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“With four parameters | can fit an
elephant, and with five | can make
him wiggle his trunk” — von Neumann
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OUTLINE

> NUMI| Beam

» Neutrino Oscillations

> NOVA Experiment

> Numu Disappearance
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RAMPING UP

« Capable of 700 kW

» Reliably ran at ~470 kW

« Record 521 kW for 1 hour
 Full power by mid 2016

« 7.4 x 10%° PoT delivered

Total MINOS+/NOvA protons to 00:00 Friday 15 January 2016
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RAMPING UP

Neutrinos
foiFar Det.

« Capable of 700 kW

» Reliably ran at ~470 kW

« Record 521 kW for 1 hour
 Full power by mid 2016
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Protons per week ( x 10'%)

RAMPING UP

« Capable of 700 kW

» Reliably ran at ~470 kW

« Record 521 kW for 1 hour
 Full power by mid 2016

« 7.4 x 10%° PoT delivered

Total MINOS+/NOvA protons to 00:00 Friday 15 January 2016
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NEUTRINO OSCILLATION

Time
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NEUTRINO OSCILLATION
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DISAPPEARANCE

o CPTtheorem: v, — v, is Tinvariant, so it must be CP invariant
0 Also, only even orders in A = Am-2L/E

v, Disappearance

0, ~ 0,5 symmefiry

P(v, — v,) ~ 1 —sin®26,,sin® A, + O(Aa)?  “HR
Am? , ~ Am?;, symmetry

v, Disappearance

Clean measure of 0,5
Amzee # Amzpp [O(AmQQ] )]

Pve »ve)=1— sin® 2613 sin® A, + O(Aszy )z
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APPEARANCE

a CPTtheorem: v, — v; is NOT Tinvariant, so it CAN violate CP
o Contains odd ordersin A = Am-?L/E

v, Appearance

P(v, — ve)
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+ O(Ag1)?

Breaks 6,5 symmetry
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APPEARANCE

a CPTtheorem: v, — v; is NOT Tinvariant, so it CAN violate CP
o Contains odd ordersin A = Am-?L/E

v, Appearance

Plvy —ve) =~ sin® a3 sin® 2613 sin” A.. Breaks 6,; symmetry
+  Jsin Ao sin Ace cos(Aee £ 6) + O(As1)?
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APPEARANCE

a CPTtheorem: v, — v; is NOT Tinvariant, so it CAN violate CP
o Contains odd ordersin A = Am-?L/E

v, Appearance
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NUE APPEARANCE
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NUE APPEARANCE
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NOVA

3D schematic of
NOVA particle detector
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DETECTORS COMPLETE
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NOvA ND Data
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DETECTORS COMPLETE

NOvA ND Data Preliminary
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DETECTORS COMPLETE

NOvA ND Data Preliminary

: | | | ]
T iy

g 15 .
g B i
% 10— ]
e | 5
5 (----. 96 ‘u,S ----) ]

. NuMI pulse ]
T -

Hit time (us)

NOvA Preliminary

—

Data (basic
monitoring selection)

14 kT post-shutdown data

=~ 7' Background (fit)

~ Beam window

Events /(12 us)

Ll g ﬂﬂ

350

100 150 200 250
At from t0 (us)




FIRST DATASET

Protons-on-target in data set: 3.45x10%° POT
Fraction of detector operational: 79.4% (POT-weighted average)

Full-detector-equivalent exposure: 2.74x102° POT-equiv
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during construction 150 _
B (@]
. s> | e Data o
- Different detector o [ I3
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NOVA TOPOLOGIES
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NC REJECTION

NOvA Simulation
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NC REJECTION
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NC REJECTION
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NC REJEC
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NC REJECTION
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NC REJECTION
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NC REJEC
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COSMIC REJECTION

« Cosmic rate is
O(100kHz)

* Pulsed beam
achieves a 10°
rejection factor
(?.6us every 1.3s)

» Topology adds a
10/ rejection factor

* Track information
used in BDT

# Events in Final Sample

Good spills

Data quality 5

Containment g
Cosmic background

NC rejection

Cosmio e}, |y

: - cc v, prediction (max. mixing)
E<5GeV g
... . R R T T I

1 10 10*  10° 10* 10°  10° 10
Number of events in the spill window
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NEUTRINO ENERGY
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TRACK ENERGY

Muon properties are very well modeled
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Events
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HADRONIC ENERGY

Significant discrepancies on recoil energy

1‘03' N
—— Simulated v, CC i . .

oF —— Simulated Background 11 <+ Neutrino energy Is well

B Uncalibrated Data |

- —e— —4— Data ]

| o~ O 6 poT 11 known from n-decay

i kinematics in off-axis beam
60 —]
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- 10°
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Events / 0.25 GeV

(Data-Bkg) / (Unosc-Bkg)
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NUMU DISAPPEARANCE

NOvVA Preliminary

P X2/ Ny =12.6/16

——
NOVA 2.74x10% POT-equiv.

—+— Data

Best fit prediction

------- Unoscillated prediction

- 1 - 2 3 T4
Reconstructed Neutrino Energy (GeV)

+2.37 2515 [NH]
x103 eV?2

~2.40 434 (m

P
Am32 -

NOvVA Preliminary

——

T

NOvA 2.74x10%° POT-equiv.

—+— Data

- Best fit prediction

T T T T T T

1 2 3 4
Reconstructed Neutrino Energy (GeV)

6.5 % measurement uncertainty

sin%(0,;) = 0.51 + 0.10

» Clear oscillation signal
* Observed 33 events

« Expected 201 w/o osc.
(including 2.0 beam bkdg.
and 1.4 cosmic bkgd.
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NUMU DISAPPEARANCE

NOvVA Preliminary
.1 1
> 2.74x10% POT-equiv. Normal Hierarchy -
i —— NOVA 90% CL |
— - e T2K 90% CL .
S, 30— ]
@ B -==- MINOS 90% CL i
~S 25 7
E L )
q B —
20— —]
I | | | |
0.3 04 0.6 0.7

» Consistent with MINOS and T2K
« Competitive with only 7.6% of nominal exposure

63



NUMU DISAPPEARANCE

27 I I 1 I | I 1 I I | I : ] I . I | 1 I I I | | 1 1 1
- NOvVA Sensitivity (14 kton) ’
o 6l— 18220 POT v+18e20 POT vV modes (3+3 years) ]
N 20 i
S [ -0 1o i
© 251 —
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< B i
23 -
2 B 1 1 1 1 | Il | 1 1 | 1 1 Il 1 | | 1 1 1 | Il | 1 1 ]

'6.2 0.3 0.4 0.5 0.6 0.7

« Expect ~1% precision on sin“20,5 in 6 years
« ~2% precision on | Am?;,| in 6 years
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NUMU DISAPPEARANCE

NOvVA Preliminary

[T 2.74x10% POT-equiv. Normal Hierarchy B
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sin 823

« Expect ~1% precision on sin“20,, in 6 years
« ~2% precision on | Am?;,| in 6 years
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NUE APPEARANCE
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NOVA TOPOLOGIES

1lm

Meutral Current

... Michel

v+ X=>v+ X

e_
=

NOvA Monte Carlo
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PRIMARY SELECTOR

o |1 i F : Points: measured dE/dx in each plane (example event)
LID: Likelihood Idenfification Color: p.d.t. for dE/dx in each plane (e~ assumption)
dE/dx likelihoods calculated for 002

longitudinal and transverse slices of
leading shower under multiple
parficle hypotheses

o
o
(S

e
o
—_—
a

Likelihoods feed an artificial neutral
network along with kinematic and
topological info:

e.g., energy near vertex, shower
angle, vertex-to-shower gap

0.01
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SECONDARY SELECTOR

e |1 i Left panels: candidate event, both views
LEM: Libra Ly Event Matchin e Right panels: best-matched library event, both views

Middle panels: an intermediate step in calculating the match quality

CTrial event ' Trial potential Best library match
|

Spatial pattern of energy
deposition is compared
directly to that of ~108
simulated events (“library”)

Cell

Key properties of the best- = ———p—
matched library events
(e.qg., fraction that are
signal events) are input
info a decision free to form
discriminant

Cell
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PERFORMANCE

« Good data/MC agreement in both
selectors

» Almost identical performance in
signal efficiency, sig/bkg ratio,
systematic uncertainties and physics
sensitivities

» 35% signal efficiency
» Reject 99.3% of NC background

* 62% overlap in selected events
between LID and LEM

» Decided, prior to unblinding, to use
more traditional LID technique as

primary selector, but still show both
results

NOvVA Preliminary
I-O- IND El)ata | I I—IIVIC IBear;l Ve I

___ Total MC
(Flux+Stat. uncert.)

10°
— MC NC
10°

— MCv, CC

Events / 1.66 x 10°° POT
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— T —
—8— ND Data — MC Beamv,_
___ Total MC ]

10k (Flux+Stat. uncert)  MC NC

— MCv,CC

e E

1035_ ‘I_‘_Ll_l_I}\' =

Events / 1.66 x 10° POT
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Events / 2.74 x 10°° POT equiv.

COSMIC REJECTION

* Large cosmic
rejection needed

« Cut on tfransverse
momentum 1o
remove downwarad-
going showers

NOvVA Preliminary

IAftelr loose LiD cut

| —— Osc. v,

Beam background
| —— Cosmic background

«—

=
()

=y

0.8
0.6
04

0.2

0.2 ) 04 — 0.6 I
Reconstructed p_/p

o
LI

0.8 1

NOvVA Preliminary

Good spill

Data quality

Containment

CosRej

- Osc. v,

B Cosmic Background
PRI BT EEFEETIT EEETE T ERFET T RAPARTT |
10° 10° 10° 10° 10° 107

Preselection

PID

107 1 10
Events / 2.74x10%° POT equiv.

» Selectors add a lot
of power

* Overall, achieve
~108 rejection factor
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HOW MANY?e

» Far detector predictions are corrected using near detector data

* Predictions correspond to a full detector exposure equivalent to
2.74x1020 POT (approx. 1/2 nominal year)

- Background Predictions

Total Bkg. Beamv,-CC NC v,-CC v-CC Cosmics

LID  0.94 +0.09 0.47 036 005 002 0.06
LEM 1.00+0.11 0.46 040 007 002 0.06
SN MM | sionciPredictions
N IH, 0cp = 7/2 NH, 0cp = 3n/2
D 224029 5.2 +0.72
NHE LEM  2.34+0.26 591 +0.65

Cia
().(){)U

P PR A P RS I R N
001 002 003 004 005 006 007 008
P(v,—v,)

smatter—larger

v, rate v, rate (i



RESULTS

NOvA Preliminary

4 I.ID: o_g_—é.7l4><iOzI” POT e(lquilv. S I ]
i = FD data r’ ’

e Observe 6 events ol — Bestfit prediction E

N — Background i

» 3.3c appearance signal g2 I ]

> 04— —

m L i

* LEM: i 1
0.2 _

* Observe 11 events

* 5.506 appearance signal

| 274x107 PIOTquLIJiV.I | | — ED data ]
» 9.2%: Probability of observing > °T A
this distribution of 11 events oI ]
* 12%: Probability of observing i 0-2:— —
equal or worse y? for LEM : ]
given NH and §.p = 31/2 ol cid W MW W, T -73_3

Calorimetric energy (GeV)



RESULTS - LID

. . LID 2.74x10%° POT equiv. sin%0,, = 0.50
- Consistent with reactor 21 [ T T
measurements [ [ : Normal hierarchy |

J 3n| E‘ i ------ Best fit ]
- [H disfavoured at 90% CL for 21 ! ----68% C.L.
< < iNn2 = '\ — 90% C.L.
0 < 8cp < 0.8m, for sin%20,; = 0.5 AN ) Restor 56% L. -
o | 1 A} 4
« Less significant if sin208,, > 0.5 SN
i |
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RESULTS - LEM

« Some tension with reactor

measurements at sin?26,, = 0.5

* [H disfavoured at 2c level for all
values of 5-p and sin?26, in
[0.4, 0.6] range

* Preference for NH and 8.p ~ 3n/2

LEM 2.74x10% POT equiv. sin’g,, = 0.50
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TH E E N D GOAL Normal Ordering

Inverted Ordering

NOvA hierarchy resolution NOvA hierarchy resolution
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NOVA v T2K Normal Ordering

Inverted Ordering
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SUMMARY

* NOVA has released first results on v,
disappearance and v, appearance

« 2.74x10%° POT-equiv. (~8% of total)

 Disappearance:
NS {+z.37+3;}g [NH]X10_3 "
¥ —2.40 314 (1]
e sin’(0,;) = 0.51 £ 0.10

 Appearance:
* Observed 6 events on a bkgd of 0.94 £ 0.09
- 3.3c evidence for v, appearance
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CHARGE SELECTION

Target Focusing Horns
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MATTER EFFETCS
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MATTER EFFETCS
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MATTER EFFETCS
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Calibfati()n FD cosmic data - plane 84 (horizontal), cell 12

T L 7
25— NOvVA Preliminary ]
= Biggest effect that needs correction I E
1s attenuation in the WLS fiber E T y
Example FD cell —> w 15 =
J . s I N
= Stopping muons provide a standard 2 '°f B
candle for setting absolute energy scale e -
(below) . ]
0 = T N
Distance from center (cm)
Far Detector Data Far Detector Simulation
100 20000 100 e . h
I - B I2500
£ 80 £ 80 e )
S 15000 ° - 2000
[4}] [4}]
g 60 g 60
% 10000 % 1500
2 2
T‘f’. 40 E 40 1000
§ 5000 §
3 20 S 20 500
ot 20 a0 400 500 R
Distance from track end (cm) Distance from track end (cm)



Detector simulation pieces | |
s cosmic ray muon hits \
after energy deposition

= =
10°' —+— Far Detector Data —;.
Detailed modeling includes: :  Simulation :
. 2
« fiber attenuation =
: 3 > N
* light collection losses at cell ends € 100k
* scintillator saturation s f
. . it 4L
« fiber length variation across modules w10E
* run-by-run matching of inactive channels 10° -
* APD characteristics -
. . 10 —
 amplifier noise A R
SEN- 0 500 1000 1500 2000
« full digitized traces Photo-electrons
* readout electronics noise |
* signal shaping, digitization, 0.04[+ -
. = — Tuned MC )
Zero suppression :
0 — Untuned MC .
. . . CIC) 0.03 ]
Top plot: distribution of photoelectrons & _|_I Data ' i
. : weoor iv i
for cosmic ray muon hits. 5 [ ast active cell 4
c 0.02]— in selected ]
2 [ proton tracks -
Bottom plot: require more scintillator g )
saturation in simulation for high dE/dx 0.0~ B
hits than usual. Tune model to proton B i
tracks. Y, K 0.15




Multiple probes of
energy scale

In Near Detector

e cosmic u dE/dx [~vertical]

* beam u dE/dx [~horizontal]

* Michel e spectrum

e 10 mass LTt
* hadronic shower E-per-hit —

In Far Detector

e cosmic u dE/dx [~vertical]
* beam u dE/dx [~horizontal]
* Michel e spectrum

Events

All agree within 5%

Events

300

200

100

NOVA Prellmlnary

NC n° + Data ]
_ﬁvents t — MC n% signal ~
i — MC bkgd
i Data u: 134.2

Data a. 50.9

eV
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&V
bV
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MW(MeV)
¢ ND, 1.66x10% POT NOvVA Preliminary
— 1 T
v CC —— Simulated v, CC N
K 1, Simulated Background
events v oato

10 20 30
Average Hadronic Energy Per Hit (GeV)




Checks of EM shower modeling

In addition to 7% in the ND, we have
bremsstrahlung photons in ND and FD

Right: energies of brem showers in FD

- Excellent data/MC agreement

- Probes relevant E range (blue curve)

Below: selection efficiency varies a bit
across the large Far Detector
- Well modeled by simulation

1 T T T T T T T T | T T
I LID>0.7
> |
Q
[ — N
L 06 -
. i Muon-Removed il
L R FD Data i
0.4H —— Cosmic Simulation _
] ] ) ! L L ] L L ] ) ] ! |
e -500 0 500

Vertex Position Y (cm)

ratio

Data/MC

1

1

Events

1.2
1.15
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0.95
0.9
0.85
0.8

» NOvA Preliminary
sol- = [ R B
i —~+ Cosmic Data
i — CosmicMC
oo T E
50— 1
SR E— 6 510
Shower Energy (GeV)
T T T T I 1 | |
B _+_ Muon-Removed FD Data/Simulation J
. o et
t -,-_,__.__._'_._-o-_‘_-o—o-.._._-.-*-"'.._ +--—--_._'H' -
—r I
-500 0 500

Vertex Position Y (cm)
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o
=
[

ND Events

True Energy (GeV)

Far Detector prediction

(1) Estimate the underlying true energy distribution of selected ND events

(2) Multiply by .expected Far/Near event ratio and v,—v, oscillation probability
as a function of true energy

(3) Convert FD true energy distribution into predicted FD reco energy distribution

Systematic uncertainties assessed by varying all MC-based steps

— ND Data 2.74x10%° FD POT-equiv.
— Base Simulation 1.66x10%° ND POT

— Data-Driven Prediction / I
~ o ‘

«10° O x10° { 1 |
1 1 Il L L 1 1 1 L L 1 1 0

o 00 T 2 3 4
FD Events/GeV FD Estimated Energy (GeV)

OUI\\\LJJJI\\‘I

1 2 3 4 50 ‘ 040 .
ND Estimated Energy (GeV) ND Events/GeV F/N Ratio

FD Events

True Energy (GeV)



NUMU SYSTEMATICS

Absolute Calorimetric 7.7 3.1
Energy Calibration [£22%)]

Relative Calorimetric 3.7 0.8
Energy Calibration [£5.4%]

Cross Sections and FSI [£(15-25)%)] 0.6 0.7
NC and CC Backgrounds 3.2 0.7
Detector Response 1.3 0.7
Flux [£21%] 1.6 0.4
Exposure [<+2%] 0.3 0.2
Oscillation Parameters 2.1 2.2
Total Systematic 9.2 4.1
Statistical 19 5.0

Errors on mass splitting and angle dominated by hadronic energy
calibration/simulation

NC backgrounds contribute to angle systematic uncertainty



FD v, CC candidates: when and where

L :I o 1 I 1 I _] 800 1
7 : —— Selected candidates —_ 0.9
: : = £ 600 .
6 5 E Background — 3 Jdo.s
O | N Spill boundaries | - 400 ~0.73
=4 t 200 2
-_ - N ‘sg —0.6 <'<D
@ @ 053
dc.) =
u>j 3 I I — § —200 0. 4 ('D
2 - = a0 032
L T
DR L, it =2
0 : . -80q,
200 220 240 260 280 300 —300-600-400-200 0 200 400 600 800
At from t; (us) Main track start X (cm)
800
—~ 600
£
£ 400
>
T 20
w 0
S -200
£ -400
= 600
-800 3000

Main track start Z (cm)

Note 1: Second timing window at +64 us required for some of the early data

Note 2: Colors show relative efficiency. Not weighted by time variation in detector size. "



FD v, CC candidates: event distributions
NOvVA Preliminary

Events / bin

Events / bin

™ L T

[ FfDbaa 2.74x10%° POT-equiv. 1
30 = Best-fit prediction —

i Background :
20__ ]

| I 1
10F | | .

g ! [ :
0_ r— |_1_|_‘L_l 3 - i

0 100 200 300 400
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| - fDbaa 2.74x10%° POT-equiv. -
15}~ —— Bestfit prediction —

i Background ]
10f -
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£l l i :
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[ 1] | I i , "
0.4 0.6 0.8
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d}l
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Events / 0.25 GeV

Zoomed view of Far Det. v, CC energy spectrum

NOvVA preliminary

12 B 1 1 1 I I 1 1 1 I ] 1 L 1 I 1 T ] I T T 1 _
: NOvA normal hierarchy I Data :
10— 20 : —
2.74x10° POT- ; G
- * SR —— Best fit prediction -
B Best fit y2=12.64 / 16 dof ]
8f— —— Backgrounds =
= Bt -
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4 _— —— —— —_
= —— =
2 _— p—
n L -
= ——
N i 1 H‘I"“'l"‘l'—'l_l_‘—
00 5

1 2 3 4
Reconstructed Neutrino Energy (GeV)
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Also shown: the spectrum with nuisance parameters fixed at their central values
and the corresponding (highly correlated) systematic error band

Events / 0.25 GeV

Zoomed view of Far Det. v, CC energy spectrum

12

10

NOvVA preliminary

B 1 I I 1 I 1 1 1 1 I 1 I I 1 1 I I 1 I 1 i
n —+— Data i
| NOvA normal hierarchy ‘ - ]
| 20 Best fit prediction (no systs) |
B 2.74x10"" POT-equiv |
. Expected 1-c syst range

B Best fit ¥2=12.64 / 16 dof N
N Best fit prediction (systs) ]
i Backgrounds |
- = —
] T 4 E
n 1 l i I ‘ i
n I_E ! !

— —_ l—l—} - h 4 I =

] 1 ] —1 L1 Lo =i
0 1 2 4 5

3
Reconstructed Neutrino Energy (GeV)
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NOVA Preliminary

3.5

N 25—

Am

, (107 eV?)

[ [
NOVA 2.74x10%° POT-equiv. 90% CL

Data result

........ MC sensitivity

Comparison of NOvVA disppearance result to the
expected sensitivity for the same best-fit parameters.

05
sin 823
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Effect of systematic uncertainties on
sensitivity to atmospheric parameters
in current analysis

NOVA Preliminary
- - 1
35 T —
= Sensitivity: _
- stat. only .
B stat. + E; 44 Syst. ]
O L stat. + all systs. B
=
q) |— —
(*;) - -
o n -
o 2 N
£ . :
2_ —
i 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
0.3 04 0.6 0.7



Pre-selection

First, basic containment cuts require sufficient distance from the
largest reconstructed shower to the walls.

Then, cuts applied to: NOVA Preliminary
6 T B T T T

Before preselection and PID cuts

Osc. Ve

Beam background

- shower length
- number of hits in event
- calorimetric energy

Cosmic background (x0.1)

All three related to the “size”
of the event
We know well the range of
energies any appearing v,
might have

Events / 2.74 x 10°° POT equiv.

O A | | I L ] 1 ] 1
0 50 100 150

Number of hits
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o

1000

500

Events / 1.66 x 10°° POT

Shower direction and event energy distributions
for ND data and simulation, after all cuts

This ND distribution is used to
create FD background prediction

NOVA Preliminary

NOvVA Preliminary

| LID — MC Beamv, 500 LID -
I - ND Data — MC NC ] — - 4 —e— ND Data ]
B ___ TotalMC . ] O - ___ TotalMC .
i (Flux+Stat. uncert) V< Yu ©C 7 Q. 400 (Flux+Stat. uncert.) —|
i -: I L —— MC Beam v, 4
a - s - .
- - ~ = _ .
B 1 « 300} MC NC ]
| _ © [ — MCv CC ]
B i © - | :
- — 200 -
i : %) i ]
— — c | i
a _ o N _
i N o 100~ ]
i . - * ]
i L ] ] B L 4 & ==| 1 1 1 | [ L 1 ] : L ~
0 vo2 . | . 1.0 % 1 T2 3 4 5
coso Calorimetric Energy (GeV)
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Calibration

v Interaction

Scint. Saturation
Normalization

v Flux

ND BG composition
Other

background

Total Uncertainty

0%

| | 12.9%
| 9.6%

5% 10%

* Most systematics are assessed via variations in the Far/Near ratios
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KD v, CC candidates: when and where @ LID & LEM

(LID + LEM events ) :tg’M"glﬁy
) '_2|.74><1 0% poOT eqll.liv. | | N ,é-. a— ‘ ...........................................
- ] 5 500 @ ° :
- : c O
cg-1'5__ " _g L ‘
= ] 7
o [ i o oF ' @
s T H { 2
o It ] > O
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| i e '
i i 0} 8 E
0.5~ o y E :
i ) ©—500f .
i ] > - @ '
0_ N | | N R b L et [T
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Event time (us) Vertex X position (cm)
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kS P
3 o o ® =]
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. o =
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5000 5000 2000 2000

Vertex Z position (cm)
Note: Second timing window at +64 us required for some of the early data.
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LID: Fixing sin’6,, = 0.4

21
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LID: Fixing sin%6,; = 0.5
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LID: Fixing sin?6,; = 0.6

LID 2.74x10*° POT equiv. sin“0,, = 0.60
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LEM: Fixing sin*6,; = 0.4
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LEM: Fixing sin?6,; = 0.5
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LEM: Fixing sin?6,; = 0.6

LEM 2.74x10% POT equiv.

Sin“0,, = 0.60
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NON-STANDARD INTERACTIONS
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