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Neutrino oscillations
The NOvVA experiment
v, disappearance

symmetries in neutrino mixing

Ve appearance

neutrino mass ordering
CP-violation

Future



Neutrinos are everywhere

_ Atmospheric

FACT: about 65 million neutrinos pass

e through your thumbnail every second.
|
|

nova > Secgnd .most abgndant
particle in the universe

» But we know almost
nothing about them

» Only interact via the
weak force

» Need powerful sources

and huge detectors
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TeV

Neutrinos are unigue

GeV]
» Far lighter than the quarks and charged leptons

» May get their masses by a different mechanism %

2 15
Mgw/m, ~ 10> GeV ~ mgyr —

» Very different mixing structure to quarks -

Quarks Neutrinos
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Neutrino flavour mixing

» Neutrinos mix, just like the quarks
o) =2 Vs
i=1,2,3 a=euT

» PMNS matrix. ~CKM matrix for leptons
» Unlike the quarks, mixings are large
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Neutrino oscillations




Neutrino oscillations




Neutrino oscillations

([v1) + v2)) ma > my



Neutrino oscillations
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Neutrino oscillations
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Oscillation structure

Osc. to unosc Events/0.1 GeV
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Current world knowledge
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Current world knowledge

1 0 0 C1i3 0 81397'.5 Cio2 Si2 O
== 0 3 So3 0 _ l 0 —S12 Cci2 O
0 —Sp3 Co3 —5136 0 o¢43 0 =

O3 ~ 45° 013 ~ 8.5° 012 ~ 33°
Am3, ~ £25 x 1073eV? Am3, ~ 7.5 x 105eV
dcp =7

mv. V. . V.
o 1Am:

T> mv, V, I
>0 mv »n

2z

o
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Open neutrino questions

v

v

v

v

v

Dirac or Majorana?

» |Is 7 just a right-handed v?

Absolute masses

Ordering of the mass states

CP-violation?

» Do v and 7 oscillations differ?
Random mixing parameters, or

patterns?

|V
V.
mV:

2
mass-

V; I V., I

vV,

A,
Az,

V, I
|Am?
V, I V; I

Normal Hierarchy Inverted Hierarchy



What do we need?

» Requirements for neutrino oscillation experiment
High power neutrino source

Large detector

Good resolution of signal from background
Good control of systematic uncertainties

vV vy vy
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What do we need?

» Requirements for neutrino oscillation experiment
High power neutrino source

Large detector

Good resolution of signal from background
Good control of systematic uncertainties

vV vyVvyy

» For mass ordering and CP-violation
» Both disappearance (v, — v,,) and appearance (v, — v¢) modes
» Long baseline
» Ability to study neutrinos and antineutrinos

49



The NOVA collaboratin

47 institutions, 7 countries, over 200 collaborators

Argonne, Atlantico, Austin, Banaras Hindu, Caltech, CUSAT, Czech Academy of Sciences, Charles, Cincinnati, Colorado State,

Czech Technical University, Dallas, Delhi, Dubna, Fermilab, Goias, [IT-Guwahati, Harvard, Houston, IIT-Hyderabad, Hyderabad,
lllinois Instute of Technology, Indiana, lowa State, Irvine, Jammu, Lebedev, Michigan State, Minnesota-Twin Cities,
Minnesota-Duluth, INR Moscow, NISR, Panjab, Pittsburg, South Alabama, SDMT, South Carolina, SMU, Stanford, Sussex,

Tennessee, Tufts, UCL, Virginia, Wichita State, William and Mary, Winona State.
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NOvVA 10,000ft view

» v, beam from Fermilab, IL
» Detector 810km away in MN

» Smaller detector onsite to
measure flux before

oscillations
> VH — V# | 4 V# — IJH
| 4 VN — l/e » 17# — Ije

2 Milwaukee

» Precision measurements of

g - ol N
|Amg,| and 023 A long-baseline neutrino\__ |
» Determine the mass hierarchy EEELERERE LI i ‘

situated 14 mrad off Critaoon

» Search for sindgp # 0 the NuMI beam axis
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Making neutrinos sn Rock

Horns Decay pipe stop
/ M
Protons ——S/"1 i I
rom MI =ty ——— | Gl
Hadron !

monitor Muon monitors

» 120 GeV protons from Main Injector

» Strike graphite target

» Allow us to select charge sign for a

Fermilab Accelerator Complex

» Produce mainly 7+ and K+
» Focused by two magnetic horns
neutrino or antineutrino beam

» 675m decay-pipe: 7" — ut + 1,
» Muons absorbed by rock
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NuMI performance

» World’s highest power neutrino beam
» 700kW design power since June 2016, ~ 4 x 10'3 protons / pulse

=

LI

16

AR RARNRARNRARE AN AR RN AR

Protons per week ( x 10"%)
3

Total Protons ( X 10°°)

8
6
4
2

0 ”
2005/05/02  2006/12/01  2008/07/02

.

0
2010/01/31  2011/09/01  2013/04/02  2014/11/01  2016/06/01  2018/01/01
Date

» These results use data from Feb 6 2014 to Feb 20 2017
» Beam power ramping up, detector under construction at start
» 8.85 x 1020 POT equivalent, about 1.5 years of nominal running
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To 1. APD pixel

Detector technology

Extruded PVC cells filled with
10.2M liters of scintillator
instrumented with
wavelength-shifting fibre and
APDs

AP

» 64% liquid scintillator by mass

» 4x6¢cm resolution, two views for 3D reco.

» 344,000 channels in 14 kton FD, on surface
» 300 ton ND, underground at FNAL
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Assembly







Near Detector




Event topologies

» Very good granularity, especially considering scale
» Xp = 38cm (6 cell depths, 10 cell widths)
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Event topologies

» Very good granularity, especially considering scale
» Xp = 38cm (6 cell depths, 10 cell widths)
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FD neutrinos
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FD neutrinos
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FD neutrinos
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NOvA-Simulation

What's new?

Flux Uncertainty

\Y

—— 2016 Analysis
u — 2017 Analysis

50% additional data

Data-driven flux estimates

from MINERVA

Retuned cross-section model ‘ , s ‘
. . Neutrino Energy (GeV)

Detector sim. improvements NOVA Simulation

(Eres : 7% - 9%) g ngthDdE‘ls' Nmmal\zedluer:lmumIumza(inn ‘ ]

Using computer vision \

classifier for all analyses

Analysis improvements

» Resolution binning for v,
» “Peripheral” sample for ve

v

v

Fractional Shifts
o
» A

v

v

—— 2016 Birks-Chou Mode!

v

—— 2017 Birks Model + Cherenkov Light

10

v

Proton KE
90 MeV

Photons/cm

10" 1 10 107 10°

' Phys. Rev. D94 (2016) 092005
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Nuclear correlation

S 10°

1. Leptonic model ; LT ‘ —‘GEM‘E QE (‘+HPA‘) -
(Dytman.model) ) r Empirical MEC ]
Ve r — Valencia MEC 7:
[ —— GENIE RES ]
™ 3
2 0 7]
S N ]
Q n ]
w rl ]
\ A .S P i E
2. Hadronic model S S I ]
(Nucleon cluster model) ) 1 B e = i L
g 3. FSI model 0 0204 0608 1 12 14 16 18 2

‘ (hA model) True g, (GeV)

» ND data reveals some data/MC disagreement in E; g4 spectrum
» Inter-nucleon correlations a hot topic in neutrino xsecs currently
» Evidence for extra “MEC” component from NOvA, MINERVA, etc

» We pick the model that best matches our data, but allow a lot of
freedom in the shape of the energy transfer distribution
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Nuclear correlations

1. Leptonic model ¢ \ F T N
(Dytman model) | L Near Detector ]
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= I All MEC uncertainties ]|
e o] C i
& ) 2 6o00[— —
ool ]
& ]
5 4000— —
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' - ™ 2000~ —
NS < N 3
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» ND data reveals some data/MC disagreement in E; g4 spectrum
» Inter-nucleon correlations a hot topic in neutrino xsecs currently
» Evidence for extra “MEC” component from NOvA, MINERVA, etc

» We pick the model that best matches our data, but allow a lot of
freedom in the shape of the energy transfer distribution
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Nuclear correlations

R

1. Leptonic model @ \ i All'v,, CC candidates ' Near Detector ]
(Dytman model) | [ —— True MEC only All MEC uncertainties
150— ]
e~ B
NG ]
ONF ]
© 100~ ]
s [ ]
E L a
e L ]
u>_’ 50 j ]
X o 1oF E
2. Hadronic model ~ = 3 D‘B:t 4
(Nucleon cluster model) osk= T 5 3 ¥
3. FSI model Reco E, (GeV)
“w® (hA model)

» ND data reveals some data/MC disagreement in E; g4 spectrum
» Inter-nucleon correlations a hot topic in neutrino xsecs currently
» Evidence for extra “MEC” component from NOvA, MINERVA, etc

» We pick the model that best matches our data, but allow a lot of
freedom in the shape of the energy transfer distribution
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Principle of the v, measuremer}t
4

» Separate v, CC interactions from backgrounds
» Long muon track with distinctive dE/dx easy to spot

» Extrapolate observed ND spectrum to make FD unosc. prediction
» Measure shape of v, deficit in the FD

24/49



i
P

Principle of the v, measurement
%

» Separate v, CC interactions from backgrounds ~_
» Long muon track with distinctive dE /dx easy to spot

» Extrapolate observed ND spectrum to make FD unosc. prediction
» Measure shape of v, deficit in the FD

» Two flavor approx. works well here o

- . 2 . 2 AmgzL
» P, ~1—sin®20z3sin (T

> 03 ~ 45° — almost all v, expected to
disappear at oscillation max.

2 3
Neutrino energy (GeV)
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Mixing patterns

V; I

Only a small fraction of v in |v3) (sin? 2613)
The remainder is split ~ 50/50 v/, (Sin® 63)
Accident? Or a sign of underlying structure?

v

v

v

v

Is 023 exactly 45°?
If not, is it. ..

» < 45° (Jvs) more v, like the quarks)
» > 45° (|vz) more v, unlike quarks)

v
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Events

Selectin

10

vyYyy

vy

v

—— Simulated Background
—4— Data

[ Shape-only 1-c syst. range
ND area norm., 8.09 x 10°° POT

T
—_— S\mula(ed Se\ecled Events

|

0.2 0.4 06
CVN NuMu score

Selecting v, CC relatively easy —

Also have to reject cosmic rays, use containment, dir. and size
Factor 10° from 10us spill window vs 1Hz beam, 107 from cuts

08

Efficiency

g muon neutrlnos

NOVA Preliminary

4
®

o
>

o
FS

o
[}

— 2017 analysis
""" 2016 analysis E

1 2 3 4
True Neutrino Energy (GeV)

long 1 track, characteristic dE/dx
Occasionally a 7+ from an NC event can be confused
Use same convolutional neural network (“CVN”) as for v, selection

93% pure FD v,, CC sample, 11% higher efficiency than prev. sel.
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v, energy estimation

Estimate energy of selected events to trace out osc. structure
Known muon dE/dx — E,, = f(Lyk) ~ K x Ly

Hadronic part of the event estimated calorimetrically

E, = f(Luk) + Enad

vV v vy
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v, energy estimation

NOvVA Preliminary

= NOvVA Preliminary o
10 T T T 16 T T

L —— Simulated Selected Events ] L —— Simulated Selected Events |

L —— Simulated Background ] [ —— Simulated Background ]

0.3 —+— Data — - —4— Data -

+ [_J Shape-only 1-G syst. range g 0.15— [ Shape-only 1-c syst. range  —|

r ND area norm., 8.09 x 10°° POT 1 r S ND area norm., 8.09 x 10% POT ]

@ L 1 o [ Cad ]
c o~ 7] S o1 ]
> > F B
w 1 + w [ ]
01 ] 0.05/— —

I I L
0 0.5

1 1.5 2 1 2 3 1
Hadronic Energy (GeV) Reconstructed Muon Energy (GeV)

(30%) (3%)
» Good data/MC agreement for muon neutrino selected events
» Hadronic scale uncertainty 5%
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v, energy estimation

NOvA Preliminary

10 T T
n —— Simulated Selected Events |
0.2~ —— Simulated Background -
L —4— Data 1
N [ Shape-only 1-c syst. range |
o, ND area norm., 8.09 x 10° POT
5 015~ e
s k ]
~ F ]
@ 01 .
c F ]
[ F 4
> L ]
w r ]
0.05[— -
. I I L |

Reconstructed Neulrinannergy (G‘;V)
(9%)
» Good data/MC agreement for muon neutrino selected events
» Hadronic scale uncertainty 5%
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v oegl

T

tion bins

x10°
T ——

Quantile 4

Ehad./ Ev

Quantile 3

Quantile 2

Quantile 1

2 3 4 5 0
Reconstructed Neutrino Energy (GeV)

» Bin into 4 equal quantiles by hadronic energy fraction
» Energy resolution varies from ~ 6% to ~ 12% between bins
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vy, resolution bins

NOvVA Preliminary NOVA Preliminary
S———— 6]
[ NOvA Normal Hierarchy X ] NOVA Normal Hierarchy X 1
[ 8.85x10% POT-equiv. — Previous best fit 7 8.85x10%° POT-equiv — Previous best fit B
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N . ---- Max. mix. pred. E e Max. mix. pred. -
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(o=l 3 Gt 1
% L ] % 3f 3
€ oL J c r ]
o L 1 o b ]
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wot 1 wor ]
1 - F 1
L L I I L ] L L I I I 4
1 2 3 1 1 2 3 3

Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
NOVA Preliminary NOVA Preliminary
F T T T T B T T T T |
- NOvA Normal Hierarchy ) o [ NOvA Normal Hierarchy |
4 8.85x10% POT-equiv. — Previous best fit_] F 8.85x10% POT-equiv. — Previous best fit
r ) [J1-0'syst. range | [J1-0 syst. range o
L === Max. mix. pred. r [ Max. mix. pred.
> F ) - Background T > [ Quantile 4 -----Background
© 3 Quantile 3 N Q© 41~ worst resolution 3
O r 1 O r ]
= [ ] < T 1
S E (S -
8 2 5 2t ]
f= F H c F 4
[ L 4 3 r B
> S oL |
wor ] w ]
1 b F ]
[ ] - 3
L e S I I 1 E - 3

1 2 B 73 1 2 3 3
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
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Extrapolation procedure

» Translate ND observations to true energy

» Transport to far detector and oscillate

» Smear back to reco energy

» Cosmics prediction from out-of-time data

ND Events

Taet T

— ND Data

2.74x10™ FD POT-equiv.

True Energy (GeV)

— Base Simulation 1.66x10™ ND POT
\ — Data-Driven Prediction /’
T T
SR NE IS RuE i
=]
n n n n o aot] PR n n n n
gy e " & K TP S
ND Estimated Endrgy (GeV) ND EventuGoV FIN Raio [ FD Eventa/GeV FD Eatimited Enrgy (GeV)

' 5 L
True Energy (GeV)

FD Evonts

No Extrap. - all systs.

o B B
25 A

20—

o
T

Events

o

Reconstructed Neutrino Energy (GeV)
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Extrapolation procedure

» Translate ND observations to true energy

» Transport to far detector and oscillate

» Smear back to reco energy

» Cosmics prediction from out-of-time data

ND Events

Taet T

— ND Data

2.74x10™ FD POT-equiv.

True Energy (GeV)

— Base Simulation 1.66x10™ ND POT
\ — Data-Driven Prediction /’
T T
SR NE IS RuE i
=]
n n n n o aot] PR n n n n
gy e " & K TP S
ND Estimated Endrgy (GeV) ND EventuGoV FIN Raio [ FD Eventa/GeV FD Eatimited Enrgy (GeV)

' 5 L
True Energy (GeV)

FD Evonts

Full Extrap. - all systs.

o B B
25 A

20—

o
T

Events

o

Reconstructed Neutrino Energy (GeV)
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vy, Systematics

Abs. Calibration _ Abs. Calibration —
Rel. Calibration | _ | cross sections | — N
Cross Sections | _ | Normalization| - N
Value of 5., | ] Abs. E, Scale | |
Normalization B — N Rel. Calibration B - N
Abs. E, Scale | — | Neutrino Flux | ! ]
Scintilation Model | ] "] Rel.E,Scale| i N
Neutrino Flux B . 7Scintillation Model B ' N
Rel. E, Scale 1 Value of 8, |
Total syst. error I Total syst. error |
Statistical eror | S I | Statistical error | E I |
005 o 5005, 50 o 50
Uncertainty on Am3, (x10™ eV*) Uncertainty on sin“e,, (x107)

» Evaluate systematics by replacing nominal MC by shifted versions
» Hard work here means we’re still stats limited
» Calibration and cross-section (MEC) systematics largest
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v, disappearance results

NOVA Preliminary

T T
12 [ NOvA Normal Hierarchy

[ 20 . —+-Data ]
[ 8.85x10” POT-equiv. — Prediction ]
10 []1-0 syst. range |
> r -----Beam bkg. i
o | All Quantiles Cosmic bkg. -
G 8 1
<] [ ]
2 e B
c L ]
e | ]
w4 l B
2 ]

’ P T R
0 5

1 2 3 4
Reconstructed Neutrino Energy (GeV)
» Expect 763 FD v, CC events
with no oscillation

» Observe 126 (inc. 3.4 beam
bkg. and 5.8 cosmic)
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v, disappearance results

NOVA Preliminary
T T

[ NOvA Normal Hierarchy

[ 8.85x10° POT-equiv. ]

A AnQuanties L. ]

L 4
~+4-Data

L 1

L — Prediction —

1 2 3 4
Reconstructed Neutrino Energy (GeV)

Ratio to no oscillation

» Expect 763 FD v, CC events
with no oscillation

» Observe 126 (inc. 3.4 beam
bkg. and 5.8 cosmic)
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v, disappearance results

NOVA Preliminary

Ratio to no oscillation

NOVA Preliminary
T T

1. T T

NOvA Normal Hierarchy
8.85x10” POT-equiv.

All Quantiles

~+-Data

|

— Prediction

1 2 3 4
Reconstructed Neutrino Energy (GeV)

» Expect 763 FD v, CC events

with no oscillation

» Observe 126 (inc. 3.4 beam

bkg. and 5.8 cosmic)

Am3, = (2.44+0.08) x 10~3eV? (NH)
0.48+

Sin2 O3

0.567"

T
< 2.6 .
> L
() L
ol L
S 24 .
~ L
a8
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< oo |
| @1lc [J20 [J30 -« BestFit N
L L L
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2.4 —
>
)
@
o
— -2.6~ 1
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< -28- -
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Il Il Il
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0.04
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v, disappearance results

NOVA Preliminary
T T

1. T T

NOVA Normal Hierarchy
8.85x10” POT-equiv.

Ratio to no oscillation

Joint analysis

| NOVA Preliminary

| A Quantles _____________ b o - r - - .
4+ Data B 3.2 Normal Hierarchy 90% C.L. —

Predicti B F —— NOVA 8.85x10%° POT-equiv. ]

— Pri n — - B

edietio 3l s T2K 2016 4

| < F e MINOS 2014 ]

0.5, — X L ]
4 B 28] -

4 @ L ]

= r J

) 2 26l g

4 < “°F 3

~8 [ ]

T 2 — 3 7 g 24 .
Reconstructed Neutrino Energy (GeV) L B

221 e

0.

3

» Expect 763 FD v, CC events 7 o4 %% os
with no oscillation

» Observe 126 (inc. 3.4 beam
bkg. and 5.8 cosmic)

Am3, = (2.44+0.08) x 10~3eV? (NH)
sinffp3 = 0.5673% or 048700
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Changes from previous result

NOvVA Preliminary
—_—
12|~ NOVA Normal Hierarchy
[ 8.85x10% POT-equiv. ~+-Data
F — Prediction

o [C]1-c syst. range
2 All Quantiles ---+ Previous best fit ]
O s ----Background |
s I 1
@ 6 1
c [ ]
g ]
w4 —
of 4
1 2 3 4
Reconstructed Neutrino Energy (GeV)
NOVA Preliminary
b " 'NOVANormal Herarchy |||
8.85x10%° POT-equiv.
68% C.L.
3 — s0%CL

99% C.L.
PRL.118.151802

(10° eV?)
P

26 -
E ]
J 24 1
22 Best fit ]
32 Joint analysis ]
* (0.56, 2.45x10°eV") ) ) 1

0.4 0.6 0.7
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Changes from previous result

NOvA Prellmmary

12 NOVA Normal H\erarchy ‘ ‘ 4 Dat ;
L X' 20 ata 4 H H
[ 885x107 POT-oquiv. T oeacion ] » New simulation
101 []1-c syst. range
> | Al Quanties P ot ] » Some effect from decreased Ees
2o + Background » (70 MeV) shift in energies —
o F 4
2 o B expect (observe) 0.5 (3) events
2 ] migrating out of dip region
e B NOvA Prellmlnary
r ] - ‘ -
E § i 1o Hadronlc Energy i
1 2 3 4 = g Scale Uncertainty -
Reconstructed Neutrino Energy (GeV) [ L ]
NOVA Prellmlnary i i ]
2o ey 1 8 % ]
n 68% C.L. 1 £ o i
3 — 90% C.L. — o - h
— [ —— 99% C.L. 1 L g —|
%} 28; ----- PRL.118.151802 i ; - B
o F k ] s | ]
2, B o 1
=~ 2 7 a2
o8 F b - ]
22} Best fit { 0 51‘0 J“'—’ 6 5‘ . 1‘0
E - 056, 24500%0) ‘ ‘ Joint analysis J Fractional Change in Reconstructed Hadronic Energy (%)
04 05, 0.6 0.7
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Changes from previous result

NOvA Prellmmary

12 [ NOVA Normal H\erarchy

[ 8.85x10% POT-equiv. ~+-Data
— Prediction

» New simulation

T e PRL.118.151802

(10° eV?)
N
5

2

>
)

2
32

oL s ++#+H++HH b

-10
Fractional Change in Reconstructed Neutnno Energy (%)

Am:
~
N

10} []1-0 syst. range |
> alauantios e ] » Some effect _fro_m decre_ased Eres
= -~ Background | » (70 MeV) shift in energies —
§ of- E expect (observe) 0.5 (3) events
2 ] migrating out of dip region
27 7 | NOvA Prellmlnary
L § E o Neutrlno Energy E
1 2 3 4 > B Scale Uncertainty -
Reconstructed Neutrino Energy (GeV) [ o b
NOVA Prehmlnary i 20 =
a2 ey g8 | ]
68% C.L. = 15 ]
3 — 90%C.L kel r ]
— 9% C.L. % F b
o - .
0 10p ]
2] r ]
2 r i
= [ 4
gt ]
w r 3

2

Ny

Best fit
* (0.56, 2.4‘15x10'39V1)
04 05, 0.6

Joint analysis

o
3
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Changes from previous result

Events/0.1 GeV

8: All Quantiles

NOvA Prellmmary

[ NOVA Normal H\erarchy

[ 8.85x10% POT-equiv. ~+-Data
L — Prediction

[]1-c syst. range
===+ Previous best fit
----- Background

o ]
4 ]
o+ .
1 2 3 4
Reconstructed Neutrino Energy (GeV)
NOVA Prellmlnary
300 "NOVA Norial H\eravchy ! |
8.85x10%° POT-equiv.
C — 68% C.L. 1
3 — 90% C.L. —
n — 99% C.L. 1
Tl e PRL.118.151802
2.8~
26— —
24— —
221 pest fit ]
F - Joint analysis
[ * (056, 2.45x10%V") | ) ]
04 05, 0.6 0.7

» New simulation
» Some effect from decreased Eies
» (70 MeV) shift in energies —
expect (observe) 0.5 (3) events
migrating out of dip region

» New selection and analysis
» 5% of mock experiments have a
larger change, mostly driven by
low selection overlap (especially
cosmics)
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Changes from previous result

Events/0.1 GeV

8: All Quantiles

NOvA Prellmmary

[ NOVA Normal H\erarchy

[ 8.85x10% POT-equiv. ~+-Data
L — Prediction

[]1-c syst. range
===+ Previous best fit
----- Background

1 2 3 4
Reconstructed Neutrino Energy (GeV)

NOVA Prellmlnary
T

'NOVA Normal Hierarchy |

8.85x10%° POT-equiv.

C —— 68% C.L. |

F —— 90% C.L. -

r — 99% C.L. ]
Tl e PRL.118.151802

[ Best fit
[ (056, 2.45x10 JeVv?)

0.4 0.5, 0.6 0.7

» New simulation
» Some effect from decreased Ejes
» (70 MeV) shift in energies —
expect (observe) 0.5 (3) events
migrating out of dip region

» New selection and analysis

» 5% of mock experiments have a
larger change, mostly driven by
low selection overlap (especially
cosmics)

» New data

» New 2.8 x 10%° POT of data
prefers maximal mixing
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Events / 0.25 GeV

- ; ‘ . 0.25F : :
250 T s predion i 2‘°¥A,6é°fj1f;1"?,1‘eq“”
é = e 02 0, a5 0, NOMEBECL
20— [ Cosmic Background [ Am;,=0.5eV —SK90% C.L.* ]
E o 0151 — IceCube-DC 90% C.L. *]
15 >° PRD 91, 052019 (2015) * ]
F E = 041 PRD 95, 112002 (2017) **
10 . .
- _I. ] 0.05 N\ e g
5 1 L =
g : o5 ‘ :
0 0 0.1 0.2 0.3 0.4
0 1 i 2 3 4 |U |2
Calorimetric Energy (GeV) 4
v, E——
» Are all the disappearing v, going to ve or v, ?
» Might some fraction be oscillating to a a 4th, — Ay
sterile, state? &
. 2 v; —
» Would expect a depletion of NC events at FD |
Am?,,
» Expect 83.5 + 9.7(stat) + 9.4(syst) see 95 v, ——

» Set limits on U,,4 and U4

Phys. Rev. D 96, 072006 (2017)

Vv, I
HYV. BV. BHV: @V
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Principle of the v¢ measurement

» Separate v CC interactions from beam backgrounds
» Harder problem than v,, CC selection

» Evaluate remaining backgrounds in ND

» Intrinsic beam v,
» Neutral currents
» v, CC — mostly oscillates away

» An excess in the FD is the sign of v, — v, oscillations

36/49



Principle of the v¢ measuremegt

» Separate v CC interactions from beam backgrounds
» Harder problem than v,, CC selection

v

Evaluate remaining backgrounds in ND

» Intrinsic beam v,
» Neutral currents
» v, CC — mostly oscillates away

» An excess in the FD is the sign of v, — v, oscillations
2
e ~ sin? 2043 sin® 3 sin® (ATEPL) + f(sign(Ams3,)) + f(5cp)
613 only 8.5° degrees, most v, go to v, instead
Sensitive to mass ordering (“hierarchy”), écp and 6-3 octant

P

n

v

v

v
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Why hierarchy?

» |s the electron-like state lightest?

» i.e. Does the pattern of the masses match the charged leptons?

I m,, | ineV

107 |

90% CL (1 dof)

10 —
104 103 102

0! N 1
lightest neutrino mass in eV

» Are neutrinos Majorana particles (v = v)?

» Observation of Ov3 would be proof they are

» Impact of IH determination: lack of Ov 33 implies Dirac nature
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Matter effects

Ve 6

\/

|
W
|
|

» Electrons in the Earth drag on the “electron” neutrino states
» Sign of the effect opposite for antineutrinos and for NH/IH

mV. V; I vy
Amg,
|V, v, Jam
mY: »
é Am
Ani,
V2
1Am}
| V; I
Normal Hierarchy Inverted Hierarchy
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Neutrino/antineutrino symmetry

» Does P(v, — ve) = P(7, — Te)?
» Insight into fundamental symmetries of the lepton sector
» “CP violation” — described by oscillation parameter dcp

» Why is the universe not equal
parts matter and antimatter?

» Need ppb early universe asymm.
» Existing CP-violation insufficient

» “Leptogenesis™ generate v/v
imbalance, transfer to baryons

» Require neutrino appearance experiment to discover
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Principle of the v measurement

» To first order, NOVA
measures P(v, — ve)
and P(7, — ve)
evaluated at 2GeV

» These depend
differently on
sign(Am3,) and d¢p

0.02

|l —— Inverted Hierarchy
I —— Normal Hierarchy

0.04

0.02 0.04 0.06 0.08 0.1

ue
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Principle of the v measurement

» To first order, NOVA
measures P(v, — ve)
and P(7, — ve)
evaluated at 2GeV

» These depend
differently on
sign(Am3,) and d¢p

» Ultimately constrain to
some region of this
space

0.02

0.04

— Inverted Hierarchy 18;10‘20 |l.>ol|- F‘H(‘: ‘
—— Normal Hierarchy  |+18x10%° POT RHC
—— NH §,=3n/2
----10

—20

n/2
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Principle of the v measurement

» To first order, NOVA
measures P(v, — ve)
and P(7, — ve)
evaluated at 2GeV

» These depend
differently on
sign(Am3,) and d¢p

» Ultimately constrain to
some region of this
space

» P also o sin® fag

0.02

0.06

0.04

—— Inverted Hierarchy
—— Normal Hierarchy
—— NH §,=3n/2
----1o

—20

T —
18x102°POlI'FHC
+18x10% POT RHC

ol v v My by b
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Peripheral sample

NOVA Preliminary > NOVA Simulation
0.7’7: . = . = a = 80— — Coré ! ‘NOVA FD —
Fe = o = ol = [ — Core+Peripheral b
— L i
Qo2 = = o o|la o @ r 1
O e o =8 = o|lo o o 3 . 60— —
S [ = o o8 al|le o o o N ) 1
B el = o o =8 o o o O3 > [ 7
.% “FCe 8 8 8 =8 o o o O 2 20l n
o ra = = o o o o o o -g [ ]
K<) [ = = o o = = = = o E L B
g) 04—« = -« & = = = = = wor 4
o r: Ml © = ]
03 } [ ]

L L L L

09 092 0.94 0.96 0.98 1 1 2 3 4

CVN True Visible Energy (GeV)

on |

Ve selection |
L 1

» Events that fail containment and cosrej
cuts given a second chance

» Require high CVN score plus specialized
cosmic rejection BDT

» Equivalent to 16% more exposure
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Sample composition

Events / 8.85 x 10%° POT-equiv

NOVA Preliminary

| LowPID Mid. PID High PID ]
—_ T T T
15— . [CR— O [EBeam Bkg with an Electron
S NS el2 | © [Beam Bkg with a x° (KE > 0.5 GeV)
mm NC © O % q >1 [ Beam Bkg without EM Activity
@ v, CcC & 7 [l Cosmic Bkg
r v, CC 7 o
10~ [V, CC — s
[ cosmic -
g 1 Q
L 1l o
s 4
] e
| €
o0
p o
0 (&) | 1 L I
1234 1234 1234 0 2 4 6 8
Reconstructed Neutrino Energy (GeV) Number of Bkg Events

» Break spectrum down into 3 PID bins (low to high purity)
» Plus additional peripheral sample
» Backgrounds predominantly have EM activity:

70 — ~~ or intrinsic beam v,
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Making FD bkg prediction

» Use ND data to predict three
FD background components
» Beamy, CC
» NC
» v, CC

0.5

Data/MC 10? Events / 8.09x10%° POT

Can separate statistically:

velv,, share common 7+ /K™ ancestors

win v, CGC events leaves decay electron
Beam ve 11%, NC 120%, v, CC 110%
Extrapolate 3 components for FD prediction

vV v.v. vy
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Event count expectations

P(v,—ve) | More Less

- S [novarD sin2261320.082:
Hle N!;I IH "% 80 }B,B;IXJ_OZO POT eq. sin2923=0.43—0.60i
Ops | >45° <45 o 60%
g 40\_/_\{
- o | 1
Slgna3I7rpred|<7:rt|on . T 20f S NH: AR, =42.44x10% V7]
NH " IH 5 for o3 = 45 |9 L | = IH; Am3,=-2.48 x10°eV?
48 20 +9% syst. % T m ET L
6CP 2
Background components
Totalbkg NC beamve v,CC v, CC cosmics
20.5 6.6 7.1 1.1 0.3 4.9 +10% syst.

Essentially independent of oscillation parameters
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ve Systematics

T
v Cross Sections v Cross Sections

Normalization Normalization

T
Calibration -

Calibration
- — - ! —
Beam Beam
- — - ' —
Detector Response Detector Response

Total syst. error Total syst. error

=T 0 10 20 30
Signal Uncertainty (%)

Statistical error Statistical error

!
20 30 -30 -20

30 20 10 0 10
Background Uncertainty (%)

» Dominated by statistics and then cross sections (MEC shape)
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Ve appearance results

NOVA Preliminary

NOVA Preliminary

—— Best Fit prediction
Total Background
["] Cosmic Background

[ LowpPD Mid. PID HighPID | = R =
20 ol 8 [ NOVA FD sm ?26,,=0.082 |
[ b 38 a%:j 80| 8.85x10%° POT eq. sin’0,,=0.43-0.60-]

L o

15

[
(=)

Total events
5
T
I SS
R I A A

10
—— Data (x1o0)
—— NH: Am2,=+2.44x10°eV?]
—— IH; Am3,=-2.48 x10°eV?
_l_ T 3n 2n
h Pe) 2
12 3 4 1234 12 4 CP
Reconstructed Neutrino Energy (GeV)

N
o

o

Events / 8.85 x 10°° POT-equiv
CO

NI

» Observe 66 events passing v, selection
» On 20.5 background
» Towards the higher end of expectations
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ve fit results

CP

» Joint fit from v, and ve spectra «

» Constrain 643 to reactor avg.
sin® 2615 = 0.082 + 0.005

BC P

NOVA Preliminary

T
1D Gauss. |
Mo
26

(J3c 1
(] Reactor
68%C

1D Gauss. ]
1o
|:|2 <]

Reactor 1
a8 68%C. L

0.1
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ve fit results

NOVA Preliminary
T

éFg 0J5||
» Joint fit from v, and ve spectra £ /!
0.4
» Constrain 643 to reactor avg. i
sin® 2615 = 0.082 + 0.005

» Prefer NH and (weakly)
dcp ~ 37/2
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ve fit results

NOVA Preliminary

» Joint fit from v, and v, spectra *Friove Fo’ Normal ]
. ~ [8.85x10~ POT equiv. hierarchy ]
» Constrain 613 to reactoravg. & 4 _inverted |
sin® 2615 = 0.082 + 0.005 S 4 hierarchy 1
@ C
» Prefer NH and (weakly) £ of
oy r
~Y (@)] L
dcp ~ 3m/2 2 E
. % I Tt 3m 2n
» IH disfavoured at 2o level 2 3cp 2
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NOVA future sensitivity

Normal 8.,=3n/2, sin
Am?,=2.45x10%eV?, sin’26,=0.082

E NOVA joint ve+v,

— ‘ =il R [ +---- Hierarchy
‘NovarD sin?26,,-0.082 ] Lf‘t My
F0.49x10% POT (v) §in,,=0.47,0.56 | =
308 1410% POT (v) 7] e’
1 g .
] g LT
25 ] @ =

IH
AmZ,=-2.51x107%eV?

All projected beam intensity
and analysis improvements

2016 2018 2020 2022 2024
Year

—

0

» Currently favoured values
avoid ambiguous region

—_
o

NH
AmE,=+2.45x10°eV?

Total events - antineutrino mode
s & 8 &

» Will release large sample
(~ 7 x 1020 PQT) of
antineutrino data in June

» 40 hierarchy measurement by
end of experiment?

[© 8cp=0 ¢ dp= /2
[0 8cp=T = ¢p=3m/2
N R AR

2017 best fit
‘prediction
20 40 60

Total events - neutrino mode

*

@
o
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Conclusion

» Muon neutrino disappearance now
compatible with maximal

» Very competitive measurement of AmZ,

» v, appearance favours NH, dgp ~ 37/2

» IH at §¢cp = w/2 disfavoured at >30,
approaching 20 IH rejection

» Syst. reductions from testbeam this year

» Opening large sample of antineutrinos at
Neutrino 2018

Y| o

» Stay tuned! www-nova.fnal.gov
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Particle physics confidence levels

Significance

Confidence level

1o
20
3o
4o
50

68.3%
95.5%
99.7%
99.994%
99.99994%
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Neutrino oscillations

= |(: T“g =
Amp ’\ALN\/\/\J > > —> w

Va VB
Source Target
+
_ a -
* \}l
:ZAmp A Yai
' exp[-im5=]
Source
2
* A—im?L/2E
Pag: E Ua,e iL/ Uﬁ,’
i
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Event reconstruction

1 meter
Simulated 2
GeV ccqge event.

+p

- - ==
EEE
-E" electron
Ll :

proton

1. Hough algorithm to
draw guidelines.

2. Elastic arms to find
global vertex. |

3. Fuzzy k-means
algorithm to make final
clusters.

» First cluster hits in space and time

| » Start with 2-point Hough transform

» Line-crossing are vertex seeds
» ElasticArms finds vertex

» Fuzzy k-means clustering forms
prongs

» v, analysis uses a Kalman filter to
reconstruct any muon track
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Event reconstruction

ISP
" 7Q\'OKO\ e+ p
i Simulated 2

LRI [}/@CDO,7
S

1 meter

1 meter =

GeV ccqe event.

|

g 1. Hough algorithm to
b draw guidelines.

] 2. Elastic arms to find
= global vertex.

/j}] 3. Fuzzy k-means
algorithm to make final
clusters.

v

v

v

v

v

First cluster hits in space and time

Start with 2-point Hough transform
» Line-crossing are vertex seeds

ElasticArms finds vertex

Fuzzy k-means clustering forms

prongs

v, analysis uses a Kalman filter to

reconstruct any muon track
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Calibration and energy scale

» Response varies substantially
along cell due to light atten.
» Use cosmic ray muons as a

standard candle to calibrate
300,000 channels individually

» Use dE/dx near the end of
stopping muon to set abs.
scale

Mean PE / cm

NOVA

FD cosmic data plane 2 (honzontal ), cell 376
T

inary

so%

Data
Atten. Fit
Full Fit

Il
-800 0 50
Hdtance froth center (cm?

55/49



Calibration and energy s

>

Response varies substantially
along cell due to light atten.

Use cosmic ray muons as a
standard candle to calibrate
300,000 channels individually

Use dE/dx near the end of
stopping muon to set abs.
scale

Multiple calibration x-checks

» Beam muon dE/dx
Michel energy spectrum
» 79 mass peak

» Hadronic energy/hit

Take 5% abs. and rel. errors
on energy scale

v

Events

Events / 10 MeV

cale

NOvA Prehmmary

a
3
S

60

1500—

=)

8

S
T

[ 8.04x10% F'OT equiv FHC

—4— Near Det Data
— MC =° Signal
[l VC Background

Data p: 135.1+ 0.6 MeV
Datao: 32.1% 1.0 MeV
MC u: 137.6 +0.2 MeV
MC o 30.4 £ 0.4 MeV

ol® v b b

100

200 3(‘)0 400
M,, (MeV)

ND, 1.66x10%° POT NOVA Preliminary

0

—¢— Data

L

—— Simulated v, CC
—— Simulated Background

0.01 002 0.03
Average Hadronic Energy Per Hit (GeV)
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Convolutional Neural Networks

OBJECT ID: AIRPLANE .
01/15/2014 135107
ACCURACY: 99.4%

Recent advances in machine learning/computer vision

Achieving near-human performance on image classification tasks
Why not classify event-displays?

CNN — deep neural network, inputs are the pixels of the image
Take advantage of translational invariance — convolutions

vVvyVvyyvyy
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Convolutional NeyLaI Networks

1 -1 -1
—1 48 —1
1 -1 -1

Edge-detection
kernel

I L

| =

» Recent advances in machine learning/computer vision

» Achieving near-human performance on image classification tasks
» Why not classify event-displays?

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

» Take advantage of translational invariance — convolutions
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Convolutional Neural Networks

1 -1 -1 -1
3 -1 +8 -1

-1 -1 -1
Edge-detection
kernel

Recent advances in machine learning/computer vision
Achieving near-human performance on image classification tasks
Why not classify event-displays?

CNN — deep neural network, inputs are the pixels of the image
Take advantage of translational invariance — convolutions

vVvyVvyyvyy
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Convolutional Neural Networks

80,

convo ") g

lcon olution

FEATURE MAPS

» Recent advances in machine learning/computer vision

» Achieving near-human performance on image classification tasks
» Why not classify event-displays?

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

» Take advantage of translational invariance — convolutions
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CVN architecture

Softmax Output

Avg Pooling
6x5

Inception
Module

Inception
Module

Inception
Module

Max Pooling
3x3, stride 2

Max Pooling
3x3, stride 2

Inception
Module

Inception
Module

Inception
Module

Inception
Module

Max Pooling
3x3, stride 2

Max Pooling
3x3, stride 2

Convolution

Filter
Concatenation

[ Convolution
1x1 1x1

3x3 Convolution 5x5 Convolution 1x1 Convolution
1x1 Convolution

Max Pooling
33, stride 2

Max Pooling
3x3, stride 2

1x1 Convolution 1x1 Gonvolution 3x3 Pooling

[ [

7x7, stride 2 7x7, stride 2

Previous Layer

X View

Y View
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CVN example

80

40

100

0

6

20

Plane
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ND decomposition — beam v,

» Low-E v, and v, trace back to the same =+ ancestors

10° x10°

C —— All Ancestors 20l — All Ancestors 7§
. - Other Ancestor - I Other Ancestor
o r — K? Ancestor o — K° Ancestor
a L a L L
o o —— K" Ancestor o 15— —— K" Ancestor
o I~ N |-
w — n* Ancestor w L — m* Ancestor
© r © L 4
=4 F 1 c L n|
o 2 = o T N
- = [ ]
2 L ] 2 F g
5 f {1 5 ]
S 1= - L 5= ,
] F 1 o H ]

o} = = | - - 1
20 15 2

5 10 i5 5 10
True Neutrino Energy (GeV) True Neutrino Energy (GeV)
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ND decomposition — Michels

NOVA Preliminary NOVA Preliminary

15000— ‘ 1 :U75<CVN<UH7 0.87<CVN<0.95 095<CVN<1 |

= l +-Data 1 . 30001~ +- Data ]

8 L e DMCV cc o) B |:|MCBeamvC ]

. b S - DMCV cc B

10000/ [ImcNe - gg L : - ]

X 0 [IMC Beam v, X, 2000 Brene N

~ ~ - ]

™ ™ i

[2] 3 [%] u
£ 5000/~ — 2

§ L § 1000]— .

i ] i

| Gi ““““ e J

1 2+ 1 2 3 4 T2 3 4
Number of Michels Reconstructed neutrino energy (GeV)

» v, CC background events have Michel electron from muon decay
» Also produced in v CC and NC by pions, but v, have ~ 1 more
» Fit observed Nnichel SPectrum in each bin by varying components
» v, and NC near-degenerate, fix v to parent-reweight estimate
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ND decomposition — Michels

NOVA Preliminary NOVA Preliminary
15000— ‘ ] :U75<CVN<UH7 0.87 <CVN<0.95 095<CVN<1 i
I b —+-Data

Data i 3000[— |

'6 I + '6 L [ClBeamyv, i

e [Jmcv,cc ] L Dv.cc i

10000/ [ImcNe - gg L[ One ]

g - D MC Beam v, ()\<1 2000j ===+ Uncorrected MC N

~ ~ i

™ ™ i

2 suef 13 |
2 5000~ — 2

§ L § 1000]— .

i ] i

| Gi ““““ e J

1 24 1 2 3 4 T 2 3 4
Number of Michels Reconstructed neutrino energy (GeV)

» v, CC background events have Michel electron from muon decay
» Also produced in v CC and NC by pions, but v, have ~ 1 more
» Fit observed Nnichel SPectrum in each bin by varying components
» v, and NC near-degenerate, fix v to parent-reweight estimate

60/49



ve Selection efficiency — MRE

» EM showers should be well modelled

» Any v, signal efficiency differences
coming from the hadronic side?

» Remove muon from clear v, CC
events in ND, replace with simulated
shower

» O(1%) efficiency difference to select MRE data/MC events
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ve Selection efficiency — MRE

» EM showers should be well modelled

» Any v, signal efficiency differences
coming from the hadronic side?

» Remove muon from clear v, CC
events in ND, replace with simulated
shower

» O(1%) efficiency difference to select MRE data/MC events



ve Selection efficiency — EM activity

Brem shower

» Find FD data cosmic rays w/
brems



ve Selection efficiency — EM activity

Brem shower

» Find FD data cosmic rays w/ T
bl‘emS o Eu; ¢ Cosmics Data

» Remove y leaving pure EM 2 R
activity S

» Run through PID in data and MC t p—

> Very gOOd agreement CVN v, selector



Evolution of v, result

A. Radovic, JETP January 2018

vy Result Comparison To Previous Result

2.60

Our previous result*:

l

~1.80

New simulation & Calibration:

!

New selection and analysis:

Our rejection of maximal mixing has moved from 2.60 to 0.80. This
change in the character of our result comes from a few key changes

which I'll break down below.

Driven by updates to energy response model. Drop to 2.30
expected due to new energy resolution. Additionally we have a
<70 MeV> shift in our hadronic energy response. This energy
shift would be expected to move 0.5 events out of the “dip”
region. However it instead pushes 3 "dip" events past a bin
boundary.

For combined analysis changes 5% of pseudo-experiments in a
MC study had this size shift or larger. This probability is driven by
a low expected overlap in background events, and to second

order the addition of resolution bins.

~0.50

|
Full dataset: Full dataset™:
~0.40 0.80

New, 3x1020 POT, data prefers maximal mixing.

*Feldman-cousins corrected significance.
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Cross-sections

>
>
>
>
>
4

Neutrino cross-sections poorly known
Learn about nuclear physics
Interpretation of other experiments
Important for precision future
High powered beam, fine-grained ND

Many channels to study

v, CC 0 (x10*° cm?/nucleon)

F & = GENIE 2.8.6 + 150 C12 |

NOVA Preliminary
T

—=— Gargamelle v, data
—e—T2K v, data
—— NOVA v, data

4 6
E, (Gev)
2 f ‘ @ w -
5 r 100~ 3
S 400 —+Data H L —— GENIE 1
i [ [5] [ e NOvA
“v) W M COH S r o
) I NonCOH £ 80 + Aachen-Padova
i 300~ . € v Gargamelle .
Sz0 F [l Non « S o CHARM J—
4 $ 60 o SKAT L
N o )
200 4 =
7 w0 r Se 40 .
L N s T [
W) W) 100 13 ot ]
v [
0, ol oL L L L
0 0.1 0.2 0.3 0.4 0.5 0 10 20 30

M,, (GeV)

Neutrino Energy (GeV)
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Sterile neutrinos

Vs

vV, =

: » More than the standard three neutrino
states?

v » There can only be three light “active”
flavors

V.

\,f » “Sterile” neutrinos natural in some models

» v, disappearance isn’t entirely
to v, We see v, appear,
OPERA sees ~ expected
number of v,

» Could be a smaller admixture.
Wouldn't interact even by NC,
look for a deficit in FD and ND

> HIntS fOI’ VH — Ve at a Sma” Reconstzrucled Eneréy (GeV)
rate over short L, look in ND

T T
— NC 3 Flavor Prediction
---+ NC 4 Flavor Prediction
[ v cC Background
B v, cC Background
Cosmic Background
Amj,=05eV? 8,,=10°0_=35°
AmS, = 2.40x10°7 V7, 0, = 8.4°, 0, = 45",
18x10™ POT

Events/18 x 10%° POT / 0.25 GeV

%
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Principle of the NC measurement

|
>

vvyyvyy

z

Where do those 1, go? —=
Do any oscillate to a sterile state? (vs)

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

Count NC events in FD, compare to prediction

Fix Am2, = 0.5eV?, rapid osc in FD, minimal in ND

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1
1.2 T m—— T T —— 1.2
b ND | ko ] V. I
> 08 : =lo.s
>T u ! ] Am,
= 06 [ =3-Flavor Prob. ' o6 "EI
g [ —Am?, =0.05eV? ! ] K=
. - 2 _ 2 ' - en
a 04-—Amu=05ev ! o4 = v, ———
[ —AmZ =5eV? i ]
0.2f ' —o.2 Am,,
N . ] v, I
(e : EE— : -0 Vi
102 10* 1 10 10? 10°
L/E (km/GeV) EV. BV, BV BV,

&F
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Supernova neutrinos

Normal Hierarchy, full 3 flavors, v, Normal Hierarchy, full 3 flavors, v,
I AR RERRN AARES LSRN LLALS LSRN ARARAN PSRN LS RIS LN S
E — % ar=9%.km 150 ' = 7. atr=998.km| 7
2.5 = S __
E initial v, initial ¥,
2F 3
3 initial v, 1. initial ¥, A
1.5 E E ]
3 E 05 3
05k E F
T P e T s o, et e
0 10 20 a0 40 50 &0 0 10 20 30 40 50 60

neutrino energy [MeV] neutrino energy [MeV]

v

Last (near)galactic supernova SN1987a
19 vs observed (Kamiokande and IMB)

Detectors have improved a lot, expect
1000s of events

Low E for NOVA, hook into SNEWS
Astrophysical and v information
Expected rate “few / century”

v

v

v

v

v
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Monopole search
» Magnetic monopole would produce straight track with high dE/dx

» High mass monopole would travel notably slowly
» Large detector on surface — lower mass range
?

@D

NOvA:
MACRO: Il

Sensitive
Region

'ﬂgmﬁ
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Dark matter

» DM annihilation in sun produces
neutrinos visible in the detector

» High cosmic ray rate — look for upward
events at night

» Same directional sensitivity used for
atmospheric neutrinos

products may be detected.

» Light dark matter could be produced in the target by the beam

» Interact in the Near Detector
» Sensitive to mass range below threshold of direct-detection expts
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