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What do we know about the Neutrinos?

There are three generations of
light neutrinos, they have mass,
hence they mix and it has been
confirmed by the Nobel
Committee in 2015.




Post v2016 Status

| NUFIT 2.2 (2016) |

www.nu-fit.or
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Post v2016 Status

NUFIT 2.2 (2016)

Normal Ordering (best fit)

Inverted Ordering (Ax” = 0.56)
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Total 30 relative precision on parameters: 6,,~14%, 6,,~32%,
0,5~15%, Am?2,,~ 14%, |Am?,,| ~ 11%.
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Long- and Short-Baseline Science Goals

® CP Violation in Neutrino Sector
* Violation of a fundamental symmetry of nature;
viability of leptogenesis models -> matter/antimatter

® Neutrino Mass Ordering (or Hierarchy)
 GUTs, Dirac vs. Majorana nature and feasibility of Ov668 decay

® Testing the Three-Flavor Paradigm
* Precision measurements of known fundamental mixing
parameters for neutrinos and anti-neutrinos
 New physics -> non-standard interactions, sterile neutrinos...
(beam + atmospheric v sources)
* Precision neutrino interactions studies (near detector)

® Nucleon Decay
® Astrophysics: Supernova v burst



Open Questions in v-Physics with emphasis to L
Long-Baseline + Atmospheric Physics

1. MH — NOvA+T2K, JUNO/RENO-50, PINGU/ORCA/INO,
HK, DUNE (Beam and Atmospheric independently)
CPV - NOvA+T2K, DUNE, T2HK

Precision on oscillation parameter — 0,, octant
Number of Neutrinos — 3+n-Sterile — SBL, LBL-ND

Proton Decay — DUNE, Super-K/HK
Supernova Neutrinos — DUNE, Super-K/HK, JUNO
Etc. etc.

NSO hwbd
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o == NOvA (FD)
~ Online with full
detector since 8/2014
— 550kW beam power
(700 kW in 2016).
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MINOS+ Goals

E. (GeV)

L Simulated v Beam

% 5.4 kton, 6 x 10°° POT
(5 1000~ ® MINOS+ (E-1016, proposed in 2012) for continued
; [ — MINOS+ exploitation of the NuMI beam and MINOS
'E — NOvA detectors (vinos (E-875), proposed in 1995)
%’ MINOS v improve measurements of “atmospheric”
W 500~ oscillations (by probing the multi-GeV energy
QO Preliminary region)
01 v'search for light sterile neutrinos
- v'search for NS| and other “exotic” transitions

Go B 10 15 20 (e.g., large extra dimensions)

v’ continue cosmic rays data acquisition & analysis
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Karol Lang, Fermilab PAC, 20 Jan 2016
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MINOS and MINOS+
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1. Combine spectrum of MINOS & MINOS+ disappearance data.
2. Can test the “rising edge” of the spectral ratio (survival Probability)
3. A combined fit performed
4. MINOS+ spectrum consistent with MINOS spectrum
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MINOS/MINOS+ - Oscillations
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XS V, CCspectrum — distortion from standard oscillation due to extra splitting

s NC spectrum will show deficit because of vué V. oscillation
v’ Can happen in either ND or FD

v' Increased sensitivity due to higher energy spectrum in MINOS+
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» Distortion in ND analysis requires fundamental change in MINOS analysis
> Look for deviation in FD/ND energy spectrum from standard oscillation
€ Simultaneous fit to vu CC and NC data
» CC and NC samples provide sensitivity to different components of sterile mixing
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NOvA Experiment

The Iong basellne off-aX|s (14 mrad) neutrmo osallahon experlment with
functionally identical Near and Far Detectors.

Data taking with complete detectors started in November 2014.

First Results Announced on August 6, 2015.

New Results Announced on July 4, 2016.

Low-Z tracking calorimeters

High power NuMI beam - upgraded for NOvVA to take the power from 350 to 700
kW.

2.November.2016 s @ FNAL

This result based on: 6.05 x 102" PO] P,h}flco KW W peak intensity, average = 550kW.



NOvVA Collaboration

Argonne, Atlantico, Banaras Hindu University, Caltech, Cochin, Institute of Physics and Computer science
of the Czech Academy of Sciences, Charles University, Cincinnati, Colorado State, Czech Technical
University, Delhi, JINR, Fermilab, Goids, IIT Guwahati, Harvard, IIT Hyderabad, U. Hyderabad, Indiana,
lowa State, Jammu, Lebedev, Michigan State, Minnesota-Twin Cities, Minnesota-Duluth, INR Moscow,
Panjab, South Carolina, SD School of Mines, SMU, Stanford, Sussex, Tennessee, Texas-Austin, Tufts,
UCL,Virginia, Wichita State, William and Mary, Winona State
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i Goals of NOVA Experiment

Measure the oscillation probabilities of
a) Appearance channels: v, > v andv, >V,
b) Disappearance channels: v, > v andVv >V,
P(v, — vp) 2 P(v, = V) ?
Precision measurements of 0,5, Am?;,, 65, Ve p)# PV )
Probe the Mass Hierarchy

For fixed L/E = 0.4 km/MeV

Study the CP violation parameter 6 L 5ol
- (810 km)
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-Neutrino cross-sections and interaction physics P(v,—>V,)
-Sterile Neutrinos

-Supernovae and Exotic Searches i s phyeics @ ruat



NOvVA Off-Axis Beam

v./v./v

Far Detector

» NuMlI beam operated
up to 700 kW
» 2016—-expect 700kW
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Detectors placed at 14.6 mrad
off-axis from the beam direction

v’ This leads to a narrow band
beam peaked at ~2GeV energy

v’ This happens near the
maximum oscillation

v’ Leads to reduced high energy

AMU

Neutral Current (NC) events



NOvVA Event Topologies
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NOvVA FD ~ 5 ms Block

5ms of data at the NOVA Far Detector
Each pixel is one hit cell
Color shows digitized from the light

NOvVA - FNAL E929

Run: 18975/43

Event: 628855 / SNEWSBeatSlow

UTC Mon Feb 23, 201
14:30:1.383526016

5 .
Several hundred cosmic rays crossed the detector
(the many peaks in the timing distribution below)
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NOVA FD ~ 12 us Beam Window
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vV, Candidate Event
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v, Analysis
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v, Disappearance Search

Identify contained v, CC events in both Near and Far Detector

Measure Energy

Extract oscillation information from differences between the FD and ND

energy spectra

vV, Event Selection

* Isolate a pure sample of v, CC events
less than 5GeV

— Select events with long tracks

Events

— Suppress NC and cosmic backgrounds

—‘ Simulated Seleclted Events
—— Simulated Background
—¢— Data

[ Shape-only 1-o syst. range
ND area norm., 3.72 x 10%° POT

&

* 4-variable kNN used to identify muon

s -
dE/dx Log-likelihood

NOVA Preliminary
— T T T T ]

NOVA Preliminar

based on
— track length
— dE/dx along track
— scattering along the track

Events

— track-only plane fraction

* ND data matches simulation well for

_ éimulated sele‘-cted events
—— Simulated background
—¢— Data

] Full 1-0 syst. range

ND POT norm., 3.72 x 10° POT

|
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- | Energy Measurement

* The reconstructed neutrino energy E, of a contained v, CC event is given by

E,=E, +Eqaq

* Near detector hadronic energy distribution

suggests un-simulated process between
qguasi-elastic and delta production

v, u
/

q=(q,,g)
(four-momentum
transfer)

Nucleus
Hadrons

Similar conclusions from MINERVA
data reported in P.A. Rodrigues et
al., PRL 116 (2016) 071802
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Reco "q," (=Ey.4i)




transfer

* 50% systematic uncertainty
on MEC component

* Reduces largest systematics .,

— hadronic energy scale
— QE cross section modelin

* Reduce single non-resonant
pion production by 50%

(P.A. Rodrigues et al,
arXiv:1601.01888.)

MEC model by S. Dytman, inspired

by J. W. Lightbody, J. S. O’Connell, .

i‘

Physics 2 (1988) 57.

Computers in Physics 2 (1988) 57. o
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0.1<|q|/GeV <0.2

0.4 <|ql/GeV <05 |

0.7 <|ql/GeV <0.8 |

Scattering in a Nuclear Environment

0.6

0.2 <|q|/GeV <0.3

0.5 <|q|/GeV <0.6
-»- NOVAND Data

EmeC
Mce
B RES
[(Jois

0.8 <|q|/GeV <0.9

W Other

Approach: Enable GENIE empirical Meson Exchange Current Model
Reweight to match NOvVA excess as a function of 3-momentum

0 02 04 06 0.8

0.3<|q|/GeV <04

09<|q|/GeV<1l

[ - “_—

0.6

Reco “q,” (5E, .4 ..
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NOvA v, Disappearance Search

« Addition of MEC events substantially Bl S v NOYA Pre'fm'”ary
. . . 300} —_— Slmulated selected events
improves simulated hadronic energy [ — Simulated background

. . . B —¢— Data
distribution s [ Shape-only 1-0 syst. range
| e ND area norm., 3.72 x 10%° POT

hadronic energy scale uncertainty
reduced from 14% to 5%

NOVA Prellmlnary

ol | o | ; Slmulated selected events N
i —— Simulated background ]
B —¢— Data 7]
B [ 1 Shape-only 1-o syst. range ]
i ND area norm., 3.72 x 10° POT ]| 1 15 2 25 3
o 20— 1 Hadronic energy (GeV)
c - i
u">j . i NOvA Prellmlnary
o) : : 100 [ | o | ; Slmulated selected events —_
A 0Bl ] i —— Simulated background ]
| —¢— Data _
I i 80— [ Shape-only 1-0 syst. range  —
K T B Lo ND area norm., 3.72 x 10%° POT 1
B T (2] B ]
- o S ol —
% 1 2 3 4 5 u>_| B ]
Reconstructed neutrino energy (GeV) N i ]
— 40— —
" Reconstructed neutrino energy - ]
unfolded, true Far/Near ratio 20~ .
used to extrapolate ND data - T

O(D

4

fOI' aoFfD Pr ediction Reconstructiad muon esnergy (GeV)

(6]



Muon Neutrino FD Data

NOVA Preliminary

e oy
R S ;
9 - —4— Dam
78 Events Observed in FD i T :
473 + 30 with no Oscillation | < + :

82 expected at Best Fit

. roreete brasbiait
o ’ Re1constructe§1 neutrnosener (GéV)

3.7 Beam bkg + 2.7 Cosmics | T
B 1-5_— NOVA 6.06x10° POT-equiv A .
g - —4— 0w l i
¥2/NDF=41.6/17 R T
Driven by fluctuations in tail, E T o
no pull in oscillation fit B J | ‘ I
. 2 S DT TG Ao 2

Reconstructed neutrino energy (GeV)

2.November.2016 AMU- LBL Physics @ FNAL



Events

NuMu Disappearance Results. POT = 6.05E20 .

NOVA Preliminary
e O

Muon and hadronic energy
scales

X-section

Detector response and noise

2.November.2016

NOVA Preliminary T s
- R S — Normal Hierarchy, 90% CL ]
25—_ —e— FD Data ] » _
C Best-fit prediction: -2LL=41.6 - NOvA 2016 _
5 Of— Best maximal: -2LL=48.0 (A=6.4) E == et T2K 2014 |
. < 8  meee- MINOS 2014 —
15F St i
10F oF | ]
N < 25 ]
5t I ]
00 I 2_ L L N L |
Reconstructed Neutrino Energy (GeV) 03 04 S 0.6 07
sin“0,,
Dominant systematics included Best Fit (in NH):
in the fit: 2 9 a7 119 1N—3,\/2
Ipa |Am3,| = 2.67 £ 0.12 x 1073l
NC Background 220  _C v+0.03 /A £o+0.02

Maximal Mixing

excluded at 2.50
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v, Analysis
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e Use Near Detector Data/MC to predict beam backgrounds in the Far Detector
» Extract oscillation information from Far Detector excess over predicted
backgrounds Ist Analysis Published in PRL

v Improved Event Selection

A new particle ID techniques used to identify v, candidates: A
convolutional neural network neutrino event classifier (CVN)

0 Calibrated hit maps are inputs Technique published in
to Convolutional Visual JINST 11 (2016) no.09, P09001
Network (CVN)

0 Series of image processing
transformations applied to
extract abstract features

80

o Extracted features used as N
inputs to a conventional neural T _
network to classify the event o, | —

e
30

Improvement in sensitivity from CVN
equivalent to 30% more exposure

£LZ.NUVEITIVEI.£LU 10O RIVIU 00 2‘0 le 6‘0 8‘0 100




e Use Near Detector Data/MC to predict beam backgrounds in the Far Detector
» Extract oscillation information from Far Detector excess over predicted
backgrounds Ist Analysis Published in PRL

v Improved Event Selection

A new particle ID techniques used to identify v, candidates: A
convolutional neural network neutrino event classifier (CVN)

0 Calibrated hit maps are inputs Technique published in
to Convolutional Visual JINST 11 (2016) no.09, P09001
Network (CVN)

0 Series of image processing
transformations applied to
extract abstract features

80 T T T T .- . -

o Extracted features used as . - =
inputs to a conventional neural  *)

sot e 4

network to classify the event S| e T |

sof ™.

Improvement in sensitivity from CVN |
equivalent to 30% more exposure

£LZ.NUVEITIVEI.£LU 10O RIVIU 0

20 40 60 B0 100
Plane



v, ND Data

Selection optimized to favor parameter measurement
— both cosmic rejection and classifier cut
— increased signal efficiency, including lower purity bins

Used ND data to predict background in FD
- NC, CC, beam v, each propagate differently
— constrain beam v, using selected v, CC spectrum
— constrain v, CC using Michel Electron distribution

Beam v, up by 4%

NC up by 10%
v,CCup by 17%

NOVA Preliminary NOVA Preliminary

| 1 1 I 1 1 1 | 1 1 Ll | 1 1 Ll ! Ll Ll 1 - 3000 — 1 1 | 1 1 1 I 1 1 1 | I Ll Ll | 1 Ll | j—
| —¢— NDdata ] - -4 ND data .
*_1000_ —— Total MC +- - | -7 — Total MC i
L Flux Uncsrt. o - | -+ — Flux Uncert. |

8 L. ——NC = 8 —NC
800 —— Bsamv, CC ! - ——Bsamv,CC ]
% C v, CC o 2000 —v,CC —
x 600 -_ _.- x B .
N i 1 e - J
™~ - . ™~ B 1
™ R . ™ _ J
2 T - . : B ® 1000~ B
& e, oo ] & I ]
i 200~ o ] @[ :
el N B B I: i el PO SR T A S S PR WY TR S N e :
0.75 0.80 0.85 0.90 0.95 1.00 C 1 2 3 - 5

CVN v, classifier Reconstructed neutrino energy (GeV)
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Far Detector v, Signal Prediction

Extrapolate each background

component in bins of ener et

P f 9y 3 >FNGVA FD SiN°6,,=0.4-0.6

and CVN output B, 6.05x10% POT equiv. ]

O - .

Expected event counts depend % \/—\

: : 30 S

on oscillation parameters £ \/—\

; : O 20 -

Signal event with £5% 3 ]

systematics © 10F =\ -
= r

N — |H
NH, 37/2, IH, n/2, R SR S LT
2 ) 2

28.2 11.2

Background by component
(+10% systematics)

Total G| NC__| Beamv. | v, CC__| _\.CC__| Cosmics
8.2 %17/ 3.1 0.7 0.1 0.5



Far Detector selected v, CC candidate

3800 3900 4000 4100

700

a] FT I T L] T L] I T L T L] I L] L T

[F%]

0

NOvA - FNAL E929

v T T T T T T -
Run: 17103/7 = — .

Event: 27816 / - 1

UTC Wed Sep 3, 2014
10:04:58.572014784

228
t (Usec)




Far Detector selected v, CC candidate

4400 4500 4600 4700

4400

NOvA - FNAL E929

Run: 19165/62
Event: 920415/ —

UTC Mon Mar 23, 2015
11:43:54.311669120




Far Detector v, Data vs Prediction

>80 electron neutrino appearance signal

NOVA Preliminary
B 675 l< C\}N <' 0.87: 6.87 I< C‘:‘N <I 0.95; IO.95l < (IZVN I< 1 l
[ NH
- 4-FD Data
| — Best Fit Prediction
15—l Total Background ——
| | Cosmic Background
L 6.05x10% POT equiv.

20

e Observed In FD:
33 events

-
o

* Background
estimate: 8.2 £ 0.8

Events /0.5 GeV Bin

e,

3 1 2 3 1 2 3
Reconstructed neutrino energy (GeV)

-k
N

:

Alternate PID selection based on 2015 analysis show consistent results
 LID: 34 events, 12.2+1.2 BG expected
2.Novgrwer LEM: 33 events, 10.311.0 BG'expected> FNAL




NovA v, Appearance Results

&
Ea

NOVA Preliminary
L O B S S e e B S S

* Fit for hierarchy, &8, sin’9,; N g
o - T~
Inputs: o g | ]

_ sin?(29,,)=0.085+0.05 <& | ]

— Am?=2.44%0.06x 103 eV? 0'4®
NH ole 2o -t

— Am? = -2.49+0.06x10°3 eV?, 1;;" SRR

IH 0.8 s

— Systematic effects included o

s
as nuisance parameters E 4/\/
(normalization, flux, /\_/

calibration, cross-section, ' ;%; o 2o N
n O
and detector response O T A Bn
2 S 2
effects) cP



* Fit for hierarchy, 6., sin’9,,
— Constrain Am? and sin*3,; with
NOVA disappearance results

— Not a full joint fit, systematics and < °°f
other oscillation parameters not
correlated between two samples

* Global best fit Normal Hierarchy
O =1.49m

Sin%(0,;) = 0.40

— best fit IH-NH, Ax?=0.47

— both octants and hierarchies
allowed at 1o

— 3o exclusion in IH, lower octant

around § p,=mt/2
2.November.2016
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v, Analysis
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Neutral Current ND Data

NOVA Preliminary

T I T T T I T T T I T T T T T T I T T T
—4— ND Data 4—!

[ NC 3 Flavor Prediction  *

v’ Events classified using CVN 0

I

v’ Normalization agrees well 3 | B . 0O Backgmrd i
O] - " .
v’ Data shifted to lower 8 N _
energy compared to MC s | -
s | ND Data _
v" No MEC model for the NC S a0l N
events = [ ]
v' Large uncertainties on the - .

o 0
NC X-section ’ Ca?orimetric %nergy (G:aV) ’ °

Extrapolation of ND data using F/N in
reconstructed energy gives a prediction:

83.718.3 60.6 4.8 3.6 14.3



] Observed 95
events

. No oscillation
observed in NC
Data

Events / 0.25 GeV

Neutral Current FD Data

NOVA Preliminary

I T T
—4- FD Data

[ NC 3 Flavor Prediction |
[ v, CC Background

I v, CC Background
[77] Coamic Background

am, = 2.44x10° oV*

8,,=8.5° 8,, =45° E

8.05 x 10™ POT-equiv.

2

y

| Xx?/NOF
i 23.31/14

Calorimetric Energy (GeV)

For 0.05 eV?* < Am7j, < 0.5 eV?
O34 < 350, 0oy < 21° (QO%C.L.)
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| NC efficiency = 50%, Purity = 72%. |
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NOvA Physics — MH

1 and 2 ¢ Contours for Starred Points 1 and 2 ¢ Contours for Starred Points
—~ 0.0 ~, 009
10 C NOVA 1>
o C Contours 3yrvand 3yrv o
% o008 [ |Am,,,2| = 2.32 10" eV? 008
- sin%(26,,) = 0.095 }
0.07 [ sin’(26,3) = 1.00 007 [ Y
3 Depends on CP oo &
0.06 | 06 | N AN
: L phase 6 and : _\'\ 0*0( &
- VA A . 005 | <&
005 | AN sign of Am? : 0N (\\0 4
004 [ 0.04 [ 06,0\ \
: ) : 060\ >
0.03 [ i 003 SEFNRY
002 Fo5=0 0.02 R\
- e g =1t/2 E
FO0d=n1 001 .-
001 L w 5=3m2 F
o 5 Y Y T Y T Y TS O 0T Toez 00 006 008
P(ve) P(ve)

NOvVA will measure P(v,— v, ) & P(vbar,— vbar, ) at 2 GeV

Large 0, is better for NOVA. It reduces the overlap between
these bi-polarity ellipses, reducing the likelihood of degeneracy
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NOvA Physics — MH

NOvA hierarchy resolution, 3+3 yr

. . 2 NOvA hierarchy resolution, 3+3 yr (v+v)
S|022913=0-095, sin"28,,=1.00 sin®(26,)=0.095, sin*(26,,)=1.00 Includes T2K v_—sv, at 5.5x10%' p.ot.
LI B ) I LB A LA B ) T T LB A T T T LI}

53.5: I ! ! L) ! ! T l!l'l !llll!lll I l: [

§y | | | kamal L1 13 o sl =N\
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Significance of MH vs O¢p

3 + 3 years of running in neutrino and anti-neutrino mode.
NOVA data will yield regions in P(v,) vs. P(vbar,) space.

A measurement of the probabilities might allow resolving the MH
and provide information on .,
Additional sensitivity from T2K.




NOvVA Physics — CPV

NOvA CPV determination, 3+3 yr NOvA CPV determination, 3+3 yr o
5 55”]‘29 =0. 095 S|n226 -1 00 5 53|n229 —0 095 S|n22923_1 OO + T2K at 5.5x10%' POT
N l I L 8 I UL ' LU LA AL I' LpLL I LINLaLEL) ] UL - LB LB LB T LB
- ! ! ! ! ! - B I §
O J AnP<0 | 1% ¢t + AnP<0 |
5 2f 1 ,_ _‘FT n*z;()—i_ . 1__+__ 5 2of ATy T _
- | | 18 ¢ | I A I\ -
3 15F . NS S M SN . n L N VA O i\ i
o 9 : T T , 1a F 1N B R 7 B I |
E 1: JV,\MJM\J £ A\ 15 F | ; | | f .
g F ' 1& :
& [ 4 1L b -
5% N 7 \ ‘%"5;/ T K
(77 ‘B 7 -
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0/ m 83/
Significance of CP violation vs O.p Significance 01 CP violation vs dp

3 + 3 years of running in neutrino and anti-neutrino mode.
NOVA data will yield regions in P(v,) vs. P(vbar,) space.

NOvVA has limited sensitivity to CP measurement.
Marginal sensitivity from T2K.




NOvVA in the Long Run?

v' If NOvA and T2K ran for 12 years each — up to 2025-26
v' If NOVA achieves a further 20% and T2K achieves a further
10% gain in sensitivity through analysis improvements

Raw Hierarchy Sensitivity
Maximal mixing Scenario

Best Sensitivity: 5.1c

53% of 6 range: > 20
40% of 6 range: > 30

For illustration & discussion
only:

From Jeff Hartnell’s talk:
NuFact 2012

Figure Credit: Ryan Patterson
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NOvVA in the Long Run?

v' If NOvA and T2K ran for 12 years each — up to 2025-26
v' If NOVA achieves a further 20% and T2K achieves a further
10% gain in sensitivity through analysis improvements

Raw CPYV Sensitivity

For sin2(260,,)=0.095
and sin%(20,;)=1

Com‘bine.d

Maximal mixing Scenario

Best Sensitivity: 3.20

50% of 6 range: > 20
10% of 6 range: > 30

For illustration & discussion
only:

From Jeff Hartnell’s talk:
NuFact 2012

Figure Credit: Ryan Patterson
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significance of CP violation (G)
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NovA Summary and Prospects

NOVA results with 6.05 x 10?° POT exposure

v, Disappearance result
-Best fit is non-maximal: Maximal mixing excluded at 2.50

v, Appearance result
-Electron neutrinos appear at > 8o
-Data prefers NH at low significance
-Region in IH, lower octant around 6 ., = rt/2 is excluded

Neutral current event rate shows no evidence of sterile neutrinos
-With more data, expect strong limits on 3,,

NOVA to take anti-neutrino data
-Short anti-neutrino run taken in Summer 2016
-Long anti-neutrino run anticipated to start in Spring 2017



Long-BaseIine Neutrino Facility
Deep Underground Neutrino Experiment
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LBNF — DUNE Science Goals

® CP Violation in the Neutrino Sector
® Neutrino Mass Hierarchy

® Testing the Three-Flavor Paradigm
® Nucleon Decay

® Astrophysics: Supernova v burst and Low energy
Neutrinos

A Global Collaboration of 856 collaborators from

149 institutions and 29 countries — several
institutions from India too.

2.November.2016 AMU- LBL Physics @ FNAL




Cavern layout at the Stanford Underground Research
Facility (SURF):

v Four chambers hosting four independent 10kT FD modules

s Gives flexibility for staging & evolution of LAr-TPC technology design
» Assume four identical cryostats: 15.1 (W) X 14.0 (H) X 62 (L) m3
» The four 10kT modules will be similar but may not be identical

2.November..



DUNE - Far Detectors — Development

v’ Single-phase LAr-TPC (APA Readout)

» Evolution from ICARUS — design well advanced

» Supported by strong program at Fermilab
+* 35-t prototype (run ended 01/2016)
s* Micro-BooNE (operational since 2015)
+* SBND (aiming for operation in 2018)

v Dual-phase LAr-TPC (CRP Readout)
» Demonstrated at 200-/ scale
» Large scale demonstration at CERN
» WA105 1X1X3 m?3 prototype at CERN

» Proto-DUNE at CERN NP

> Large scale (*6X6X6 m3) engineering prototypes
> Formed from full-scale detector elements
» 6 full-sized APAs c.f. 150 APAs in 10-kT FD modules

2.November.2016 AMU- LBL Physics @ FNAL




Precisely measure
neutrino beam spectra
vMagnet | gnd flavor

Steel

Constraint systematics
Neutrino Interaction
Physics

New Searches

Magnet Coils

. . +/-
3 ~3_5m X 3_5m X 7m S'I"I‘ ([f’;olgm/(fnl:;) TraIISItIOIl RadlatIOIl ’-) e ID = '\{

# 4Am-ECAL in a Dipole-B-Field (0.4T) dE/dx #> Proton, T[+/ B K+/ i

4 4m-|1-Detector (RPC) in Dipole and Downstream .+
‘ _ . Magnet/Muon Detector # U e
#Pressurized Ar-target (=2x5 FD-Stat) =» LArFD

AMU- LBL ice @ FNAL ~
Tg A:BSOIU&’ Flux J’II(’(TSEU'(?UIE‘Ht)
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1300 km
Normal MH

-
Mo

”=ﬂt/2

— O, = 0 (solar term)

Neutrino Energy (GeV)

1 10

1300 km
Normal MH

-
et

? . Sc, =+w/2

1 w 0, = 0 (solar term)
Li 0.10

a 0.08

10" 1
Neutrino Energy (GeV)

10

Parameter

CDR Reference Design

Optimized Design

Proton Beam Energy 80 GeV 80 GeV
Proton Beam Power 1.07 MW 1.07 MW
Target Graphite Graphite

Horn Current 230 kA 297 kA

Horn Design NuMI-style Genetic Optimization
Decay Pipe Length 204 m 241 m

Decay Pipe Diameter 4 m 4 m




Events/0.25 GeV

DUNE — Appearance Spectra

120
- e DUNE v, appearance
- | 150 kt-MW-yr v mode
r Normal MH, 5.,=0
foor- i sIn’(0,)=0.45
L H - —— signal (v,+v)) CC
L — Beam (v,+v,) CC %
80— —— NC
- (v.4v) CC O©
r — (V) CC 0
- —— CDR Reference Design N
60— -z Optimized Design =
- @
- -
i 3
40, >
- E w
]
20
o 5 T ™
1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
800—
700
600
> [
Q r +
O 5001
(T C
N C
400
S 0ot
- C
S 300
> -
w C
200(p
100
0
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35
C DUNE v, appearance
- 150 kt-MW-yr v mode
30— Normal MH, 5..=0
¥ sIn’(0,,)=0.45
N —— Signal (v,+v,) CC
25— ——— Beam (v,+v,) CC
20
151
10H
5
o )

Reconstructed Energy (GeV)

DUNE v, disappearance
150 kt-MW-yr v mode
sIn%(0,,)=0.45

— Signalv, CC
- NC
(v+v)CC

~— BkgdV, CC
= CDR Reference Design
=== Optimized Design

2 3 4 5 6 7 8

Reconstructed Energy (GeV)

DUNE YV, disappearance
150 kt-MW-yr v mode
sIn’(6,,)=0.45

—— Signal¥, CC
—— Bkgdv, CC

T 2 3 4 5 6 7 8
Reconstructed Energy (GeV)



DUNE MH Sensitivity
Normal Hierarchy
sin’26_, = 0.085
sin%,, = 0.45

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

100%



DUNE Sensitivity to MH

Mass Hierarchy Sensitivity
25 ,
DUNE MH Sensitivity = sug23 =0.38
. — sin9,, = 0.45
Normal Hierarchy si n2923 - 05
sin“20,,=0085 ... Sin%,, = 0.64
20

q1 -0.8 -0.6 -0.4 -0.2

0 02 04 0.6 0.8 1
Scpln
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2.Nove

DUNE Sensitivity to CPV

Lr

r4
t DUNE CPV Sensitivity

Normal Hierarchy
sin’2e,, = 0.085
[ sin®e,, = 0.45

10

0 ]
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years) Exposure (kt-MW-years)

Significance CDR Reference Design Optimized Design

30 for 75% of dcp values 1320 kt - MW - year 850 kt - MW - year

50 for 50% of dcp values 810 kt - MW - year 550 kt - MW - year
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DUNE - Octant Sensitivity & Sin*9,; Resolution

Octant Sensitivity

[ ] DUNE Sensitivity, Normal Hierarchy

[ | NuFit 1 bound
[ ] NuFit3c bound

Width of significance band is due to the unknown
CP phase and variations in beam design.

50

Resolution
o
o
N

=2
sin“o
923
o
—
(3, ]

sin’e,, Resolution

0.025p

DUNE Sensitivity
Normal Hierarchy
sin22613 = 0.085
sin2923 =0.45

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)
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DUNE — 6., Resolution

dcp Resolution

DUNE Sensitivity
Normal Hierarchy
sin®20,, = 0.085
sin®,, = 0.45

(4]

d.p Resolution (degrees)
o 3

'y
(=)

0

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)




sin’20,, Resolution

002 DUNE Sensitivity
0.018 Normal Hierarchy
sin’20,, = 0.085
0.016 sin2923 = 0.45

Exposure (kt-MW-years)
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0 200 400 600 800 1000 1200 1400

DUNE - Sin’28,; and Am?;,Resolution

Am2, Resolution

Am2, Resolution (eV? x 10°)

DUNE Sensitivity
Normal Hierarchy
sin’20,, = 0.085
sin’e,, = 0.45

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)




Physics Milestones — Early Physics Possible

Physics milestone

Exposure kt - MW - year
(reference beam)

Exposure kt - MW - year
(optimized beam)

1° 623 resolution (63 = 42°) 70 45
CPV at 30 (6cp = +7/2) 70 60
CPV at 30 (dcp = —7/2) 160 100
CPV at 50 (écp = +7/2) 280 210
MH at 50 (worst point) 400 230
10° resolution (dcp = 0) 450 290
CPV at 50 (écp = —7/2) 525 320
CPV at 50 50% of dcp 810 550
Reactor #,5 resolution 1200 850
(sin® 26,5 = 0.084 + 0.003)

CPV at 30 75% of dcp 1320 850




Precision measurements of Upynsg With laboratory W

experiments.

- Why is leptonic mixing angles ' The journey of PMNS

B3>0

v

v-MH

L4

v-CPV

| ]

Long-baseline

Medium-baseline
Reactor

Accelerator

(anti-) v, <> (anti-) v,

(anti=) v, —)(E‘mll-)\"u

~GeV
1300km

And, huge opportunities for underground
science! proton decay, supernova... etc

large compared to quark unitarity test in the
mixing in CKM? precision neutrino
cs era !
Is there any pattern in Upmns By i
that guide us to the theory of X.Qian, C.Zhang,
fiavor RVogel, M.Diwan
IS Upmne unitary? arXiv: 1308.
JUNO LBNE
sin%2012 0.7%
Am?34 0.6%
|Am?3;) 0.5% 0.3%
MH 3-40* >50
sin?2013 14%** 3%
sin023 3%
Sce 10°

* 4o requires 1% |Am?..|

** Daya Bay reaches 3%

LBNE is a comprehensive experiment. When combined with a

reactor effort we characterize the whole matrix redundantly.

From Milind Diwan’s Talk at KITP



Proton Decay Sensitivity p=PK*v — 20 Yr Lifetime
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Atmospheric Neutrinos — MH Sensitivity
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Zenith angle distributiosns for events w/E 6-10 GeV.

Comparison of NH vs MH.



Atmospheric Neutrinos Mass Hierarchy
10 LAr Detector Simulation [ Determination
340 kt-yrs
TN Normal Hierarchy Inverted Hierarchy
Ef — sin"0,,=0.6 sin°0,,=0.6
— . 2 . 2
R — sin“8,,=0.5 — §in“6,,=0.5
> — sin",,=0.4 — sin’0,,=0.4
= 1
=
7)) —
c I—— I
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N
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MH sensitivity is roughly independent of CP Phase

2.November.2016

Atmospheric Neutrinos — MH Results
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&
ka3 DUNE- Other Topics

v’ Neutrino Interaction Physics
v’ Indirect Dark Matter Searches
v’ Cosmic Ray Physics
v’ Lorentz and CPT violations
v’ Extra Dimensions
v' NSI
v’ Sterile Neutrinos
v’ Exploring potential of lower energy neutrino
studies:
& Solar neutrinos
€ Diffuse Supernova neutrino background



LBNF/DUNE Schedule

Nov-15 Mar-16 Apr-27
CD-1 Refresh CD-3a Jan-19 CD-4 (early Aug-30
Approval Approval CD-3b Approval

completion) DOE CD-4

Copventionpl Facilities Preliminary & Final Design
FDUNE/WAIOS

40 months
e/ _ SCHEDULE CONTINGELCY:
avation incl. Waste Rock Handling
Excavation Cavern 1-4 and UGI 40 mpnths on CD-4

| A o ———

Critical paths
shown in
RED

Install Detector #3-4
NND Design

L ittt 2 & 4

CF Preliminary & Final Design

NND Assembly
CF Near Detector Hall

Instfall Beamline system
EZZ partial Assemb ly on Surface at FNAL

EZZZA \nsta)l & Comm ND in

W

DOE Activit ProtoDUNE complete T I .

- y Det #1 Commissioned Beamline Complete
Cryostat #1 Ready for

227777 pOE and Non-DOE Activity

Near Detector Complete
Detector Installation
(// /7 /7] Non-DOE Activity

Det #2 Commissioned
FS Conventional

Facilities Complete Near Detector Hall Beneficial
Occupancy — NS CF Complete
L. INUVCIHI1IVCI] .oV a1V

MIVIVU™ LUL rllyDI\aD W 1IN



Summary & Outlook

* LBNF/DUNE will be a game-changing program in neutrino

physics and astro-particle physics

— Definitive 50 determination of MH

— Broad exploration of leptonic CPV with significant prospects for
discovery

— Precisely test 3-flavor oscillation paradigm

— Extend sensitivity to nucleon decay

— Unique measurements of supernova neutrinos (if one should occur in
the lifetime of the experiment)

— Generational advance in precision neutrino physics at the near site

* A strong world-wide collaboration has formed to build the

experiment
— LAr TPC Far Detector,
— Task force looking into various designs of ND —
— Fine-Grained Tracker Near Detector a possibility
— MW-class Neutrino Beam

* The LBNF/DUNE Project is moving ahead.

2.November.2016 AMU- LBL Physics @ FNAL
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