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Clarification

NOT Nutria !

Neutrinos
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Clarification

Neutrinos, NOT Nutria !

(7% NUTRIA TASTE TEST 42 _ ("2 NUTRIA TASTE TEST #3
\ o

-~

Y p 'y
T e

‘\n
y T A

& NUTRIA SNACK STIX % NUTRIA SUSAGE 2 < NUTRIA JAMBALAYA

Fred: Can you check at Peggy Sue’s ??
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= Neutrinos Mix

Homestake, Gallex, KamLAND,

Kamiokade, il e
SAGE, Super-K, CHOOZ, ... Super-K
SNO, Borexino KZK MINOS,
: MiniIBOONE
|
Neutrinos change flavor
= Neutrinos have mass and mix
flavor Ve Ue1 Ueo Ues Y1 | mass
eigenstates | Yu | — U nl U w2 U u3 V2 || eigenstates
Vr Ur1 Uro Urs V3

TE Coan/SMU SMU - Apr 2014 4



PMNS Leptonic Mixing Matrix
va) = 32 UnilVi)

U_; can be written w/ 3 mixing angles and 1 phase
and w/ ¢; = cos 6; and s; = sin ;

atmospheric Cross-mixing solar
1 0 0 C13 0 Slge_i(S C12 s19 0
U = 0 C23 S23 0 1 0 —S12  C12 0 |
0 —S8923 C23 —813€Z(S 0 C13 0 0 1
€12€13 $12€13 s13e7%

4]

. 5
—819C23 — €12523513€"?  €10C23 — 512823513€"  503C13

\ s10523 — c12c03513¢" —c10803 — s10c23513€0  cp3c13

 Mixing angle 0,5 large (sin? 26,;, = 0.090 +/- 0.009).
* CP violating phase 6 unknown.
SMU - Apr 2014 5




Vacuum Oscillations

Neutrinos propagate as mass eigenstates
Interact as different (i.e., weak) eigenstates

» Oscilllations result

In absence of matter (key caveat) & to lowest order:

Am3,(eV2)L(km)
E(GeV)

Aatm ~ 1.27 (

Additional sub-dominant terms, sensitive to CPV phase o:

APs(vy — ve) = JSIN D gy SiN A gy, (COS 0 COS A gt~ SIN G SIN Do)

J = sin 26015 sin 26>3 sin 2613 COs 013 v v

... but NOvA's neutrinos travel though Earth ...

SMU - Apr 2014 6



“Matter Effects”

v, — € scattering Hamiltonian modified
Effective mass eigenstates & mixing angles altered

»‘"'.‘ E
Prat(vy — ve) ~ (1:::‘:|:’:52E—)Pvac(l/“ — Ve)
Yaus? R

Er = 12 GeV (earth’s mantle)

E(v) = 2 GeV = 30% enhancement/suppression

NOvA's long baseline key

SMU - Apr 2014



Key NOvA Physics Goals

L/E ~ 400 km/GeV regime:

TE Coan/SMU

Measure v, —> v, &V, — v, transitions
Measure v, > v, & v, — v  survival probability

Search for CP violation in neutrino sector
l.e., measure/constrain 6 CP

Resolve neutrino mass hierarchy.
Measure sin?(20,;) with high precision.
Determine octant of 0,,

Measure PMNS mixing angle 0,5
Other (monoples, supernovae, NSI...)

SMU - Apr 2014



Neutrino Ignorance...

A

Am?

f;h P 1

|

=

| -

(=]

i

e

[ ]

L

E

<<

|

v 2

} Solar
1 PP 3
Qorvar >? - ° QVERTED ?
Hl c Z 1L B T
FETER
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2007

Streaming

Near detector measures
un-osc v flux & bkg rates.

= Far detector measures osc v flux.

TE Coan/SMU SMU - Apr 2014 10



Off-Axis Beam Technigue

CoM: /u br

/n Lab Frame: (Bv o< 3o
V

-.E(v) ~Independent of parent hadron E

m_
> |
15| S |
| — ﬂ=0mrag Se0
— 0 =7mra ]
i — 0 =14 mrad* E
EV — 8 =27mrad E — On axis e
ok - 4 = — ¥ mrad
(GeV) I E — 14 mrad
i a | 21 mrad
| Wy
5| =
: o0
% 10 20 30 40 & 008 |
8 10

E.. (GeV)
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NuMI Beam Upgrade

Booster —» Recycler -» M|l — target
p: 8 GeV — 120 GeV

* Recycler: p — p storage ring
— slip-stack batches in Recycler
— single turn extraction into Ml ,;
LuuAc-ﬁl ‘

— 53 MHz RF added Al \ a3

Tunngl ‘. Rlng "‘i ‘/3
* 10 psec spill every 1.3 sec G yes Y

ORecycler ring
OMain Injector

* 4.9 x 10%3 p/pulse @120 GeV/p ONul
* 700 KW beam power
* 6 x 10°° POT/yr

. Main

Absorber Muon Monitors Injector &

Target D i \, N | Y | B Recycley
ecay Pipe o | B | R
Target Hall y Hip ut v YR v
120 GeV £ o 8 A e Tl e et
prolons ;\ n/ ‘L i = 4, ([ S::-} -:-\_ | " :‘\;»
- m{%i ‘ e~ IS
Main Injector Horns nt W ut 57 . Qi‘b‘-l l #‘rl Z:\\ “';
10 m 30m YV j_}’: ' “*
675 m Rock| Robl_q Roek

: 5

Hadron Monitor " 12m 18m  210m




NuMI Beam Composition

Horn focuses positive hadrons (v runs) Horn focuses negative hadrons (v runs)
NOvA Preliminary NOvA Preliminary

10 = T T T T T T T T = 10 = T T T T T T T T T T T T =
3 ! ' —Total 7 3 ! ' —Total 1

i ] i —v, ]
1E E 1E =V, E

; E ; _'\_"e + Ve E

v CC /6E20 POT /kTON / 50 MeV

v CC /6E20 POT /kTON / 50 MeV
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NuMI| Beam Performance

= Beam Power <500 kW pending booster upgrade

From [Mon Mar 31 14:00:00 CDT 2014] to [Mon Apr 07 14:00:00 CDT 2014] Logger="MIN]'

1:19SUM3 versus Time

45 10 100000
204 Mean=22.915
| 100004 | RMs=4829
= 357 e o Area=304.33
N =
o) § 1000
m re
= I i = 100
2 1 [
E [ Ly &
= 4 y m 10
= 5
- *
= LI m -
104 Lo E 1
54 o
o I | e I I 0 0 5 10 15 20 25 30 35 40 45
04/01 00:00 04/03 00:00 04/05 00:00 04407 00:00 MI 1:19SUMS3 [E12]
M1 Effic (E:TRTGTD/I1:195UM3) vs. Time
100 1
t Hi l f i T T m“" H . Mean=99.188
s i RMS=0.443
N Y Area=210,598|
g 95 i :
‘;: m
L o
3 06 2
a 4 o w
g 90 g
= ]
w o
= [
Z @3- H
F0.2 &
) = 1
|
20 T . ! . ! ] . 0 80 85 80 95 100
04/01 00:00 04/03 00:00 04/05 00:00 04/07 00:00 MI Efficiency [%]

Average Power, from E:TRTGTD, vs. Time
500

Mean=22
RMS=56/7]
Area=9

T e

M| Power Delivered [kw]

0 T T T T 100 200 300 400 500
04701 00:00 04/03 00:00 04705 00:00 04/07 00:00 MI Power Delivered [kw]

Total protons delivered during this period: 6.974E18 @

hitps:;//www-inst.Fnal.govw/performancef2014/Ml-Week/MSummary_2014-04-07_14:00.png
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NOvA Far Detector Overview

= Low-Z tracking calorimeter
65% active

= Surface location

60 m

= 14 KT total mass

= 896 Detector planes
Alternate x-y layers 155 m
0.15 X,/layer
R,, = 9.8 cm (2.5 cells)

N
v

. . 15.5
= Liquid scintillator cells "

32 PEs from far end

= 1-sided readout/plane
via avalanche photodiodes (APDSs)

TE Coan/SMU SMU - Apr 2014 15



NOvA Detector “Atom’”

<> L
<.t
typical _ :7
charged -~ ~
particle
path
\ / \
W™ 0

TE Coan/SMU

Liquid Scintillator
Mineral oil solvent: 94.6 % (BW)
Primary scintillator: 5.2% (BW) pseudocumene
Waveshifters: PPO + bis-MSB

Hollow PVC cells provide granularity
15% (BW) TiO,: high reflectivity walls
Each cell: 3.6 cm x 5.7 cm x 15.5 m long

Looped Wavelength Shifting Fiber
Maximizes light collection: no mirrors

Diameter = 0.7mm, K-27 dye @ 300ppm

Avalanche Photodiode
QE = 85%
Gain = 100
T run=-15C

SMU - Apr 2014




Why APDs

0.9
APD
0. {_ .
. \ Fiber length
£ 07 0.5m [
% / /\ \ — Im
£ 0.67 \ —2m |
— . _ 4m
T 057 BOSITL \ Fiber Spectrum — =g
= | Liquid [\'\ v. fiber length |~ 12m
[5]‘ 0.47 Scintillator / \ r 17m
— PMT QE
0. . |
/ PMT \ s\ APD QF
0.2T /
0.1 ) I
0 T § ; 8 T —— |
350 400 450 200 550 600 650 700

A (Nm)
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Front-end Electronics

APD Maodule - 32 channels

o -

Fiber PCB |
Connector ASIC: Amplification,
shaping, multiplexing to
Arr Gap ADC

APD

Thermal
gap pad

TE Coan/SMU SMU - Apr 2014 18



DAQ Architceture

10 752 FEBs DAQ: Triggerless, continuous, no dead-time
(344 064 det. channels)

FEB , FEB = : :
Shared Memor : ARTDAQ Data Driven Triggers
| DDT event ARTDAQ- || ARTDAQ- K ARTDAQ-
| 1 2 [ AR ] N
ite gosg FE?;SQQ‘_L | | 5ms data Processor || Processor Processor
(6-8MeV/cell) LLW { blocks # | l |
83 5 ata g2 & Event builder
£ 8 - Buffer a 8 = @ Trigger Reception
£ o S C c U’r ¥
= O = T = c O
s K L%)' aE ("5 '_: Data Slice Pointer Table
o .
(2 Triggered Data Timtz Window
9 Data Outpu Data | Search
\/\/ | - E
A 4 ! ‘ " 8
\_..\_ W U ] I // %
.\_\4 b ‘ 8
200 Buffer Nodes ™ S 2
(3200 Compute Cores)— Global =
Trigger =
Beam Spill Indlcatc[ 1 SN el £ Data Logger

(Async from FNAL @ .5-.9Hz)

Calib. Pulser ( 50-91H2) SMU - Apr 2014




=\ -llzi’-_ =l

5 T ;f;;u F ~

,*’ " T

b !.:,# Ta
&

ig;g’

&




Far Detector Status

Completion date - July 2014

Status @ 7 April 2014

14 kilotons = 28 NOVA Blocks

B 238 blocks of PVC modules are assembled and installed in place
B 27.44 blocks are filled with liquid scintillator

" 18.00 blocks are outfitted with electronics

TE Coan/SMU SMU - Apr 2014 21



Far Detector Status (2)

Last block installed 25 Feb 2014

MADE
IN
AMERICA
2014
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Near Detector Construction

= 0.3 KT mass
= 20k channels
= 1 km from target & 100 m underground

= Cell structure similar to far detector

= Front end & DAQ identical to far detector
= Completion ~May 2014

14.3 m

4.2 m

4.2 m SMU - Apr 2014 23



#-._. Michel e

--
"Dm -]

Electron

v, Charged Current

Proton
1]

.{H:--
n (-yy) "=

v+ X-ov+ X

Neutral Current
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Neutrinos !!

100 = 0 200 w_ 600____________ 800 ____________ L — o= —— 20 000 __ _ 400 _ _ _ _ _ s _ 60 00 ___ 80 _ W0 _
50 - g
0 i
2 -
g § -
< L i : k- LT
-100 - fesmy i
50 -
A e e e = ,:::;,,:,4::;:ﬁg,;,f;:77::::,4,7:::¢,——,—ﬁk,—:ﬁ~:::747—*~:::7777¢77:¢—*:-—*ff-::ii
=260 290 = — * i
=
500 -
500 | i E-i
g - g K
-
3 EH 8-550 u
- - -
600 EEEHER Bl
] 5
1 600 EAE
qeo Lo LEELEEEELEEEEEELEEREEEEEEEELED HEEELEEEEEEEEEELEEL SELE:EERER EELELEL P 650b oo EHEHE  SHERE! EAEAE EREAE! EAHRAREAEAE] S HOHAREAHEEHORERIR]
0 200 400 500 800 1000 030 200 300 400 500 600 700 800
z (cm) z (cm)
NOVA-FNALES2S L NOvA - FNAL E929 .
Run: 11654 /9 = ER| Run: 12096/7 £ 4 Zw
Event: 77385 / NuMI 108 A E QE Ii I I I L N N i Event: 26833 / NuMI 4,—-—'—,—‘ j 1
UTC Tue Nov 12, 2013 e 65 17 2275 228 2285 229 2295 230 0 200 400 600 UTC Sat Dec 21, 2013 T 372 2174 2176 2178 218 2182 2184 2186 2188 219 50 100 150 200 250 300
13:25:44.976546176 t (usec) q (ADC) 04:05:0.386969408 t (Wsec) q(ADC)

NOvA Preliminary

800 rrrr|jrrrr|yrrrrJjrrrr|yrrrrrrrrroprrrr T

Near detector on surface

Golden events
M /

700
600
500
400

300

200

Far Detector events

Events/2 psec (Near detector only)

100

O_IIIIIQIIIIIIIIIQIIII IIIIIIIIIIIIIIIIIIIIIIII_
50 100 150 200 250 300 350 400 450 500
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= 9.0 kT/14 KT instrumented.

= | ots of cosmics observed.

= Reconstruction & calibration
algorithms tested on cosmics

NOvVA Far Detector Cosmics Data

NOVA Preliminary

Average dE/dx

Charge [arbitrary units] / cm

T I vl S T PR S TR S N ST Wil S R ST S S
100 200 300 400
Distance to track end (cm)

26




Performance w/ Cosmics (2)

Incoming zenith angle Planes crossed
NOVA Preliminary NOVA Preliminary
:I T T | T T T T I T T T | T T |: T T T T T T T T | . . . . |
3+Dala . ‘+‘Data
210°E CRY Monte Garlo @ N — CRY Monte Carlo
S E S10*F - =
= 2
° 5
2 o
£10?} - £
ET%
z | Z
10° —
%z 0F o6 08 I T, |
: : : : 0 50 100 150
cos(6) Planes Crossed

Incoming azimuthal angle
NOvA Preliminary

1 Od T T T T T T T T | T T T T |
+ Data

— CRY Monte CarloT

= 1/7 detector only.

= 14k data triggers.

= Tracks must pass > 7 planes.
= MC/data agreement good.

Number of Muons

103 [ 1 1 1 | 1 1 1 1 1 1 1 1 1 | 1 L
0 100 200 300
¢ (degrees) 27




Hit Efficiency w/ Cosmics

NOvVA Preliminary

10

0.9
E s
2
e 0.8
()]
| o
9
E o 0.7
= |
o
06
4 1 | 1 1 1 1 0 5
-500 . 0 500 g
Distance From Center (cm)
NOvVA Preliminary
1.1— T x I T ] T T l T T T T I ] § T ]
1.0:"““"“"“_';'___“" """"""""""" =
B ___J—'_ __a—_'—_'-__ —:
2 0.9 -mmmmm e e e aeneae .
Q B al
0 = g
O B il
E 0.8— =
L —}— Vertical Cells ]
0.7 —
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0.6 B | ! ! ! ]

1 I 1
500
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-500 0
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Far Detector: MC v Data

NOvA FPreliminary NOvA Preliminary
# T I T T T T I T T T T I r“I I T T T T I T T T T I T T T T I_
a0 '_“,’ —|— Far Detector Data | —+— Far Detector Data
- Y 0.05 B -
[=; -4 —|— Simulation 7 C — Simulation N
= S - _ N
] J
& T ¥ = ]
1 — ]
= 4;_._ E i
8] N
a o .
< | " ]
I: —
£ :
. L L L ] L L . . | L . L L ] | =

gy . 500 1000 1500

Distance to Readout End of Cell (cm)

= Decent MC/data agreement.
= Expected to improve.
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Physics Measurement Scheme

NOvA measures probability of 4 reactions:

Vo = Ve Vyp = Ve appearance” measurements
vV, = Vv, Vu —> VH “‘disappearance” measurements
P(V,) vs. P(v,) for sin®(26,,) = 1
— 0.09
If E NO\'Az - 3 4,2
® o008 [ L?:] éé;;z:'a'lz.c:oo * - 1+4_
007 _ sin’(26,,) = 0.12 . % 19F 2 spectrum ratio
0.06 f"&éﬁi‘:"’. m“ E 1:‘_!Am
0.05 _—sm 2(26,.) E i ++
=0.07 " .- 5 0.8 +_+
0.04 T, sin220 -+ 7T
0.03 E n +
: = 04~ + +
0.02 —og:u’;m =0 H - *
*oCr O 0.2- +*
O §= L
%01 T §=3n2 E _ Monte Carlo
0 0 {].|[}2 I 0.1)4 — l}.|06 — {].ll[]B I 2 4 E E 1“
P(ve) Visible energy (GeV)




Anticipated Event Yields

¢« 6Xx10%° POT/yrv's & 6 x 10%° POT/yr anti-v’s
« 3yrsv's+ 3yrsanti-v's

. sin? 20,, = 0.095, sin? 20, = 0.95 or 1.0
. AmZ, = 2.35 x 1073 eV/?

v, Selected anti-v v, Selected - anti-v

NC 19 10 CIE SRl
v, CC 5 <1 NE 2l S
Non-QE signal 168 78
Beam v, 8 5 QE sig
NC bkg 14 6
Total bkg 32 15 :
_ Uncont. signal 233 134
Signal 68 32 NC bkg 5 3

Need to be patient !!
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Mass Hierarchy Sensitivity

NOvA hierarchy resolution, 3+3 yr MNOv A hierarchy resolution, 3+3 yr
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o0 CP Sensitivity

significance of CP violation (o)

NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin°26,,=1.00
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v, Disappearance Measurements

NOvA Prellmlnary NOVA Prellmmary
3 3 T T T T
i NOvAv Sensm\nty (14I<ton 700kW) ] I NOVAV Sensnwlty (14kton 700kW) i
28l | 28— .
. i < | sin*20,.=0.95 :
L . L i 23 1
% © 26l pmmm e . -
o 2.6 c'po ©[7sin 2823_1 . I
o ™ — | r---"“-\~ ,—-‘\_
= g \ e (G
c\.l_tc\\'la 2.4 Q‘ NE% 24— . \\ \\ tt‘g‘l
<E:| 3 years v + 3 years ¥ 90% CL < : 90% CL v + Vv mode \"uj?“‘--..___) ‘e\‘;
— Contained non-QE CC [ - 1+1 years H"‘H-,__.i
2.2~ ——— Contained QE zer ——— 3+3 years .
P E::h:;: :;n;l:des uncontained events) i 5| +5 y ears l l i
e eE T &75""0.8"'08"2"9""0.95” 1
.75 0.8 O.BSSinzze 0.9 0.95 1 sin 29
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NOvVA Summary

 Both detectors rapidly being completed.

» Far detector performing well.

* Precise measurement of sin®(20,;) & Am2,,.
» Constrain 0,5 octant.

» Constrain CP violating angle 6_CP.

« Information on neutrino mass hierarchy.

* Measure 0.

* NOvVA detector finished summer 2014
 Expect first publication late 2014.
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Backup

36



. sin’(A—1)A
O, (A-1)°
+) 2 0, 8 % sin26,, sinAA sm(A-1)A A
) 20(s1n0, , sind _)s1n20, , sin Yy (A-1) sin
m(A—1)A
+ 2in29125i112823 Sm:& 5111(( A—H) cosA

o =Am’, /Am* | A=Am’, L/(4E) A= (jr) G fneLf(N"EA)
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