LONG-BASELINE EXPERIMENTS

O IN THE NUMI BEAMLINE

P. Vahle
o College of William and Mary

‘ Nov. 14, 2013




i
§
<

<
>




NEUTRINOS HAVE MASS!

_ y - - 1 - .mjz-L 2
e w
_ 2F
J
V’E i 3 |
O Ve, Vi, Vi V1, V), Vs o A neutrino created as one
« Flavor States: flavor can later be
creation and detected as another flavor,
detection depending on:
o Mass States: » distance traveled (L)
propagation * neutrino energy (E)

o difference in the squared
masses (Am*,=m?-m?)
e The mixing amplitudes (U;)
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THE PMINS MIXING MATRIX

1 0 0 [ cos 0, O sinf,e™ \( cos 0, sinf, 0
U=| 0 cosB, sin0, 0 1 0 —sin@,, cosO, 0
0 —sin@,, cosO,, | - sin@.,e® 0 cosO,, ) 0 0 1

(12) Sector: reactor + solar, L/E~15,000 km/GeV
"AmZ =750 %107 eV?  tan’6,, = 0452703
(23) Sector: atmospheric and accelerator, L/E~500 km/GeV

Hlaml,| = 232702 x 107 eV sin’(26,,) > 0.96(90% C.L.)
(13) Sector: reactor and accelerator, L/E~500 km/GeV

k% . 9D +0.008
sin”(20,;) = 0.0907,,, (stat.+syst.) {PRD 88.052002(2011)

HPRL 106. 181801(2011)
*SuperK Preliminary, Nu2010
“Daya Bay Preliminary, NuFact2013
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WHY MEASURE ALL THESE ANGLES?

o Open Questions:
« What are the masses of the neutrinos?
 What is the nature of neutrino mass?
* Why is lepton mixing much larger than quark mixing?
 Which neutrino is most massive?
» Is there CP violation in the lepton sector?
Is it big enough to account for matter

vs. antimatter asymmetry?

o Small neutrino mass suggests

a heavy partner—Neutrinos g
provide a window to physics
at the GUT scale!



THE MINOS EXPERIMENT

o Long-baseline neutrino oscillation
experiment

o Neutrinos from NuMI
beam line

o L/E ~ 500 km/GeV

Lake
Soudan q - Superior

| Duluth d o

Lake
Michigan

o Two detectors | o atmospheric
Madison

mitigate systematic
effects \
- beam flux mis- Fermilab

modeling el s e
- neutrino % L RN
interaction 17 . Near Detector
S 1 km fft;m §ource
uncertainties %
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MINOS PHYSICS GOALS

A28

o™ .
\/ ° Ocp

o Measure v, disappearance as a

function of energy
o Am?%, and sin?(20,,)
. test oscillations vs. alternatives

» look for differences between
‘:\00 neutrino and antineutrinos

o Study v,—V, mixing

measure 0,

* mass hierarchy

o Measure rate of Neutral
Current interactions
* probe sterile mixing

Update,
more stats!
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THE DETECTORS
FD running since 2003

ND running since 2005

el

.

o Magnetized Steel-Scintillator Tracking sampling calorimeters
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THE DATA SETS

Tptal NuMI Protons in MINOS Run

!
R 1 - .
N
LT "

2005/05/02  2006/03/18  2007/02/01  2007/12/18  2008/11/02  2009/09/19  2010/08/05  2011/06/21 2012/005/07
Date

~
=)

LE neutrino beam
LE antineutrino beam
Special Runs

Co

Protons per week (E18)

o

o Results from entire beam run
¢ 10.7 x 102°POT in (LE) neutrino running

e 3.36 x 102 POT 1in antineutrino running
o 37.8 kton years of atmospheric neutrinos in FD

Total Protons (E20)



O THREE FLAVOR ANALYSIS
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2 FLAVOR MUON NEUTRINO DISAPPEARANCE
P(v, —»Vv,)=1-sin’(20)sin*(1.27Am’L / E)

Monte Carlo
(Input parameters: sin?26 = 1.0, Am? = 3.35x102 eV?2)
£ v, spectrum o 14
e u 8. spectrum ratio
2300|- T 1.2 P
w Unoscillated g | |
A ———
200 Oscillated 508F ++H
ki o.s_-+ #
© . ++
100 g 0.4:— + ++
i o 0.2:— KA
o2 TTETTTE T T o 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)

Am’| = 24177 x 107V’
sin”(20) = 0.9507 >
sin” (29) >0.890 90% C.L.) PrL110:251801 (2013)



EXTENDING TO 3 FILLAVORS

L 2
P(v, —v,)=1-sin>(26,, )sin’ (127, L/ E)+ @(Am; —) depends on 8,5, ,,

E octant, mass
2 hierarchy, &
vl
. . 1 . .
sin’ (OW) =sin’@,5c08° 0, Am,, = Am3, +————Am;, (and solar mixing
1- ‘U u3‘ parameters)
Normal Hierarchy Inverted Hierarchy
© Only small changes to beam _30 1 %0
oscillation 8 $
. . 310 310
o Matter effects give rise to 2 g
. . . N oy
larger differences in multi- g 3 g3 :
gev, upward atmospheric 2 1 | & i _ £
events -1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0 g
cos(6;) cos(b;) 23
: : : 30 30 S
o Effect is seen in neutrinos or s s |
. : . S O g
antineutrinos, depending on 1o =10 E
. = = |
hierarchy 2 2 °
i o gl o g3
o MINOS first to probe effect £ £ 18
. (] []
with event-by-event charge = =

1 ) | . ] 1 . N X n a
. -1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
separation cos(6;) cos(6;) @
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FAR DETECTOR BEAM SAMPLES

3 Flavor Oscillations fit the data, 18% of pseudo-expts have worse fit

Neutrinos Anti-Neutrinos
00— 80 ——————————————————
- MINOS PRELIMINARY - MINOS PRELIMINARY 1

Neutrino beam (10.71x 10%° POT) Antineutrino beam (3.36 x 10%° POT) |

500 contained-vertex v, _: 60 ; | contained-vertex Vi B
] > i — |

400 —— MINOS data B 8 i —e— MINOS data .
—— Best fit (3v') ! g L + —— Best fit (3v) .
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B NC background 1 CICJ - I NC background T

7 S |
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2.0 MINOS PRELIMINARY 20 MINOS PRELIMINARY

& L | Neutrino beam (10.71x 102 POT) ] & - Antineutrino beam (3.36 x 10% POT) 1
__g i contained-vertex v, i i) contained-vertex v, i
© 15| -—MINOS data - © 1.5 - MINOS data .
S [ | — Bestfit (3v) 1 B | — Bestfit (3v) 1 i
8 i T Best fit (2v) +_‘ .++ L: 8 S Best fit (2v) - )
Q 1.0 [ - ' | i o L e (A gy el e S :
z I T 1T Z | ]
e 1 e | -
L 05 4 Los5F .
© E © i
e 1 X i
0.0 i L L L 1 Il 1 L 1 L L 1 Il 1 1 1 1 | 1 1 1 1 l O. i 1 1 L L 1 1 L L 1 L L 1 1 1 1 L L 1 1 L 1 1 1 1 L Il 1 i
0 2 4 6 8 10 12 0O 2 4 6 8 10 12 14
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FAR DETECTOR ATMOSPHERIC SAMPLES

3 Flavor Oscillations fit the data, 18% of pseudo-expts have worse fit

sl Vu E=130eV 'V, E=310GeV | 20fV, E,=1030GeV |
" MINOS PRELIMINARY |1 30| Atmospheric neutrinos, - —e— MINOS data (37.88 kt-yr) -
40F . - contained-vertex v, andV, | , 15 Best fit, normal hierarchy -
C ] L -E L weeennes Best fit, inverted hierarchy
o, No oscillations ]
> 10 @ Cosmic-ray muons
W _
: ] 5F ] :
Ot:f:j..l....l..._n_—: 0:..":..|....|....|.. ] O‘."*T-I-%..I_*...I..
-10 -05 00 05 1.0 -10 -05 00 05 1.0 -10 -05 00 05 1.0
cos(6,) cos(6,) cos(6,)
25§-Vu E, = 1-3 GeV _ ;Vu E,=3-10GeV | 10;—Vu E, = 10-30 GeV

Events

'y i

40 05 00 05 10 10 -05 00 05 10 10 -05 00 05 1.0
cos(8,) cos(8,) cos(8,)

Contained muon neutrino events shown
Partially contained and shower events also included in fit
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ELECTRON NEUTRINO APPEARANCE

o A few percent of the missing v, could change into v,
o Including subdominant mode enhances sensitivity to 3 flavor

effects , 5
_iAmnk s
— 4E 7
P(V.U — Ve) o %tm € T ])S()l
A 2 L « ”
P, =sin’0,,sin’ 20, sin’ Tl SOI?T Term
4E <1% in MINOS
0.15 N
L=735km

Interference Term Sinf(20,;) = 0.15
- for neutrinos ?'” o Amg,>0 :
+ for antineutrinos = °=0 :
Q- o.05 — d=m2 -

if 6., 20, —__o=m

00" —=2 "2 & 8 10

P(vﬂ — Ve) 4 P(v“ - Ve) Neutrino Energy (GeV)
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ELECTRON NEUTRINO APPEARANCE

o A few percent of the missing v, could change into v,

o Including subdominant mode enhances sensitivity to 3 flavor

effects

P(vu %ve)z

—i(
/ 4E
Patme

2

+5cp )
T \/ ])S()l

In matter, v,+ e CC scattering modifies oscillation

probability ~30% in MINOS

Normal
Hierarchy

SN
—

Inverted
Hierarchy

015

0.10

0.05

L =735 km
sin’(20,,) = 0.15
0=0 B
—Am,>0 ]
—Am3, <0

AAAAAAA

10

Neutrino Energy (GeV)
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ELECTRON NEUTRINO APPEARANCE

v-beam V-beam

6.=0 691 105
6.=01 +260  +3.1
Obs. 88 12

MINOS Far Detector Data

L,

YT | 8F0boo <07 ]
30:_ v Mode 1 [ ¥ Mode
—_
TP T IRRRE
- V Mode E
[ ) u o o
o - =
[ oy gy > 0.8 1 8[ o, >08 F—
30 y Mode —Data 1 | vMode 5-8GeVBins |
L _BackgrOUnd: 6__ Merged for Flt__
[7]ve CC Signal] | ]
“]v.CCSignal{ |
0

6 8

Reconstructed Energy (GeV)
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PUTTING IT ALL TOGETHER

I T ! I ! ! ! ! T ! ! ! [ ! ! T LI L L L R L L L L I LB
2.8 MINOS PRELIMINARY m 6 o —
[ 10.71x10%° POT v,-mode, 3.36 x10?°° POT v,-mode, | ~__ —— Normal hierarchy
261 37.88 kt-yr atmospheric neutrinos N 4 B —— Inverted hierarchy
- | | § I
N 1 g R, W e 0%CL. L L]
2.4 - oL -
<\T>“ - 1 I N /X oY S
co®2.2— ] 0_.|.|..|...| ol IR B
o ~, Normal hierarchy i 2.2 2.3 24 2.5 2.6
A ——————————r 2 -3 a\/2
\:, R Inverted hiérarchy I | ] |Am32| (10 eV )
C\IEC")_22_ ] 6_ "I""I""I""_
< I ] - Profile of likelihood surface
- . i —— Normal hierarchy
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- 1 =
- 1 g I | N N%CL. ]
-2.6 1 2 B |
5 — 68% C.L. i i 68% C.L.
L X Best fit B S |\ L2 N 49 AR Ny SRR
| — 90% C.L. | i i
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0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
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Sin“0,, SIN"0y,

Solar mixing parameters fixed
0, fit as nuisance parameter, constrained by reactor results
Scp, 893, Am? unconstrained

major systematic uncertainties included as nuisance parameters
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DELTA DEPENDENCE

Appearance Only

(&)
I T T

Vv, = Ve

T T T

TN
T T T I T

-2Alog(L)
w
|

MINOS

appearance, PRL 110, 171801 (2013) 7]
10.6 x10?° POT v,-mode, 3.3 x10?° POT ¥,-mode |

— AM3,<0, 0,,<n/4
------ AM3,<0, 6,,>n/4
— Am2,>0, 0, <n/4
------ Am;,>0, 6,,>m/4

-----
+*

Appearance+Disappearance

-10.71x10% POT v,-mode, 3.36 x10°° POT v,-mode,

- 2
— AM2,<0, 6, <n/4

MINOS PRELIMINARY

v, disappearance + v, appearance

- I L1

37.88 kt-yr atmospheric neutrinos

: u
llllll Am%2<01 623>1E/4 sERNa, :
—_— Amgz>0’ 923<T[/4 "‘,“ '0.. . ]
______ AmZ,>0, 6,.>m/4 90% C.L.

.0 0.5 1.0 1.5 2.0
Ocp/ T

Normal hierarchy, upper octant further
disfavored with inclusion of disappearance data



RESULTS
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Hierarchy, Best fit oscillation parameters
Octant Am%2 / 10~3eV? | sin26,3 | sin?6;3 dcp/m | —2Alog(L)
Normal, Lower +2.37 0.41 0.0242 0.44 0.23
Normal, Higher +2.35 0.61 0.0238 0.62 1.74
Inverted, Lower —2.41 0.41 0.0243 0.62 B
Inverted, Higher —2.41 0.61 0.0241 0.37 0.09
Parameter Best fit Confidence limits
Normal | |AmZ2,|/10~3eV? | 2.37 2.28 — 2.46 (68% C.L.)
hierarchy sin? 023 0.41 0.35 — 0.65 (90% C.L.)
Inverted | |Am2,|/10~3eV? | 2.41 2.32 — 2.53 (68% C.L.)
hierarchy sin? 63 0.41 0.34 — 0.67 (90% C.L.)

Preference for inverted hierarchy: —2A log L = 0.23
Preference for lower octant: —2A log L = 0.09
Preference for non-maximal mixing: —2A log L = 1.54 (= 79% C.L.)
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NEUTRAIL CURRENTS

Neutral Current event rate should not change in 3 flavor

oscillation scenario

A deficit in the FD could be evidence of a sterile neutrino

flavor

We see an excess!

Expect 1183+50 (stat+syst)

Observe 1221

R: Ndata B BG
SNC

Events / GeV

200

150

100

50

0
0

-1 T
MINOS PRELIMINARY -

—#— MINOS NC-like Far Detector Data -

Monte Carlo Prediction

I Systematic Uncertainty
v, CC Background

I Beam v, Background

I V. appearance
" v.appearance

10.56 x 10”° POT
Amgf 2.41x 107 eV?
sin“(20,,) = 0.95
8,, > 45°

5 10 15 20

0—200 GeV: 1.05 +0.05 (stat.) = 0.06 (syst.)  Ereco (GEV)
0—-3GeV:1.09 £0.06 (stat.) £ 0.08 (syst.)
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4 FLAVOR OSCILLATIONS

Mixing with steriles also causes anomalous
disappearance of muon neutrinos

G e —— Py S e -
1
1
0.8}
Z2 | —NC ;
20.6f — v,—CC
2 — v.—CC
504 — v.~CC ND
0.2

Am;, =0.5eV’

0.01 1 100 104
L/E (km/GeV)

0.0

Three regimes: Just Right
c\)@‘ small Am?: wiggles in FD at high energies
& medium A m?: rapid FD wiggles average out

large A m?: oscillations occur in ND



0,, (deg)
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LIMITS ON THE ANGLES

.................... 60
I I MlNOS PRELlMlNARY - I MlNOS PRELlMlNARY
—90% C.L. ] . —90% C.L. 4
¥ Best fit * ¥Best fit
0,,=893 1 _ 50} -
AmZ, =05eV¥] & |
12
1 |
1% 40f -
. 0,, = 8.93°
| Am34—05eV2
0¥-_|-||||-||||||||||||||||||||- 30 PRI T N AN T T T T T T A I AN A A A R A |
10 20 30 40 50 0 10 20 30 40 50

9,, (deg)

slight preference to upper 6, octant
0,,< 24" at 90% C.L.

0,,<5° at 90% C.L.

0,, (deg)

'MINOS PRELIMINARY 1
—90%CL.

[ 9,,=8.93°
[ AmZ, = 0.5eV°
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COMPARISON TO MINIBOONE

Our limit on 8,, can be combined
with Bugey limit on 8,, for
comparison with MiniBooNE/
LSND

Stay tuned for the extension to
higher and lower mass splittings

MINOS+ will continue to pursue
this analysis mode

102 - T T | L IIIII Ty
- [ JLsNDgo%cCL
- B LsND99%CL -
Y G S e KARMEN2 90% CL -
B R e BUGEY 90% CL* —
1 0 . . —— MiniBooNE 90% CL_
- .. — MiniBooNE 99% CL ]
- ra ICARUS 90% CL 7
: \f 4 R :
- /— '.::::“ p—
VI . O
E 1 . O\ —
< R\, O ——— .
MINOS 90% CL
107
- MINOS + Bugey 90% CL
~* GLoBES 2012 fit with new reactor fluxes,
courtesy of P. Huber
O L lllllll |1 lllllll L1 llllllL | | lllllll 1L l"'[‘
10°  10* 10° 102 10 1
sin°20,

~sin’(26,, )sin> 6,






C~)THE NOVA EXPERIMENT

N O~

o Does an even better job at both
electron neutrino appearance
and muon neutrino
disappearance =

i | 2
L e
\ .
S “‘“\\\ p
2R > Qated g y
QRN
¢ ) ) e

111111

o Designed for electron ID
> Massive, Low-Z, 65% active
o ND: 330 ton,1 km from source
o FD: 14 kton, 810 km from source

P. Vahle, FNAL 2013



C~) DETECTOR TECHNOLOGY

SN O~

o PVC extrusion + Liquid
Scintillator

o mineral o1l + 5%
pseudocumene

o Read out via WLS fiber to APD

o Layered planes of orthogonal
views

o muon crossing far end=38 PE
o 0.15 X0 per layer

Plane of vertical cells

P. Vahle, FNAL 2013

Plane of horizontal cells

Scintillator cell Witl*:i_
ed WLS Fiber
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OFF-AXIS BEAM

FD
ND
\Y
T - E, ~043—=
Decay Pipe 4 1+ 292
Y Y,
14 mrad off-axis, narrow band beam | | | |
peaked at 2 GeV B -
. . . > ..' .
Near oscillation maximum 3 | . .
a8 . .
Few high energy NC ;6" _ .
background events =t S
10 A — On axis
r — Onaxis = 40 — 7mrad *
8_— — 7 mrad 'g — 14 mrad
S A o1
S i Q20
2 al
O P
i A4F
2:_ ’{o.w
. = 0.05 .
: C Ll . i 1
% 10 20 30 000 70

E, (GeV)
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How ITS DONE

Compare oscillation probability measured with neutrinos
and antineutrinos

P(V,) vs. P(v,) for sin®(26,,) = 1

—~ 0.0
= - NOVA
o [ ]Am,,2| =2.32 107 eV?
0.08 = sin“(26,,) =1.00
- sin’(26,,) =012 @ -
0.07 [ N
E sin%(26,,) NC 19 10
0.06 [ =0.095 @
f LR v, CC 5 <1
0.05 [sin’(26,,) . o
F20.07 O & beam v, 8 5
0.04 [ Lo
: S Tot. BG 32 15
[ AM?< 0 D g~ -
— . N .
0.03 | \ Signal 68 32
r 2
- Am® > 0N .
002 o g: glz “Representative” event
oor [OB=T counts from 3 years
" 5=3n/2 neutrinos+3 years
L [ [T B 1 1
0 0.02 0.04 0.06 0.08 antineutrinos
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HOW ITS DONE

Compare oscillation probability measured with neutrinos
and antineutrinos

1 and 2 ¢ Contours for Starred Point

—~ 0.09
| 5° - NOvVA
o . Contours 3yrvand 3yrv
0.08 - jAm,,,2| = 2.32 10~ eV?
- sin’(26,) = 0.095
0.07 L[ sin’(26,3) = 1.00
0.06 [ o
: SO
0.05 [
N Q
0.04 [
- S
0.03 | "!“
0,02 0 9o=0
- ® 0=m/2
- 0d=n
0.01 [
- ® 5 =3m/2
0 C 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1
0 0.02 0.04 0.06 0.08

P(v,)
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HOW ITS DONE

o Compare oscillation probability measured with neutrinos
and antineutrinos

1 and 2 ¢ Contours for Starred Point

—~ 0.09

1% [ Contours3yrvand 3yrv NOVA
o C]Am,,2| =2.32 107 eV?

0.08 = sin‘(26,,) = 0.095
© sin%(26,,) = 0.97

0.07 [
_ Cz %y ¥
- O’) v

0.06 [
i 5%

0.05 [ o

0.04 o
C Am“< 0 @\

0.03 [

002 F03§=0
- ® 0=T
r0d=m

0.01 [
- m35=3

0 C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

0 0.02 0.04 0.06 0.08
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significance of hierarchy resolution (o)

Fraction of §

MASS HIERARCHY SENSITIVITY

NOvVA hierarchy resolution, 3+3 yr

, 53in22613=0 095, sin°20,,=1.00
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3.5

significance of hierarchy resolution (o)

Fraction of §

NOvVA hierarchy resolution, 3+3 yr
, 53in22613=0 095, sin°20,,=1.00

+ T2K at 5.5x10%' POT
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0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
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NOvVA hierarchy resolution, 3+3 yr
1S|n22613—0 095, sin°20,,=1.00

0 0.2
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I L B A B BN BN RN
09?5
1Y R — — ..;
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0 0.5 1 1.5 2 25 3 35
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NOvA+T2K—shorter baseline helps when hierarchy/CP effects conspire
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significance of CP violation (o)

Fraction of §

DELTA CP SENSITIVITY

NOvA CPV determination, 3+3 yr

, sin°20,4=0.095, sin°20,,=1.00
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MUON NEUTRINO DISAPPEARANCE

NOvA Prellmlnary

NOvA Prehmmary
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~80 contained + 80 uncontained muon neutrino CC
events/year

Percent level uncertainty on atmospheric mixing
parameters 1n 3+3 years

Exclude maximal mixing in 1+1 year at 90% if
sin?(20)=0.95 (statistical sensitivity only)
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(0)

significance of octant determination

OCTANT SENSITIVITY

NOvA octant determination, 3+3 yr NOvA octant determination, 3+3 yr
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C~) DETECTOR STATUS
e LI» e
d

o Full FD complete, Summer 2014
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DETECTOR STATUS
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DETECTOR STATUS
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NEAR DETECTOR STATUS

On track to finish ND
structure this year

Fill with scintillator in Jan
Commissioning Feb/March

P. Vahle, FNAL 2013
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FAR DETECTOR DATA
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XZ/YZ Projections
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COMMISSIONING

DB15 DB14 DB13 DB12 DB11 DB10 DB09 DB08 DB07 DB06 DB05 DB04 DB03 DB02 DBO1

*Reading out 6912 FEBs.

*First 2 kTons running
cold and at full gain
(green). 4 kHz/board, 125
Hz/channel

*New APDs are
evaluated warm at
several operational
points before cooling
(orange).

* Running bare FEBs
(cyan) to exercise DAQ

Last updated on: Sun Nov 10 15:17:02 2013 (central time)

Last run/subrun: 11635/3

IIII|!I I

10*

10°
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C~) BEAM STATUS
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NO v\
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O MINOS+ AND BEYOND
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MINOS+

v, CC Events / GeV

—_

v, Survival Probability
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|
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Neutrino Energy / GeV

15

MINOS will continue to run
1n the NOVA era

ME beam peaks above the
oscillation dip on axis

But we get a lot of events!

~4000 muon neutrino CC
events per year expected

at FD

Unique test of oscillation
paradigm with sensitivity to
exotic signals
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THE FUTURE IS NOW

Beam Back, Sept. 4

Run: 52659, Snarl: 12186, Slice: 1(/1), Event 1(/1)
Reco
#Trks: |
#Shws: 2
q/p: -0.209 +/~ 0.056, p/q: -4.786 *
TrkRangeEnergy: 1.911  RecoShwEnergy: 4.534 [4.776]
Vix: 2.85, -1.73, 2.63, x.y.Q2,W2 =10.64, 0.49, 5.46, 3.94

Truth Reco ® Summed NPEs < 2.0
N/A %.0 < St:jl?\nll%j NR’%S(){ 20.0
0 ® ummed NPEs = 20.
N/A ™ Reconstructed Track Hit
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Wentworth Pit
o CHIPS CONCEPT Cliffs Mining Company

W-hiPs

LOI submitted to Snowmass, arXiv:1307.5918
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PHYSICS (GOALS

v, CC Events/250 MeV/kTon/6x10”° PoT

- ] 60/~
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.%100 + CHIPS (slow)

+ CHIPS (fast)
100 kt CH1Ps detector in

NuMI complements the delta $gf

CP reach of NOvVA + T2K § sl

Even phased approach g |

contributes to improved oF

resolution on delta CP I B TO

6 8 10 12
Years from NOvA start
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Wrong hierarchy exclusion significance (o)
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CHIPS curves include both
* :NuMI and LBNE exposures

(150 <100 50 5 0¢) 50 100 150

CHi1Ps 1n off-axis LBNE at second oscillation peak
Disentangle MH vs. CP violating effects

More appearance

Less feed down from high E NC events in off axis narrow band beam
Energy (0.8 GeV) well suited to water Cherenkov

Pactola Lake in LBNE beam line at 20mrad off axis with L=1300km
LBNE 35kt+CHIPS+NOvA+T2K gets down to 5-10 degrees—begin to

reach NuFact levels
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R&D PROJECT

o R&D proposal to FNAL PAC

» Demonstrate concept

» Prototype mechanical structure
and construction plan

» Develop full engineering design
for full size CHiPs module

» Reduce cost to ~$300-500K/kton
(a factor of 3)

o Mine pit currently
Instrumented with
equlpment to measure
underwater currents

International Collaboration ready to deploy instruments this summer
using seed money from Universities, small R&D proposals
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CONCLUSIONS

o New MINOS 3 flavor results

Hierarchy, Best fit oscillation parameters
Octant Amg,2 / 10~3eV? | sin26y3 | sin2643 | dop /m | —2Alog(L)
Normal, Lower +2.37 0.41 0.0242 0.44 0.23
Normal, Higher +2.35 0.61 0.0238 0.62 1.74
Inverted, Lower —2.41 0.41 0.0243 0.62 —
Inverted, Higher —2.41 0.61 0.0241 0.37 0.09

o Watch for updates on sterile mixing limits
o NOVA 1is in the right place at the right time

o NuMI 1s the best neutrino beam in the world.

o Stay tuned!
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THE FUTURE IS NOW
Beam Back, Sept. 4!

P. Vahle, FNAL 2013
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DETECTOR TECHNOLOGY

2.54 cm Fe

o Tracking sampling calorimeters
» steel absorber 2.54 cm thick

Extruded
(1.4 XO) PS scint.
» scintillator strips 4.1 cm wide 4.1 x 1 cm?

(1.1 Moliere radii) U/V polanes
‘4 +- 45
* 1 GeV muons penetrate 28 layers ‘_
o Magnetized WLS fiber |

 muon energy from range/

curvature E— \
o distinguish p+ from p- Fiber \

cables

o Functionally equivalent

e same segmentation
» same materials Multi-anode PMT

» same mean B field (1.3 T)
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DETECTOR STABILIT ,4F +— MINOS Near Detector Data ]
e h% —+— MINOS Far Detector Data

g ool | i
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Date
Gains Increase/year 2.5% 1.8%
Light Level Decrease/year  3.5% 3.0%
Overall Stability 0.5% 1.5%

(after calibration)
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EVENTS IN MINOS
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* energy from sum of muon energy
(range or curvature) and shower
energy

oNC or v,:

» energy from calorimetric response

| ISIirnulated Events



MAKING A NEUTRINO BEAM

Target Focusing Horns A
\ L/E\ ) 2 m -
! v,u
—) K C— >
120 GeV . ?’ ‘ : “-“““;/:
pt from v
MI
< > <> <
15 m 30 m 675 m
455— vu Spectrum ‘ 455—Anti-neutrino Mode Ve Spectrum
40;_ Neutrino mode v, Spectrum _; 402_HOI'DS fOCUS T K- v, Spectrum
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= S0F < 30F ’
> 25 < 25
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NEAR TO FAR

Far spectrum without oscillations is similar, but
not identical to the Near spectrum!

E, =043 E”2 >
1+7y°6,

o Neutrino energy depends on angle wrt original pion
direction and parent energy
» higher energy pions decay further along decay pipe
» angular distributions different between Near and Far
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EXTRAPOLATION

o Muon-neutrino and anti-neutrino analyses: beam matrix
for FD prediction of track events

o Electron-neutrino analyses: Far to Near spectrum ratio for
FD prediction of shower events

x10°®
% 10 I
3 I
> 2
o 107
L e
o ©
£ z 15
+— S —— .
é 10° & : — Point Source
S m -
5 Al — Line Source
o -9
o 10 - i '
g — Full simulation
ks
10710 0.5',,,,|....I|:--
0 5 10 15 20 25 30 0 10 20
Near Detector Neutrino Energy (GeV) E, (GeV)
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2 FLAVOR OSCILLATION RESULTS FHl 110251801 (2015)

4.0 | I | I | I | I | I | | | I | I | | | | | I I |
- —— MINOS: 37.88 kt-y Atmospheric —90%C.L.
i 10.71 x 10 POT v, Mode — 68% C.L. ]
35 3.36 x 10 POT v, Mode —
& IRIE Super-K zenith angle* ]
% [ — Super-K L/E* i
» 3.0 [ —— T2K**
o T
—
N B
— i
=25¢
€ I
bl i
2.0
i *Neutrino 2012 i
B 90% C L ngt??s% 031103(R) (2012)
| L | |

1.5
075 080 085 090 0.95
sin*(26)

1.00

Combined MINOS
neutrino oscillation
parameters:

Am*| =241 x 107V
sin”(20) = 0.950 70~
sin®(26) > 0.890 (90% C.L.)

All beam and atmospheric samples in a two parameter fit
(assumes neutrinos and antineutrinos oscillate the same)
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COMPARING NEUTRINOS AND

32 [ ! [ ! [ !
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* vy Best Fit All
A V, Best FitAll

0.7 0.8

0.9 1

sin®(26) or sin*(20)

A’ |- |Am*| =107 x 10 eV?

New data has resolved tension between

neutrino and antineutrino results
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ATMOSPHERIC NEUTRINOS

I I U L L
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atmospheric neutring - * Contained-vertex showers - Fiducial volume -
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neutrino events - ]
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466 neutrino induced -2 - ~
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SYSTEMATICS

28 - v, Statistical Sensitivity 68% C.L.
27 F v, Statistical Sensitivity 90% C.L.
ToslE
5 2.6 -
et -
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o u L
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— 24 *
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6 0.7

Largest sources of systematic uncertainty:

Hadronic Energy Scale
Track Energy Scale

Neutral Current background

Still statistics dominated in both modes

1



P. Vahle, FNAL 2013

MUON NEUTRINO SYSTEMATICS
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ASSUMPTIONS ON EARTH DENSITY

f——
- -+- 55 layers -
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I : M 2 | L |
00 2000

Figure 3: Comparison of the 4-layer earth density model used in this three-flavour oscillation
analysis with a more precise 53-layer model based on the PREM model.

P. Vahle, FNAL 2013

| Region | Radius (km) | Earth density (molcm ™) |
Crust > 6336 1.45
Mantle 3470 — 6336 2.25
Outer Core | 1220 — 3470 5.15
Inner Core < 1220 6.05

Table 1: The radius and earth density of each layer used in the four-layer earth model.
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STATISTICS

No Oscillations

FHC Neutrinos 3564 2894
FHC Antineutrinos 224 188
RHC Antineutrinos 312 226
Contained CC 1100 905
Rock Vertex 570 466
Showers 727 701
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CONTOUR EVOLUTION

POT (x1020)

Events

IAm2| / (107 eV?)

Am? (x107 eV?) 2.62

sin?(20)
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B 2005-12 (10.71x 10%° POT) 7
- —— 2005-6 (1.27 x 10°° POT) 2010 (0.46 x 10° POT) |
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sin“(20)
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THE METHOD

[l Best fit systematic parameters
! rorrt Tt ! |
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15 systematic effects included in fit as nuisance
parameters

Most systematic parameters fit within 1 sigma of their
nominal value
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LLOOKING FOR ELECTRON-NEUTRINOS

o Compare candidate events to a

library of simulated signal and F ~
back d t i b Compute
ackground events 3 | PID using
o Discriminating variables formed |§7 |!1, information
. . . § » Good Maftch >' from best N
using information from 50 best o o
matches

- 2l Compare to MC Library

CENZROBIION (L = Z In JP(nA;l)P(nB;l)dl g T ke
l=1 0 Elﬂ_’ ;ga
T . w0
AL = _(Lllb o Lself) % 98- | | ! 1 ;gg
§ . BadMutch J

o Use ND to determine <ot i
expected background

o Fit FD in bins of event discrimination variable and energy



P. Vahle, FNAL 2013

SELECTING ELECTRON NEUTRINOS

o Coarse detector granularity makes v, CC identification
challenging

» Compare candidate events, strip-by-strip, to a library of MC events

» Compute discriminating variables based on truth information from
library events that best match the candidate

o Apply selection to ND for background determination
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ELECTRON NEUTRINO APPEARANCE

o Selected ND data comprised of NC,
v, CC, and beam v, events

0.4 Near vetector 2ui i blandard N
o Each extrapolates to FD differently | , Upwene
2 -MCV -CC 1
o Use ND data in different 2 °'3 /L
configurations to extract relative g MINOS PRELIMINARY
components of background ‘f ,
Near Detector MINOS PRELIMINARY 0_4:_ Nea Dt cto 2011 H 'Oflf - _
60“_ V7 mc NC ]
3 0.3' Fincce
E 400— % 0_2 MINOS PRELIMINARY _
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g i t4tdE gy(:v) 8

%

True Energy (GeV)
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COMBINED ELECTRON

NEUTRINO APPEARANCE

CONTOUR

for 8., =0,sin’(26,,) =1,

normal (inverted) hierarchy

0 ()

sin>(20,,) = 0.053 (0.094) at best fit
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RHC ELECTRON NEUTRINO

APPEARANCE CONTOUR

for 8., =0,sin’(20,,) =1,

normal (inverted) hierarcy:
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sin’(260,,)=0.079 (0.098) at best fit
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Normal hierarchy Y. Itow, Nu2012 4
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Rate and Spectral Analysis

P s =
“e 10E- = . )
T GE E sin”20,,=0.090"2025
e T T .v — .i.......'........'... — - = TT llll!lll ll]l: 2 +0-19 _3 2
i Daya Bay: 6 Detectors ] A m =2o59_ X].O eV
- it ey . 5 | ee| 0.20 ( )
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* Far vs. near relative measurement. [Absolute rate is not constrained.]

* Consistent results obtained by independent analyses, different reactor
flux models.

* Result consistent with [amZ |=2.41709x107°(eV?) result from MINOS.

P. Vahle, FNAL 2013
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ve Appearance Results

e Observed 28 events (expected 20.4 + 1.8 for sin<20;3=0.1)

e Comparing the best p-0 fit likelihood to null hypothesis
gives a '7.80 significance for non-zero 033

(For sin®2023=1, 0c¢p=0, and normal mass hierarchy)

T2K dcp Vs sin®20:3 (Normal Hierarchy) T2K 0Ocp Vs sin?20,3 (Inverted Hierarchy)

-9 3 '\ T\ & 3 \ T \ T I
- \ \ N ~F \
\ \
\ - \
- | N - \
/ ] B /
| / f /

68% C.L. ’ 68% C.L.
— 90% CL. 4 - ——90% C.L. 4
— Bestfit ] N — Bestfit ]

Runl-4 data (6.393¢20 POT) | u / ," Runl-4 data (6.393¢20 POT) ]
normal hierarchy ] L inverted hierarchy
Am7,I=2 4x107 eV? ] 7L ‘ Am3,l=2 4x107 eV?

- \

sin"20,=1.0 ] C ‘ sin“26,.=1.0

L ] . . - . I L L L | L —]
04 . 0.6 ) 04 . 0.6
Sin“26l R sin"2813

First ever observation (>5¢) of an
explicit v appearance channel




Effect of Oz2z Uncertainty

e Ve appearance probability also -‘ o | Normal hi‘e;‘z;rchy'i
depends on the value of 023 - t) 68%CL. |
I ] : 5in’0,,= 0.4 .
: if 4 — sin’0,,=0.5
If O3 is fixed at values near the - i - sin%0,=0.6 ]
edge of the current allowed region, S I
the fit contours shift

Future improved measurements of
023 will be important to extract
information about other oscillation

Inverted hierarchy |

parameters (including ocp) in long- i ]

68% C.L.
sin’0,,=0.4 |

—sin’0,,=0.5 -

e A T2K combined vetv, analysis | - sin’0,,= 0.6

is underway - 1 PDG2012 (10)
I : : T2K Run 1+2+3+4

baseline experiments

Note: these are 1D contours for various
values of ocp, not D contours
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CALIBRATION DETECTOR

Dedicated calibration
module run i1n test beams
at CERN, 2001-2004

Characterize response of
detector to e, p1, p
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NEUTRINO SPECTRUM

Use flexibility of beam line to constrain hadron
production, reduce uncertainties due to neutrino flux
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MEASURING NEUTRINO TIME OF FLIGHT

o Measure the time i1t takes for NuMI neutrinos to
travel the 734,286.8 £ 0.5 m between the two MINOS

detectors

Time of Flight

D=734,286.8 0.5 m
t=2,449,317.3+1.6 ns

o Initial result after first year of data indicated
neutrinos arrived at FD earlier than expected:

126 £32 (stat.) £ 64 (syst.) ns'
o OPERA 2011 also saw neutrinos early:
57.8 £ 7.8 (stat.) +8.3/-5.9 (syst.) ns*
o Update! now neutrinos come late:
1.6 £ 1.1 (stat.) +6.1/-3.7 (syst.) ns”
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PHASED APPROACH

o Phase I:

o Update 2007 analysis with a
factor of 8 more events

¢ Remeasure delays and review
systematics

o Phase II:

e Work done 1n collaboration
with NIST and USNO

» Collect new data with upgraded
GPS and cesium clocks

» Constant monitoring of optical
fiber delays

o Account for environmental
changes, etc.
o Ultimately aim for 2-5 ns
accuracy

Phase II equipment provides refined understanding of current
timing system systematic uncertainties
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MAJOR SYSTEMATIC UNCERTAINTIES

o Arrival times as recorded at each detector must be
corrected for (sizeable) cable delays and electronics
latencies

o Dominant systematics 1n first analysis largely
mitigated by new, precision measurements of delays

2007 2012

GPS antenna to ND cable delay 1275+ 29ns 1309+ 1 ns
GPS antenna to FD cable delay 5140 £ 46 ns 5098 + 2 ns
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Number of events / 2ns

é

' \\] i

!‘

I Scintillator
Paddles

20—

T I T T T
MINOS Preliminary

| FD/AD
| Event

10~ Matching

Entries
Mean
RMS
x2 / ndf

Constant 23.342+1.028 -

Mean
Sigma

81 |
98.602 |
8.083

57.218/47

96.579+0.102 |
2.145+0.128

L
0 60

80

100

120 140

Offset between AD and FD (ns)

THE AUXILIARY
DETECTORS (AD)

o Scintillator paddles with PMTs
o Two independent readouts

o Match muons in MINOS detectors
with muons crossing AD

o Difference in matched event times
recorded 1n each device measures
latency in neutrino detector
relative to AD latency

o Compare Near to Far Detector
latencies, AD latency cancels

| o Relative latency 24 = 1 ns



TIMING SYSTEM STABILITY

o Recent measurements of the MINOS GPS receivers against
cesium clocks reveal GPS time discontinuities after power cycles

Truetime Power Cycles

P. Vahle, FNAL 2013

Offset between Truetime and Cs clock [ns]

_]III|IIII|IIIII]III|IIII|IIII|IIII|IIII

4l

1 I L i l: I 1 1 I. 1 L I L 1
01:00 07:00 13:00 19:00 01:00

Time of day

s

5300 , :
Intentional Power Cycles | 4F opee | A ' ]
20 of GPSreceiver LI
5200 N . - L et 3isere
] : " — Constant  3.131+1.149
: i - Mean 1.938+0.017
5150 L [ Sigma  0.064+0.027 \
5100 | . o _ -

1.8

o Stable to within 10ns between power cycles

o 60 ns RMS jitter upon power cycles

o Data recorded over past 7 years include 27 power cycles

Do not know new GPS offset after power cycle, but we do know when

power cycles occurred

Analysis approach: average over many power cycles cancels the effect

of this random jitter
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ADDITIONAL SYSTEMATIC UNCERTAINTIES

o Calibrating ND/FD GPS receivers

e Traveling USNO TWSTT-capable
GPS receiver visited FNAL and

Soudan

» Two receivers exchange timing
synchronization information via the
satellite

 Comparison of ND/FD GPS time to
traveling receiver reveals mean time
offset between ND and FD: 22 + 21 ns

» Delay between beam extraction signal
and issue of ND beam trigger is
bimodal

» Incur systematic uncertainty of 19 ns

Total Systematic Error: 29 ns



FD Events
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THE ANALYSES

NuMI neutrinos span a 10 us spill
spill subdivided into 1.619 us batches
95 ns gap between batches
Two Analysis Approaches:

180 MINOS Preliminary * . Data MINOS Preliminary
160; + — FD prediction —~ 80
140 oo 2
120; g
- o 60
100; -
80F @ I
60 S 40
u > | + Data
40; w — gir:mlation
20;— 20|
— i P S A N R R
° %ime R‘glative6to Pre?jiction1 (()us) 2 -200 0 200
Time in Batch (ns)
Full spill approach Wrapped Spill approach
event time within spill in ND Measure event time within batch
predicts FD distribution Find batch gap time in each
Vary time of flight to match data detector

Subtract for time of flight
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COMPARING THE APPROACHES

o Divide data set into subsets between timing system
power cycles

,u-,. 200 :— MINOS Preliminary O Full Spill Approach

5 B Wrapped Spill Approach
w 100 %
BT ;

£ of ® PTe,

o : = % ¥ IX .
S -1001 & ?
F -

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Data Set
o Individual results change with power cycles

o Average over individual results for final TOF result

o Error on mean taken as the statistical error on the
result
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PHASE 1 RESULTS

o In Full Spill approach, neutrinos arrive earlier
than expected by:

18 £ 11 (stat.) £ 29 (syst.) ns

o In Wrapped Spill approach, neutrinos arrive
earlier than expected by:

11 £ 11 (stat.) £ 29 (syst.) ns
o The two approaches give results consistent with
one another

o The two results are consistent with neutrinos
traveling at the speed of light
o Analysis with improved timing system pending
» ~200 contained CC events collected with new timing
system operational



P. Vahle, FNAL 2013

A NEW TIMING EFFORT

Old GPS quoted 200ns accuracy
Actually does better
MINOS @Neutrino 2012: ns

Need to do better - went looking for help

NIST Time and Frequency Division
USNO Time Service Department

Rapid deployment

Money available at Christmas




TIME OF FLIGHT AFTER 1 EVENT
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AFTER 10 EVENTS
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AFTER 30 EVENTS
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AFTER 60 EVENTS
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AFTER 195 EVENTS
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TOF FrROM MI160 TO FD
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THE ANSWER

Inertial survey at FD 2.3 ns
Relative ND-FD latency 1.0 ns

FD TWTT between surface 0.6 ns
and underground

GPS time transfer accuracy 0.5 ns

e Baseline ND — FD
= 2,449,316.3 ns

 Time of flight ND — FD
= 2,453,935.0 £ 0.1-4621.1
= 2,449,313.9 ns

* So difference from light speed
0 = —2.4+ 0.1 (stat.) £+ 2.6ns (syst.)
Y/ —1)=(1.0+1.1) x 107°

P. Vahle, FNAL 2013
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TIMING DIAGRAM

&\

Time of Flight
D=734,286.2+0.5m
UTC t=2,449,317.5+1.6 ns
v @ ND v@FD
ND FD
L ,H Timestam ;
Extraction to ND trigger 36 + 4 ns 12 +4 n:
Time |212,854 + 19 ns -
>
ND Event
ND GPS .
NDto U Receiver Time
1,309+ 1 ns ED GPS
)I Receiver
FD to UG >
5,098 + 2 ns Pulse per Second FD Event
delay 30,878 £ 2 ns Time
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MINOS+

o Using complementary
information from Bugey,
MINOS+ can almost rule
out the the low mass
LSND region
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MC EVENTS IN NOVA
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MAKING A NEUTRINO BEAM
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LESSONS LEARNED

22% of module manifolds
developed cracks during
detector installation

“Splints” to fix NDOS
Changes to pressure testing
Redesign of manifolds

APDs and o1l do not mix
plan to coat APDs with epoxy

revamped procedures to
ensure cleanliness is
maintained during industrial
scale 1nstallation
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Area Normalized

Area Normalized

CALIBRATION

Cosmic muons provide intra-detector calibration source

NDOS data - vertical cells
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clusters/0.1usec

MICHEL ELECTRONS

Use Michel electrons for electro-magnetic energy

calibration
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FINDING NUMI NEUTRINOS
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110 mrad off NuMI axis
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Events/2usec

FINDING BOOSTER NEUTRINOS
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NEUTRINOS
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NEUTRINOS
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COMPARISONS TO MC
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MUON NEUTRINO DISAPPEARANCE
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NDOS

Prototype detector in the
NuMI and Booster beams
Benchmark simulation/
reconstruction against real
neutrino events
We can find the 2% electron
neutrino contamination of the

beam!
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MORE NOVA

Neutrino mass hierarchy
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Figure 2: The percent of dcp values for which
NOvA can resolve the neutrino mass hierarchy

at 2 and 3o C.L.

CP Violation at 95% C.L.
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Figure 3: The percent of dcp values for which
NOvA can establish CP violation at 95% C.L.

or better.
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RADAR
o Add LAr detector at Ash River
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Figure 1: The significance of hierarchy resolution for NOrA +7T2K alone (black dashed) and
with LBNE-AR added (blue solid), shown both as a function & (left) and in terms of the
fraction of 4 values covered at a given confidence level. Normal hierarchy and maximum
mixing are used.
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Figure 2: The significance of CP violation for NOrA +T2K alone (black dashed) and with
LBNE-AR added (blue solid), shown both as a function 4 (left) and in terms of the fraction
of 4 values covered at a given confidence level. Normal hierarchy and maximum mixing are
used.
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CHIPS PHYSICS REACH
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Figure 3: CHIPS physics reach in the Normal Hierarchy (left) and Inverted Hierarchy (right), for NOvA
(5+5y) and T2K(8.8¢21 POT), and CHIPS(3+3y). (Top) dcp resolutions. (Middle) The significance of
excluding the wrong hierarchy. (Bottom) Significance of discovering CP violation. The red line is NOvA
and T2K, the blue line is CHIPS and the green is the combination.
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CHIPS IN LBNE
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Figure 8: Physics reach in the Normal Hierarchy (left) and Inverted Hierarchy (right), for NOvA + T2K,
10kton LAr LBNE, and CHIPS in the LBNE beam at 20mrad. (Top) dcp resolutions. (Middle) The
significance of excluding the wrong hierarchy. (Bottom) Significance of discovering CP violation. The red
line is NOvA and T2K, the blue line is a 10kton LAr detector on-axis in the LBNE beam, and the green
is the combination of those experiments. Solid black line is for CHIPS, from both @ NuMI and LBNE
run. Dotted lines show each experiment (or combination of experiments) without @ CHIPS run. Solid
lines show the effect of adding CHIPS to the results.
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PHYSICS SENSITIVITY IN NUMI
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Figure §: CHIPS physics reach in the Normal Hierarchy (left) and Inverted Hierarchy (right), for NOvA
(5+3y) and T2K(8.8¢21 POT), and CHIPS(3+38y). (Top) dcp resolutions. (Middle) The significance of
excluding the wrong hievarchy. (Bottom) Significance of discovering CP violation. The red line is NOvA
and T2K, the blue line is CHIPS and the green is the combination.



P. Vahle, FNAL 2013

PHYSICS SENSITIVITY IN LBNE
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Figure 8: Physics reach in the Normal Hierarchy (left) and Inverted Hierarchy (right), for NOvA +T2K,
10kton LAr LBNE, and CHIPS in the LBNE team at 20mrad. (Top) dc:p resolutions. (Middle) The
significance of excluding the wrong hierarchy. (Bottom) Significance of discovering CP violation. The red
line is NOvA and T2K, the blue line is a 10kton LAr detector on-axis in the LBNE beam, and the green
is the combination of those experiments. Solid black line is for CHIPS, from both @ NuMI and LBNE
run. Dotted lines show each ezperiment (or combination of experiments) without @ CHIPS run. Solid
lines show the effect of adding CHIPS to the results.
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CosMIC RATE

CHi1Ps will have a 40m overburden
Cosmic rate 50kHz
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SIMULATION AND RECONSTRUCTION

Full Geant4 detector simulation (WCSim)

Reconstruction algorithms based on MiniBooNE
experience implemented
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1

Optimize photocathode &

coverage and layout with | ~ Sl
. . [ Y - _-' ":.'-.'-_
full simulation and P
reconstruction suite g T T
Cyclindrical Section (Unfolded)
1.6 GeV simulated swf |
electron neutrino interaction [

I
-5000

(=2 R



MEASURING CURRENTS AT DEPTH

Rough day at the officg \ Water density
= Measurement vs. der
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