MNormal Hierarchy T
i 90% C.L. 0-5 GeV Analysis ]
._-a; - 90% C.L. 0-2.5 GeV Analysis
o 3 .
= ]
<] 25 —
I ] = ¥%=41.6/17 driven by fluctuations in
2= o_le. — n_|4 — '_ 0;5 — o.ls — ln_l? — the tall
sin“6,,
[ —rT 11
25 T % 3 = Restricting the fit up to 2.5 GeV causes
B Bast-fit prediction: -2LL=41.6 i . . .
- sestmasimat 2Lk (o) - minimal change in the result
20 -]
o f :
s 191 =
4 - ]
L N ]
101~ -
5F \[ -
; |-
C ; MNP IR § W \ |T. I ks
00 1 2 3 4 5

Reconstructed neutrino energy (GeV)
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Why Anti-neutrinos? (5O

P(V,) vs. P(v,) for sin%(26,,) = 0.97

—~ 0.09
18 " NOVA L
o T |Am,,2| =2.32107 eV .
T 08 [ L mzégﬂ) gl Normal Ordering
W ST Inverted Ordering = Currently there is no information
0.07 |- : . .
: . A about the vertical axis
0.06 |- L
L N > \ . . .
; N B 03> 7/4 = NuMI switched to anti-neutrino mode
0.05 (S R : .
i T N in February 2017
0.04 |- i
L m < . .
- = Plan to run 50% in neutrino and 50%
= in anti-neutrino mode in 2018
002 F0§=0
- e 5=m/2 a :
vor FOB=T 0,5 < /4 \ = Will help r.esolve some of the
T mo=3n/2 degeneracies
0 | | L L | 1 2 | i
0 0.02 0.04 0.06 0.08
P(v,)
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ANVOvA

Why Anti-neutrinos? &

NOvVA Simulation

LI [ I I | [ I I I | | LI | I I I

|
'NOVA FD sin°26,,=0.085
-9x10°° POT eq. (v)  sin°0,,=0.404,0.623
[ 9x10%° POT (v)

W
o

= Currently there is no information
about the vertical axis

= NuMlI switched to anti-neutrino mode
in February 2017

NH

. o ; , 0
A2, =+2.67x10%V? Plan to run 50% in neutrino and 50%

15 in anti-neutrino mode in 2018

I & 1 1 ] LI |

= Will help resolve some of the

Total events - antineutrino mode
Mo
o

O 8= 0« o= 2 2016 best fit degeneracies
_Dl cp=T I. Op= 3m/2 predictili:m
1 1 1 | | | l 1 | 1 | | | | l 1 1 | | | |
20 30 40 50 60

Total events - neutrino mode
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ANVOvA

Recap 2016 NC Analysis O

. . - I ' ' ' I ' ’ ' I -
MC extrapolated prediction: - —+— FD Data -
= 83.5+9.7 (stat.) + 9.4 (syst.) *F ne s Jotal Sftavor Predicion
% N - I CC Background ]
. . 20— C ic Back: d —
= Observe 95 NC-like events in FD o 1 ] Cosmio Backgroun ]
= within 1o of three-flavour prediction s 15 -
W _ 3
= NOVA sees no evidence for v, mixing g 10F =
TR .
Fda,t.a _ 2 Fpred (bkg) 5 :— __}__l —:
Byne = 1 - :l-'
Fpred (NC) : .
DD 1Calori metric 2Energyr {GeV]3 4
—_ +0.08
R=1.19 £ 0.16 (stat.) 573 (syst.) s0r -—
] ] ] ) - NOvA 6.05x102°3PO'2I'—equiv.
Consistent with three-flavour oscillations ol A= 244x10° eV
[ 81;]; 8.5% E'2‘3’2: 45 e 68% C.L.
—_ | A =05e
Rate analysis-only (Feldman-Cousins corrected): ® [ —90%CL
T 20 -
In 3+1 analysis, for Am?,, = 0.5 eV? q:;?u
10f -
0,, < 20.8° at 90% C.L. _ : _
0., < 31.2° at 90% C.L. arxiv:1706.04592 0p———— 20

Submitted to PRD-RC
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3+1 model J©

ANVOvA

= v, tov, mixing causes energy-dependent depletion of NC and v,-CC events at Far Detector

1 —P(v, »v.)~1 — cos*0,,c05%0.,sin%20,,sin’A,, — sin%0.,sin%20,.sinA
n s 14 34 24 41 34 23 31

- - Sin8245in2 624Sin29345in26235in2 2A31

2
Neutrino Energy (GeV) Neutrino Energy (GeV)
107 10 1 107 10 1
1.2 e 1.2
- ND I FD 5
1F ' ol
0 4\;::5@\/—?0_8
T, «F.=3-Flavor Prob : -
>:_ 0-6 | =—J~ ZaVOI' ropo. X . _06
T [ —Am%=0.05eV ! ’
- 0.4 ;—Am§1 =0.5eV? ; o4
[ —AmMZ, =5 eV? : ]
0.2 | —o.2
O_I 1IIII| 1 1 IIlIIII 1 L1 IIIIII : IJIIII 1 Ll IIJIII 1 L1 IIIIII L I_o
102 107 1 10 10° 10°
L/E (km/GeV)
= Solar and reactor neutrino data = 0.05eV2<Am?,;<0.5eV? = Constraint on 6,,
constrains sin%0,, < 0.041 = no ND oscillations = sin?(0,,) =0.514
= Assume6,=0 = PDG 2016

G. S. Davies (Indiana U.), NOVA




2017 NC Disappearance Results

6,, = 45 (2016)

6,, = 45 (2017)

0,; <45
6,; > 45

NuFACT 2017, Sept. 25t — 30t

Fda,ta,

— 3 FPd(bkg)

Bne =
NC Fpred(NC)

Consistent with three-flavour oscillations

1.190 £ 0.160 (stat. )tg:ggg (syst.)

2.5-10 GeV

n/a

1.190 + 0.123 (stat.) o 15. (syst.)

1.076 + 0.123 (stat.) " 012° (syst.)

1.179 + 0.123 (stat.) 3122 (syst.)

1.076 4+ 0.123 (stat.)*3122 (syst.)

1.176 + 0.123 (stat.) 13132 (syst.)

1.074 4+ 0.123 (stat.)*3125 (syst.)

G. S. Davies (Indiana U.), NOVA
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NC Disappearance Results ©

ANVOvA

Near Detector data/mc comparisons

NOVA Preliminary NOVA Preliminary

—T 7T T T T 30 rr——— + Nlj = lt - r r ]
L . u ata .
— - —+- ND Data o . — - — Total 3-flavor prediction .
O 30 — Total 3-flavor prediction — O 25 — NC Prediction ]
OD- - — NCCF::redlctlon ] Oﬂ- - — v, CC Background .
G i — v, CC Background ] & » — v, CC Background ]
\v; i — v, CC Background < 20 —
S 20 _— —_ g o 3
S i ] o S
2 | 1 2t
c L N S 10
T N g
L L . L
2 - | ®
) o 5
-— - — A =
L el 4 T . o Eo——0x e T N
0.2 0.3 0.4 . 0.5 0.6 0.7 0.8 0 0.2 0.4 0:6 0.8 1
Cosmic Rejection BDT CVN NC Classifier
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VO VN

The future for NOVA v, searches

NOvA short-baseline v, appearance-v, disappearance joint flt

NOVA Simulation

10°g T 3
* Probe LSND and MiniBooNE allowed regions with one NOvA E .
year of NOVA data I i
10 E
NOVA short-baseline v_appearance =
= 1= —
NOVA Smwlat\on € F :
10° [Ty aa < | MBwsnosoncL ]
E : E B LsnD99% CL
L ] — MiniBooNE 90% C.L
1P = 107'E — MiniBooNE 99% C.L
— & B . KARMEN 90% C.L
c% i = NOVA with flux and cross-section syst (1yr)
- 10 . — - = NOVA with flux and cross-section syst (3yr)
(\g‘ gt:gizea\isxicssm E 102| T T DT T R
T et ’ . 10° 1074 10° 102 107 1
15——csonus . PrOblng 514 & 613 sin229“e
F —Es31 Vv, 90% C.L. "-._.. . )
F = o poT S N with v, long-baseline NOVA Simulatior
— CDHS -, '
B O Y E Y R R I T Neutrino Energy (GeV) i Neutrino Energy (GeV)
o7 10 105 10¢_ 100 10% 1o 1 107 10 1 P07 10 1
sin® 20, 0'06‘: ™ Nb AL [ 1
005 A4 sz
— 1 8
. e . f ] 175]
= Black line shows NOVA sensitivity to v, =% Los 2
. - —3-Flavor Prob. E =
appearance; rate-only fit to two flavour model Toosf ~ 5. £
. . . . o C | —0.4
= NOvVA will be competitive with previous 002~ gm;g-sn 2
experiments after 3 years of running 001 — 81a=157 —o2d

| P | e b1 i i Lo L
107 107" 1 10 10° 10°
L/E (km/GeV)
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2016 R-ratio comparison with 3-flavour llJ oo

Predicted background

_ Npata—2 B(CC+cosmic) «—— from all v flavours
R - and cosmics

S -—
NC Predicted NC signal
FD Data NC-like: 95
MC prediction: 83.5+ 9.7 (stat.) £ 9.4 (syst.)

For 0.5 GeV < Calorimetric energy < 4.0 GeV
R=1.19 4+ 0.16 (stat.) 398 (syst.)

Consistent with 3-flavour oscillations (R = 1.0)
NOVA Preliminary

w

[ —4— FD Data N

25— Total Prediction ]

B Stat. and Syst. Uncert. ]

> [ —— NC Prediction ]

8 20— v, CC Background —]

o) n —— v, CC Background ]

al — 3

15— ) ]

e S - AmZ, = 2.44x10° eV? E

2 r — 1 81 = 857, B, = 45° -

o 10— 6.05 x 10°° POT-equiv. —

= — —]
0

e

T

— 'i

o
B

1 2 3
Calorimetric Energy (GeV)
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2016 Neutral Current FD Data '-IJ@

NOVA Preliminary

— T T T T
—4— FD Data <_§
[ \C 3 Flavor Prediction !
[ n, CC Background
[ n,, CC Background
[[7] Cosmic Background

N
ol

Observe 95 events

N
o

[En
o
CDIIII|IIII|IIII|IIII|IIII|III

DmZ, = 2.44x10°° eV?
0,5 = 8.5°% (,5 = 45°
6.05 ~ 10°° POT-equiv.

No evidence of oscillations
involving steriles

Events / 0.25 GeV
&

5 i
Nyata — BG L1
R = data 0 T 2 3 4 5 6
S NC Calorimetric Energy (GeV)

= 1.19+0.16(stat.) + 0.11(syst.)  In 3+1analysis, for Am?;, = 0.5 eV

8,,<20.8° at 90% C.L.
0,,<31.2° at 90% C.L.

Excellent NC efficiency (50%) and purity (72%) promise strong future limits on 0,

G. S. Davies (Indiana U.), NOVA 59




2016 Sterile mixing angle limits

©)

ANVOvA

.

40
30
20

o

@

o
N

10

In 3+1 analysis,

NOVA 6.05x10%° POT-equiv.

— 90% C.L.

i ﬁn122=2.44><10'aev2
[ 013=8.5° 6, =45°
C An £, =0.5eV?

68% C.L.

L.l
20
8,, (deg.)
for Am?,, = 0.5 eV?

0,, < 20.8° at 90% C.L.
0,, < 31.2° at 90% C.L.

Paper submitted, arXiv:1706.04592
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2016 Sterile m|xmg angle limits IS,

025——————T——— :
. NOvVA 6. 05::(1020 POT-equiv. i
[ AME, = 2.44x10° eV . :
0.2 ) _23 5°,6,,=45° 68% C.L. 1 [Ugl?=5in?6,,=0, cos?6,,= 1
N ﬂ. - 05eV? — 90% C.L. ]
a 0151 —SK90%C.L.* ] |Uyul?=cos?0,,sin%0,,
5% F PRD 91, 052019 (2015) * - |Uy,|? = cos?8,, cos?0,, sin?6,,
— 011 .
0.05 ;\ g
U - | HE _.;) L ] ]
0 0.1 0.2 0.3 0.4
U_f
4

In 3+1 analysis, for Am?,; = 0.5 eV?

|U,,1% < 0.126 at 90% C.L.
|U,|% <0.268 at 90% C.L.

G. S. Davies (Indiana U.), NOVA




CVN P

This analysis uses same event

classifier as the v, analysis S
o First implementation of a CNN in a 70
HEP result

. . . 60
“Constraints on Oscillation Parameters

from v, Appearance and v, Disappearance s
in NOvA” = [
P. Adamson et al., PRL 118, 231801 (2017) &% f,

30

Calibrated hit maps are inputs to T

Convolutional Visual Network
(CVN)

Series of image processing
transformations applied to extract
abstract features

Extracted features used as inputs
to a conventional neural network
to classify the event

TN
N

1
L

Effectively increases our exposure
by 30% compared to traditional ID
methods

~ FEATURE MAPS
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Cosmic ray rejection J

¢ FD is on the surface; exposed to 150 kHz of cosmic rays
** 10 ps spill window at ~ 1 Hz gives 10° rejection

¢ Cosmic background rate measured from data adjacent in time to the beam spill
window

1000 2000 3000 550 ps exposure of FD

G. S. Davies (Indiana U.), NOVA 63



Cosmic ray rejection
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Extrapolation PO

*** We use the measured ND energy spectrum to predict the unoscillated FD spectrum

FDMC

F DPredicted — WNDData

FD reco. E. vs. true E. matrix FD/ND ratio equivalent to
Maps the FD reconstructed energy spectrum reweighting reco. E vs. true E. matrix with
to an estimate for true neutrino energy ND,,../NDy,. reconstructed energy

NOvVA Simulation

NOVA Slmulatlon

T T ‘
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Apply oscillation weights and unfold reco. E. vs. true E. matrix back to reconstructed energy
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Extrapolation PO

*** We use the measured ND energy spectrum to predict the unoscillated FD spectrum

FDMC

F DPredicted — NDMC — NDData

Original ND NC component

All flavours decomposed proportionally Final FD reconstructed energy spectrum
NOVA Slmulatlon NOVA Slmulatlon
B — | | | —|— ND NC Component ] 15 ; —|— FD NC Componenl ]
40 L — B -
> B e 1 B ‘\‘ |
(O] B ] 2 - i
30— — U] B B
o B —_ b wn 10 —
o I~ n C\.I - |
° r i S i
% 20 B = —:‘5 i + i
o f § :E_,’ s ]
A —— % % i 4
Calorimetric Energy (GeV) Calorimetric Energy (GeV)
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What is a sterile neutrino? O

*» A sterile neutrino is a lepton with no Standard Model charges; no SM interactions

+* We know the Z boson decays into three light neutrinos
N, =2.984 +0.008
< “light” means below % Z mass Am2,, + Am2,, + Am?,,= 0

E 2 v; [
:E 30 — ALEPH ff 2.42 x 1073 eV?
perem o
20 L OPAL * + 753 x 1075 eV/2
= v, T
" v, —— AT
/ . Am? g p > 0.2 V2 (>> Am?3, >> Am?y))

u | | L L L 1 L |
86 88 90 92 04 |
E_[GeV] Anomaly!

+» Sterile neutrinos can participate in oscillations with active flavours

— — —

O V u VS’ Ve VS’ VT VS ALEPH, DELPHI, L3, OPAL, and SLD Collaborations, and LEP Electroweak Working
Group, and SLD Electroweak Group, and SLD Heavy Flavour Group, Phys. Report:

427,257 (2006
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What did MiniBooNE say?

1L

+** Neutrinos and antineutrinos from an accelerator seem to appear

+¢» Data consistent with antineutrino oscillations for 0.01 < Am?< 1.0 eV?

+* Some overlap with the evidence for antineutrino oscillations from the LSND

Events/MeV

Events/MeV

L/E ~ 450 m/450 MeV ~ 1 eV?
25 . ; ; . . : —]
Neutrino ]
._}_ « Data (stat err.)

20 3 v, fromp™ ]
3 v, from K:' -
3 v, fromK i

15 ] 8 r° misid ]
CJA—Ny 1
[ dirt ]

1.0 [ other -
—— Constr. Syst. Error ]
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¥ Neutrino

ANOvA
K [ LsND 90% CL
i &= [LSND 99% CL ==+ ICARUS 90% CL
S ===~ KARMEN2 90% CL
- — 68%

[~ |
L Lt bl I AN L1 11l

10° 102

MiniBooNE Phys. Rev. Lett. 110, 161801 (2013)

10

sin’20

3 10" 1

sin®20

10 1072
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Searching for v, J©

= Short-baseline experiments (LSND, MInIBOONE) have experimental results which could be interpreted
as due to a new neutrino with a mass ~1 eV

= Hints of appearance of v, (v,) in v, (vu) beam
= LSND (1993-1998) observed a (~3.80) excess of v, = v,

= Gallium anomaly in solar neutrino experiment (SAGE, GALLEX) results
= Lower than expected cross-sections possibly due to large-mass sterile neutrino

= Null results from long-baseline appearance and disappearance searches

LSND, Phys. Rev. D64 112007 (2001) MlnlBooNE Phys Rev Lett 110 161801 (2013)
>
§ g s . Neutrino
o 175 ® Beam Excess g . oo Dot st ) ]
e E P,V e )n . -Xe:x:l& :
g 15 e == A 1.5 =:car;?sn:d '
B + Ca— Ny ]
] £ pev,e’n . ]
@ 71251 10 =:tl:er -
3 Zasd  other —— Constr. Syst. Error
E s . —
10 i Fitted v, o8
75} B o appearance

Antineutrino

+ Low energy .

Events/MeV
o

25 excess ;
0 . 04
: pT.__yt_ig s 3 s 2 a s e o b g g R g 02 4
04 06 08 1 12 14 T e T TR T ]
L/E, (meters/MeV) B (@)
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3+1 model analysis D

ANVOvA

% Assume there is an additional sterile neutrino (v,) and an (I
additional mass scale (Am?;,); 0,4, 0,4, 83, and CP phases 8,4, 8,4 A
Ve Usp Ugp Ug Ugy\ M £
Vil _ UILll UILl2 U‘13 Uu4 v, g  —
Ve UTl UTZ UT3 UT4 V3 y At
Vs Usl USZ US3 Us4 Vg V. E—

HV. BV, EHV: @V

1 —P(vy > vs) ® 1 —cos*0,,c05%03,5In220,,8in?Ay; — sin?03,5in%20,35inA3,

- A Sin8245in2624Sin26345in29235in22A31 — Amjzll‘
2 Aij =g
Vv, — V. at short baselines (reactor)
AW .
2 — cinr2 v, — Vv, at short/long baselines
Ue4 - Sln 614 " H
2 — 2 in2
U4l*=cos’0,,sin“0,,
2 2 — cin2 in2 = cin2
4 |Ugyl? |U,4]% =5in°0,5in%6,, = sin°20 ,
2 — 2 2 in2
|U,|%=cos?0,, cos?6,, sin“6,,
Vv, = V. at short baselines (LSND) v, = Vg at long baselines (NCs)
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What about disappearance? (P&

AOvA

“* MINOS+ results comparing MiniBooNE disappearance, IceCube, and Super-K
< Constraint on 6,,; measures mixing between v, and v

102 § ! I L | I I L L
- MINOS+ Preliminary
10 10.56x10*° POT MINOS
- 5.80x10*° POT MINOS+
& ’ - v, mode
:a; - MINOS & MINOS+
< - data 90% C.L.
10 .. MINOS & MINOS+ -s Moo
ol ; = data 95% C.L. =z
E ) E Super-K 90% C.L. .
< 10 s CDHS 90% C.L. Seeesia. =
103 ;_ CCFR80% C.L. —IceCube 80% C.L. e _;
= [ sciBooNE + MiniBooNE 90% C.L. ME
10—4 | | IIIIII| | | IIIIII| | | IIIIII| L1l
10 10° 10 10° 1

sin“(0,,)
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What about disappearance? O

107

= ] IIIIIII| ] IIIIIII| I T TTT | .I',,_ I TTITI 1 IIIII%

= 90% C.L. Allowed ? :

L [TILSND E - .

1() =—MiniBooNE ‘ =

= — MiniBooNE (v mn}de} 3

e E

<+ MINOS/Bugey/Daya Bay fg - .

combined (arxiv: 1607.01177) ® a) ]
10

EXCLUDED

e
* Tension between disappearance (t
results and allowed regions in 8,

Lol A aadsl

. 1072 =
from LSND and MiniBooNE =
| 90% C.L. Excluded
10° E—_NOMAD E
= - KARMEN2 ]

—MINOS and Daya Bay/Bugey-3

10_4 EERETTT AR ETIT BNt BN R Tt BN RN RRTI
10° 10° 10* 102 102 107 1
sinﬁze”ﬁ = 4IUE4I2IUH4I2
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What about disappearance? O

Electron antineutrino MINOS-Daya Bay-Bugey IceCube expect a resonant
disappearance limits on  exclude parameter space matter effect in the

0,, by reactor neutrino allowed by LSND and disappearance of
experiments such as Daya MiniBooNE for: atmospheric anti-numu

Bay and RENO . .
Am?,, <0.8eV2at95% C.L  No evidence; strong limits

No evidence for steriles on 6,,
MINOS+ 3x more data to

analyse; consistent with null
R‘E‘I\|‘(‘)‘,ml‘\|e‘ut‘r_i‘r]9‘201‘6lw e MINOS+ Neutrlno 2016

10

IceCube, Neutrino 2016

Nﬁ
% .l B E 90% C. |_ Allnwed :
=10 3 [ CJLSND
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= = 1 ~ .
- — ~ 10 E ~ o i
L _ = = <t :
E S :
L 14 < I
1051 | 102 10071 ; i
- o ] - 90% C.L. Excluded — TceCube 90% CL
[ — RENO95% C.L. (Fixed sin"20,,) ] 0_3 | — NOMAD 90% CL sensitivity Im v
- ——— RENO 95% C.L. (Varying sin26,,) ] 1 E - :ﬂAHgSENQ Dava Bav/B (68% f‘nd 95%) ,% o)
— A - — MINOS and Daya Bay/Bugey-3 Kopp et al. (2013) gl E
Bugey 90% C.L. (40m/15m) MINOS+ \'e Appearance Data m== Collin et al. (2016) 2 &
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ANVOvA

Fermilab SBL program D

Fermilab Short-Baseline Neutrino program
LAr1-ND + MicroBooNE + ICARUS T600

1 02 =
= £ T600, 6.6e+20 POT (600m)
B ~~  MicroBooNE, 1.32e+21 POT (470m)
i T LAr1-ND, 6.6e+20 POT (100m)
ok y 3
= v mode, CC Events
- Reconstructed Energy
— B 80% v, Efficiency
¢‘~:l> i Stat., X-Sec., Flux, Cosmics, Dirt
v, Only Fit
S
o = —90% CL
= C —30 CL
< . ---50 CL
10" mmLsnD o cL
T[] LSND 98% CL
C # LSND Best Fit
L + Global Best Fit {arXiv:1303.3011)
| %ssc Global Fit 90% CL {arXiv:1303.3011)
+ Global Best Fit {arXiv:1308.5288)
B Global Fit 90% CL {arXiv:1308.5288)
10—2 ] IIIIIII| | IIIIIII| | IIIIIII| 11 1 {1111
107 107° 102 10" 1

2
Sin“2 0,
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What about disappearance? D

< Super-K exclusion in [U4|% [Ugy|?
parameter space

Super-K: Phys. Rev. D 91, 052019

|U,,1? < 0.041 for Am?;, > 0.1 eV? 1—
|U,|2<0.18 for Am?,, > 0.1 eV? i
** Super-K only experiment with 0'8-_
measurement on |U_,|? directly I
comparable to NOVA o 0.6F
=
** Note also there are unresolved =" -
discrepancies in short-baseline  — 0 4__
reactor experiments and gallium- T F
based radiochemical experiments L
0.255
924 034 ‘ U,u,él ‘ - ‘ UT4 ‘ g i
NOvA 20.8° 31.2° 0.126 0.268 -
MINOS 7.3° 26.6° 0.016 0.20 0 I N Bl [ B NN
SuperK 11.7° 25.1° 0.041 0.18 {0° 1072 101 1
IceCube 4.1° - 0.006 - U |2

IceCube-DeepCore 19.4° 22.8° 0.11 0.15
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Searching for v, in NOVA IS,

= NC interactions unaffected by 3-flavour oscillations but mixing between active and
sterile neutrinos reduces the rate of NC events
o NCrate is the same for all 3 active flavours
= Compare number of Neutral Current events between Near and Far Detectors
o Select high statistics ND sample to predict expected rate at the FD

o Select FD events to search for reduced rate due to sterile oscillations

= Null result would allow NOVA to set limits on sterile mixing angles and further
increase the exclusion region

NOVA Simulation
—

T | T
—— 3 Flavor Pradiction

— 4 Flavor Prediction

15

= [ 6.05 x 107 POT-equiv. Search for a depletion of NC
o} B am, = 2.44x10° eV°, 0, = 8.5°, 6, = 45°
2 1of AE, = 0.5 V2, B, = 107, B, 35° events at the Far Detector
8 L ]
a [ ] .. :
= | il This is a rate-only analysis
> 5(— ]
m | —
- — ]
00_ ) ! ] ! ! ! ] ! ! ! :I3 j

1 2
Calorimetric Energy (GeV)
NC disappearance relative to 3-flavour predictions is model independent
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NC selected events in FD
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