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A Brief neutrino primer



A Great Reference for Neutrino Physics

http://vms-db-srv.fnal.gov/fmi/xsl/search/r_nuss2009.xsl

International Neutrino Summer School, July 6-17, 2009
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Lepton Mixing
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Leptons

Production and Detection of Neutrinos
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How Neutrinos Interact: Cross Sections

N(E)events = aw(E) x av(E) x Ntarget

Number of neutrino- Flux of neutrinos Neutrino cross Number of
induced events (# per cm-2s-1) section (cm2) targets

Cross section adepends on:
== neutrino type

interaction type: Z0, Wz

- @1 GeV
vp ~10-38 cm2 Tiny due to
pp ~10-26 cm2 large W,Z



Aside: How Neutrinos Interact

Charged Current (CC) Interactions (mediated by W;, boson)
V. e Vu L v, e

W W W

Quasi-elastic Quasi-elastic Quasi-elastic

Neutral Current (NC) Interactions (mediated by Z0 boson) Small for kinematic
( X reasons

Elastic Inelastic Elastic



Neutrinos Oscillate!

Neutrinos propagate in mass
eigenstates: v1v2v3

A V.1 Long

| distance

Mass difference

Neutrinos produced and detected
in flavor eigenstates: ve vy vt

Two component
mixing

Mixing Angle between mass and flavor




Implications of Neutrino Oscillations

Neutrinos have mass
Neutrinos have non-zero
mixing angles

3 Flavor states: ve vu vt
3 Mass states: v1v2v3
Three mixing angles: 01
02 63

One CP phase: 0 _
PMNS Matrix

Atmospheric Interference Solar
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Appearance Rate:vu —ve

Patm
depends on

Psol
independent
of 613 and

Pint depends
on 913, LP - neutrino CP
phase, and + antineutrino phase

neutrino or




Appearance Rates

Oscillation Probabilities for Initial Vu




Hot Off the Press News on 613!

MINOS: observe 62, expect 50 T2K: observe 6, expect 1.5 evts
evts

imi‘} 0

66% CL
: [l 90% cL
. === CHOQZ 90%

2e*  Note: Neutrino T e oK s
physics is not

: — MINOS Best Fit -

20 CL
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Hot Off the Press News on 613!

Neutrino Mixing Angle - sin? 20,,

Normal Neutrino Mass Hierarchy

MINOS Range

T2K Range

0.3

Neutrino Mixing Angle - sin? 20,,

Inverted Neutrino Mass Hierarchy

MINOS Range

T2K Range




What Remains to be Learned?

‘ US Particle Physics:

Scientific Opportunities




The Past



Fermilab has Long History of v Physics

FIRST HWPF DETECTOR

Last fIX.ed target TARGET — DETECTOR MUON SPECTROMETER
experiments: D 8 ___C

4 5 8 9 1213 16 l
‘DONUT: vt disc
‘NuTeV: sin20W

SC1  sC2  SC3  sc4 S5 SC6 K7
| METERS

Observation of Muonless Neutrino-Induced Inelastic Interactions

wti, D. C. Cheng,* D. Cline, W. T. Ford, R. Imlay, T. Y. Ling, A. K. Mann, F. Messing,

R. L. Piccioni, J. Pilcher, D. D. Reeder, C. Rubbia, R. Stefanski, and L. Sulak

t of Physics, Harvard University,i Cambridge, Massachusetts 02138, and Depavtment of Physics,

) of Pennsylvania,} Philadelphia, Pennsylvania 19174, and Department of Physics, University of

in,1 Madison, Wisconsin 53706, and National Accelerator Laboratory, Batavia, Nlinois 60510
(Received 3 August 1973)

We report the observation of inelastic interactions induced by high-energy neutrinos
and antineutrinos in which no muon is observed in the final state. A possible, but by no
means unique, interpretation of this effect is the existence of a neutral weak current.

- -

wlsion /
fi tracker




The Present




Fermilab has built two new Neutrino Beams

Main Injector Beam Booster Beam
(N UM I) - Beam:
- Beam - 8 GeV protons
120 GeV protons - 4x1012 p/0.20 s
4.5 x 1013 p/2.2 s (0.320  Experiments:
MW) * MiniBooNE (running)
- Experiments: - SciBooNE (just
* MINOS (running) completed)

' ' T aved
ArgoNeuT (runn.lng) We use beam power because qVv) )

- MINERVA (running)

* NOVA (constrii¢tidpf) Beamline

A lhonrhar
A henrhet
A UDHUL UL

Muon Monitors
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T
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H
Horns "<

675 m

12m  18m 210m



MiniBooNE

Appearance Experiment: viu —ve

Booster

Magnetic Decay
focusing hom region

Running through 2011

Find low-energy excess aeelCICT RuleSNDLSd¢DIresult

MiniBooNE v. Appearance Result

Absorber

17.5 . ® Beam Excess
e Data ;
| ] v, from p
| | v, from K*
— s v, from K°
B ~° misid
| A—= Ny

B dirt
@ other

Total Background

Events / MeV
Beam Excga

‘|Trrr|||
—

1 1.2 14
L/E, (meters/MeV)

‘Extra dimensions



Do We Know the Low Energy ov?

-M.C. Martinez et al., arXiv:0805.2344 [nucl-th] (2008) - K.S. Kim, L.E. Wright, nucl-th/0705.0049 (2007)

- 0. Benhar, AIP Conf. Proc. 967, 111 (2007) - A. Butkevich, S. Kulagin, nucl-th/0705.1051 (2007)
-A.V. Butkevich, arXiv:0804.4102 [nucl-th] (2008) - J.E. Amaro et al., PRC 75, 034613 (2007)

-M.J. Vincente Vacas et al., arXiv:802.1128 [nucl-th] (2008) - A. Bodek et al., arXiv: 0708.1827 [hep-ex] (2007)

- A. Bodek et al,, Eur. Phys. J. €53, 349 (2008) - P. Lava et al., PRC 73, 064605 (2006)

- A.M. Ankowski et al., AIP Conf. Proc. 967, 106 (2007) - O. Benhar et al., nucl-ex/0603029 (2006)

- A.V. Butkevich, S.A. Kulagin, arXiv:0711.3223 [hucl-th] (2007) - R. Bradford et al., hep-ex/0602017 (2006)

-J.E. Amaro et al., arXiv:0710.5884 [nucl-th] (2007) - K.S. Kuzmin et al., Acta Phys. Polon. B37, 2337 (2006)
- AN. Anatov et al., Phys. Rev. €75, 064617 (2007) - J. Nieves et al., Phys. Rev. €73, 025504 (2006)

- T.W. Donnelly, Eur. Phys. J. A21, 409 (2007) - M.C. Martinez et al., PRC 73, 024607 (2006)

- T. Nasu et al., AIP Conf. Proc. 967, 187 (2007) - A. Meucci et al., Acta Phys. Polon, B27, 2279 (2006)
-N. Jacjowicz et al., AIP Conf. Proc. 967, 292 (2007) - C. Giusti et al., nucl-th/0607037 (2006)

-K.S. Kim et al., J. Phys. 634, 2643 (2007) - N. Jachowicz et al., NP. Proc. Suppl. 155, 260 (2006)
-J.A. Caballero et al., nucl-th/0705.1429 (2007) - 6. Co, ActaPhys.Polon.B37, 2235 (2006)

- M. Martini et al., Phys. Rev. €75, 034604 (2007) - M. Valverde et al., Phys. Lett. B642, 218 (2006

- E. Hernandez et al., Phys. Lett. B647, 452 (2007) - M. Valverde et al., Phys. Lett. B638, 325 (2006)

- A. Bodek et al., arXiv: 0709.3538 [hep-ex] (2007)

-M.V. Ivanov et al., Phys. Rev. C77,034612 (2008) - H. Nakamura et al., hep-ph/0705.3884 (2007)

- E. Hernandez et al., arXiv:0802.1627 [hep-ph] (2008) - E.A. Paschos et al., hep-ph/0704.1991 (2007)

- S.K. Singh et al., arXiv:0710.4467 [nucl-th] (2007) - M. Sajjad et al., Phys. Rev. D75, 093003 (2007)

- M. Barbaro et al., arXiv:0710.4089 [nucl-th] (2007) - T.-S.H. Lee, AIP Conf. Proc. 967, 238 (2007)

- C. Praet et al., arXiv:0710.0312 [nucl-th] (2007) - M. Sajjad et al., Nucl. Phys. A782, 179 (2007)

-L. Alvarez-Ruso et al., arXiv:0709.3019 [nucl-th] (2007) - L. Alvarez-Ruso et al., Phys. Rev. €75, 055501 (2007)
-L. Alvarez-Ruso et al., arXiv:0709.0728[nucl-th] (2007) - D. Rein, L.M. Sehgal, Phys. Lett. B657, 207 (2007)

- T. Leitner et al., arXiv:0709.0244 [nucl-ex] (2007) - O.Benhar, D. Meloni, Phys. Rev. Lett. 97, 192301 (2006)
- O. Lalakulich et al., AIP Conf. Proc. 967, 243 (2007) - O. Buss et al., Phys. Rev. C74, 044610 (2006)

- O. Buss et al., Phys. Rev. €76, 035502 (2007) - E.A. Paschos, A. Kartavtsev, Phys. Rev. D74, 054007 (2006)
-L. Alvarez-Ruso et al., Phys. Rev. €76, 68501 (2007) - O. Lalakulich et al., Phys. Rev D74,014009 (2006)

-K. 6raczyk, J. Sobczyk, AIP Conf. Proc. 967, 205 (2007) - O. Buss et al., Eur. Phys. J. A29, 189 (2006)

- E.A. Paschos, AIP Conf. Proc. 967, 162 (2007) - S.K. Singh et al., Phys. Rev. Lett. 96, 241802 (2006)
-L.M. Sehgal, AIP Conf. Proc. 967, 166 (2007) - B.Z. Kopeliovich, Nucl. Phys. Proc. Suppl. 139, 219 (2006)
- Ch. Berger, L.M. Sehgal, Phys. Rev. D76, 113004 (2007) - S. Ahmad et al., Phys. Rev. D74, 073008 (2006)

-I. Schienbein et al., Phys. Rev. D77, 054013 (2008) - O. Lalakulich et al., PRC 75, 015202 (2007)

- A. Cooper-Sarkar et al., THEP 0801, 075 (2008) - S.A. Kulagin, R. Petti, hep-ph/0703033 (2007)

- S.A. Kulagin et al., arXiv:0711.3956 [nucl-th] (2007) - T. Leitner et al., Int.J.Mod.Phys. A22, 416 (2007)
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MiniBooNE: anti-ve Appearance

Both low and energy
excess!

100.5+14.3 99.1+14.0
Excess 18.5+14.3 20.9+£14.0

« Data (stat err.)
—/ v, fromp*"
v, fromK™
3 v, fromK°
2 ° misid
CJA—- Ny
) dirt .
3 other Fluctuation?: 1.6%
Cc tr. Syst. E

onstr. Syst. Error 3.0%

Events/MeV

No good explanation of
excess has been given

1415 3.0
ES® (GeV)



MINOS (Main Injector Neutrino Oscillation Search)

Detector: Goals:

'‘NUMI beam ‘Make precision measurements of Am232

‘Long baseline: 735 km and sin22623

‘5.4 kt far detector, 1kt near ‘Confirm oscillations vs
‘Optimized for vy disappearance
‘Sampling 2.54 cm Fe / 1.0 cm scint.

Soudan gy

Dl.l]l.lihn m&:- .

Madison
\ o




MINOS: vu — ve

‘8.2x1020 POT o
‘Observe 62 events after cuts AmM?> 0

‘Expect 49.5;, 7(stat) 2.8(sys) background ' E—M'NOS Best Fit

68% CL
events :
: [ 90% cL

1.70excess ' { == CHOOZ 90% CL
‘Best fit normal (inverted): sin22613 = 0.04 (0.0 2sin"6,,=1 for CHOOZ

au

— —
~ Far Detector Prediction (LEM > 0.7)
MINOS PRELIMINARY  zz Signal

(7]
[=]

— Background
— FD Data il

sin’(20,,)=0.040, Am%,>0, §,,=0 |

Merged for Fit - . :
< 8.2x10%° POT

Events / 8.2x10%° PoT
[~ ]
o
|

-
=]

MINOS
PRELIMINARY

| | | L L L L 1 i 1 1 A 1 L i I L
3 4 5 6 ' . 0.2 0.3

Reconstructed Energy (GeV) 2Sin2(2913)5i"2323




MINOS:vu Disappearance

Decoherence disfavored at 8.8c

‘l
OLE

Most precise Decay disfavored at 6.80

measuremen 1

I | 1 I I I | I I I
B 0 (o)
e MINOS best fit MINOS 2008 90 S BIS) %o error

[~ —— MINOS 90% Super-K 90%

— — = MINOS 68% —— Super-K L/E 90%

' | ! ! ! | ' ' ]
MINOS Far Detector -

—4— Far detector data
No oscillations

—— Best oscillation fit

[ ] NC background —

Fappetyd

Events / GeV

—
o
(@)

ol b : . l
0.80 0.85 090 0.95 1.00 9 5 5 10
sin®(26) Reconstructed neutrino energy (GeV)




MINOS: anti-vpu

Disappearance

‘I
OLE

‘I
OLE

>
©
Q
JZ)
c
[}
>
L
0
T

1.71% 10°° POT MINOS v, running, Far Detector

-+ MINOS data

— No oscillations

- AMP=2.32x107eV?, sin%(28)=1
— Best oscillation fit
[]Background

10 20 30 40 50
Reco. Energy (GeV)

)

— MINOS v, 90%
MINOS v, 68%

® Bestvy Fit
1.71x 10%® POT

— MINOS v, 90%
MINOS v, 68%
@ Best vy Fit
7.24 x 10%° POT
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pewarc. NeuUlrino Anomaties Can e
Important!

Beta-decay anomaly J. Chadwick, Verh. d. Deutsch. Phys. Ges. 16, 383, 1914.

e SCIENCE
Volume 191, No. 4224

Solar neutrino anomaly

Solar Neutrinos: A Scientific Puzzle

John N. Bahcall and Raymond Davis, Jr.

Volume 203, nutmber 2,3 PHYSICS LETTERS B 28 April 1988

Atmospheric vu /ve anomaly in EXPERIMENTAL STUDY OF THE ATMOSPHERIC NEUTRINO FLUX
p roto n d ecay expe rl m e nts K.S. HIRATA, T. KAJITA, M. KOSHIBA, M. NAKAHATA, S. CHARA, Y. OYAMA, N_SATO,

A, SUZUKI, M, TAKITA, Y. TOTSUKA

ICEPP, Depariment of Physics, Department of Astrononty, Faculty of Science, University of Tokyo, Tokyo 113, Japan

T. KIFUNE, T. SUDA

Foctiturs far Crcmie Rav Rosonech, University of Tokye, Tokyo 188, Japan

VOLUME 57, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OCTOBER 1986 AHASHL T. TANIMORI

ergy Physics (KEK), Ibaraki 305, Japan
Calculation of Atmospheric Neutrino-Induced Backgrounds in a Nucleon-Decay Search

T. J. Haines, R. M. Bionta, G. Biewitt, C. B. Bratton, D. Casper, R. Claus, B. G. Cortez, 5. Errede, v of Niigata, Niigata 950-21, Japan

G. W. Foster, W. Gajewski, K. S. Ganezer, M. Gotdhaber, T. W. Jones, D. Kielczewska, W. R.

Kropp, J. G. Learned, E. Lehmann, J. M. LoSecco, J. Matthews, H. S. Park, L. R. Price, F. Reines,

1. Schultz, S. Seidel, E. Shumard, D. Sinclair, H. W. Sobel, J. L. Stone, L. Sulak, R. Svoboda,
J. C. van der Velde, and C. Wuest

CHER, E.D. FRANK, W. FRATI, S8.B. KIM, A.K, MANN,
\N BERG, W. ZHANG
v of Pennsylvania, Philadelphia, FA 19104, US4

and

B.G. CORTEZ
ATET Bell Laboratories, Holmdel, N7 #7922, US4



The Immediate Future



MINERVA: Physics Goals

‘All accelerator long-baseline Main Injector Experiment for
experiments need energies from
~0.5 GeV to several GeV

‘Neutrino cross sections poorly
known at low energies

Note: MiniBooNE, SciBooNE (K2K,
NOvVA) making these measurements as

- mostly old bubble-chamber Cipar, Lusignoli, Sartogo, PRL 74, 4364 (1995
data
o COFRR [15])
NC cross sections known to o L 1 % ANL 17-teet (7]

~50% at beSt ¢ ;,‘ 7 ;:: O ANL 12-feet [18]

‘Neutral current 10 is a major
background to ne appearance
experiments -

Total CC

‘MINERVA plans to measure | - ‘_ o a(DIs)

. — — — o(gel)
neutrino nucleus cross sections v _ s = elin)

with unprecedented statistics from
1-20 GeV

GeV
SciBoone Ey (GeV)

- 5% on CC

. 5% flux error not

MINOS

NVA/LBNE

MINERVA




MINERVA: Detector

Fully Active Scintillator Target Region
8.3 tons (~3 tons fiducial)

LS III

A A II\III\IIII I||I||I|II|I| \I\IIII\III\IIII|I||I||III|II\I| [ H

il el

n

R - i 05

Nuclear Target Region with Pb, Fe, C
6.2 tons (including 40% Scintillator)

Scintillator For the Inner Detector, scintillator is
Particle assembled into 128 strip scintillator planes
A Position determined by charge sharing
1.7 x 3.3 cm? strips x
Wave Length Shiftin
(WLS) fiber readout in
center hole

- Fully active segmented scintillator

detector: 5.87 tons

* Nuclear targets: He, C, Fe and Pb
- MINOS Near Detector as muon

catcher

- Installed and taking data!




NOVA

‘Second generation experiment in the NUMI beamline
‘Fully active detector optimized for detection of vu — ve oscillations

‘Goals:
* Observe vu — ve oscillations

Measure 613 O ~ A\
Measure 623
Determine mass hierarchy

2

¢ Winnipeg CANADA

Ash River®

930 hor.+vert. planes
384 cells/plane
357,120 total cells

MINNESOTA

Minneapolis e

222 tons

E

Far Detector l Near Detector
29X

Fermilabe




The NOVA Collaboration




Neutrino Beam

Three Parts to NOvVA

¢ Winnipeg

Short-baseline
Neutrino beam
to MiniBoone

Main Injector
150 GeV

Recycler
8 GeV

930 hor.+vert. planes
384 cells/plane
357,120 total cells

AN
S S N NSNS N '

-« Long-baseline Neutrino beam
e to Minnesota (NUMI)

,', Accumulator (8 GeV)

Debuncher (8 GeV)
Linac (0.4 GeV)
Booster (8 GeV)
I—
T
Fixed Target
Expts.

CDF

Tevatron
pp collider
1,000 GeVvV

MINNESOTA

Minneapolis e

Near Detector

CANADA

222 tons

Near Detector




Neutrino Beam Upgrades: ANU

A “Turn Recycler from an anti-proton storage
' ring into a proton storage ring/pre-injector
for the Main Injector

1Need a new injection.and a new extraction
Recycler 6 ||neS from Rer
oo Fast kickerg

»Shorten Ml present 33 with
RF upgrad NUMI beam

-Upgrade NUNM QRLEYP andle more
beam power and iasewer cycle time

Slip stacking Slip stacking

NOVA TOR in MI in Recycler
—— — 8 GeV Intensity (p/batch) 4.3-4.5 x 1012 4.3 x 1012 4.3 x 1012
= £ x-‘-Rec\yclEr : -
= Number of 8 GeV batches 7 11 12

MI Cycle Time 24¢ 135
MI Intensity (ppp) " 013
NU Ronm Pouien A T A

NUMT Protons per Year 2 x 1020 4 x 1020 o»

[ ——



NOVA Far Detector

‘15 kTons
‘Fine-grained sampling EM calorimeter: 73% liquid scintillator, 27% PVC
Fine-grained sampling: 4 cm x 4cm x 0.15 X0
dE)/E ~ 10%/+E for ve CC events
ve efficiency: ~35%
‘930 planes: alternating vertical and horizontal cells
‘368,640 cells
16 X 16 x 63 m3

4
4..‘
% >
T ‘.' ::"v
d ANy
'4.4.‘.‘.
4.4.‘.
930 hor.+vert. planes
384 cells/plane
' 368,640 total cells
v 222 tons
15,
\
Far Detector )




NUVA Falr vetectior citmg. Longitudinat
Distance

Mass ordering sensitivity (matter effect) dictates placing
the detector as far as practical from Fermilab: Ash
River, Minnesota, 810 km baseline

Furthest point north
in US accessible by
road.

Redlrectlng the NUMI beam not an optlon too $55




NOVA: Far Detector Building

‘Building completed

‘471°(350’) long x 63’ wide x 71’ high
(below grade)

‘Sized for 18 kt detector
‘$15.8 less than baseline!
‘This fall: start installing the detector




NOVA Far Detector Siting: Off-Axis Distance

Advantages of going Off-Axis

‘Allows the central energy to be tuned to the
desired value

—nldmrad = = ‘Reduces high-energy tail, which feeds down
—K14nrad neutral current and T backgrounds

‘Reduces ve background from K decays
Medium Energy NuMI Beam Tune

*y
o, 5 . %
rates for L = 810 km _*®

-8

L4
L J

First oscillation
maximum



NOVA Far Detector Siting: Vertical Distance

‘NOVA is the first surface long-baseline oscillation experiment
‘All previous long-baseline oscillation experiments have been deep
underground: MINOS, Opera, SuperK, T2K, Kamland, SNO, etc.

1.2 x 107 spills/year

10 U s spill

* Only cosmic-ray gammas present
a potential background to the
VL —Ve signal

12X0 of overburden:
concrete and barite

40’ deep in solid granite

granite berm




NOVA: Detector Element

'3.8cm x 5.9 cm x 15.5 m cell (walls 2 — 4.5 mm thick)
‘368,640 total cells
‘Material:

PVC loaded with 15% titanium dioxide ¢, highly
reflective

‘Liquid scintillator:

- Mineral oil: 3.9 million Longest thing you can put
* 4.1% pseudocumene in an 18-wheeler

- Waveshifters: PPO, bjs-
‘Fiber:
* Single fiber for each c

out

- 0.7 mm, double-clad, ¥=

+ 12,133 km g

 Typically light takes 50 cm to find the fiber, with ~8
reflections

10X attenuation for longest path length




NOVA: Front-End Electronics

Photodetector:

‘32-pixel APD (Hamamatsu)

-2 fibers per pixel

‘Gain: 100X (@ ~400V)

‘Cooling: -15C (thermoelectric cooler)

‘Signal-to-noise: 10:1 (muon at far
end)

‘11,160 needed (Far Detector)

-5
E
—
w
=
bt
-
=
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—
=
=
=
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Front-end Electronics Block Diagram

Analog front end: 10 mV/fC Digitize Data & timestamp
DC coupled, 32-channel 12 bits, 2 MSPS per extraction
2,4,8 : 1 multiplexing channel Data packets to DCMs

Qua
d
AD

C
Shunt HV TE Cooler Controls
ONLHoOHE

cooling of

A DD

regulator




NOvA: Data Acquisition System

- i i ps M MASTER GLOBAL
Font 9nd elect.rqr.ncs_run In GPS g MO & o R
continuous digitization mode UNIT PROCESSOR

Data time-stamped at the FEB

B

I—|IIIIIII|—|

Data Concentrator Module
(DCM) takes serial data from
up to 64 FEBs and combines
and packages it to be sent to
the Buffer Nodes

Off-the-shelf gigabit Ethernet
network + switches used to
build the events

Data Data

logger storage
(~30TB
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e 12 DCM/Diblock A

Triggers:

THREE LAYER SWITCH ARRAY
ETHERNET LAN

L

Delayed beam spill from
Fermilab

Software data-driven
trigger for exotics

Lt

32 Cells 32 Cells 32 Cells 32 Cells

All hits in a 30 p s window
centered on the 10 us NUMI !
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NOVA: Detector Fabrication

‘Largest plastic structure ever built

‘Modules are glued to each other in 32-plane blocks:
30 total for 15 KT detector

“Bookends” at either end

‘Huge amount of engineering done to assure it will
stand: estimate 20 years (without bookends).

Creep Curve

6 m onths

il

T

—_
7
=
=
=
=
Ei
~

BO0O000E &

10,000

31 layers with
4.5 mm/3 mm for the vertical

Time [Years]



Block Fabrication at Ash River Site

//” T . ‘Modules shipped from Minnesota factory

‘Glued together to form 12-module wide
planes

‘32-planes glued together to form blocks
‘Block pivoter moves blocks to detector

‘After positioning at detector blocks are filled
with scintillator

PIVOTER WITH BLOCK IN
ASSEMBLY MODE

REFRIGERATION UNITS
N
LOW VOLTAGE SUPPLY RACKS \ |
~
1"

HIGH VOLTAGE SUPPLY '

PIVOTER HORIZONTAL
ASSEMBLY MODE




Block Pivoter at CDF




NOVA Near Detector

‘Same technology as Far Detector

222 Ton mass

‘Fabrication completed of surface prototype, which
Is currently taking data

Plan view

NOvVA
Near Detector
cavern

NuMI Beamline | — MINOS Hall



Near Detector: First Events
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NOVA: Detector Performance, Typical Events
2.2 GeV ve QE CC

B o= = B N B W B s @
° B B2 E B EEEZE

U LA A LA RLLNRARR AR I

Signal

Backgrounds Electrons:
fuzzy, short,

- 1 1 L
0-5qq 485 50 505

.3 GeVvu NC (1.3 GeV
u\ 110) _/Vu

Muons: sharp,
long, sparse tracks

T

1 1 1 I 1 1
48.5 49 49.5 50 50.5 51 515




NOVA: 613 Reach

‘NOVA designed for good electron appearance An abundance of
sensitivity down to sin2(20613) ~ 0.01 or 613=2.9° theoretical guidance

‘Note: best fit sin2(2613) ~ 0.08 or 613=8.2°

- SO(10) lopsided
SO(10) symmetric/asym

Number of Models

" -'-"- -'-'-'--'-'-!

siﬁ?éﬁﬁﬁﬁﬁ




massS nelrarcny. vpp —ve Rate - miatter
Important

V. =)
LJ_LI-.

‘Extra CC term for ve in matter important!

‘Increases vlu — ve rate for normal hierarchy:
effect reversed for inverted hierarchy and for
antineutrinos

Neutrinos

NOvA far NOvA far:
detector: ' detector:

102 10° 102
distance (km) distance (km)



CP Violation Mucks Things Up

* CP violation can confuse the effect — regions of inherent
ambiguity

* Can be resolved by another measurement at a different baseline

Neutrinos _ Antineutrinos

normal P normal ;
inverted NOvAfar:: inverted NOvA far:

detectori % ' detector:

— b =T1/2 ' — 6 =T/2

mmmn 6CF’ = 31T/2

distance (km) distance (km)




NOVA: Mass Hierarchy Sensitivity

NOVA + T2K .

L =810 km, 15 kT
am,,2=2.410%0V?
sin(20,,) = 1 :

Am?>0

NOVA + T2K

3 years for each vand v
NOvA at 700 kW,
1.2MW, and 2.3MW

+ T2K 6 years of v

at nominal, x2, and x4

0.1 0.15
2 sin’(6,,) sin%(26,,)

L =810 km, 15 kT,
Am,,2=2.410° aV?
sing(zﬁ,‘,3 ="
Am?<0

3 years for each v and v
NOvA at 700 kW,

1.2 MW, and 2.3 MW

+ T2K 6 yoars of v

at nominal, x2, and x4

NOVA + T2K .

0.1 0.15
2 sin’(6,,) sin®(26,,)




NOVA: Mass Heirarchy

If NOVA establishes the inverted mass hierarchy and
the next generation of OV experiments see nothing
then neutrinos will almost certainly be Dirac particles

v,
V. Il ' [V

Inverted heirarchy

10 10°

Lightest v mass [meV]




NOVA:vu Disappearance. Is 823 Maximal?

‘We know 023 is close to 45°: Is the mixing
maximal: 023 = 45°?

‘Because of NOvA’s good energy resolution, it
will make a ~1% measurement of 623

through muon neutrino disappearance
Sensitivity Contours (15 kt*36E20 POT)
~ 2.7

Normal heirarchy Inverted heirarchy

26.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
sin“20,,




Resolving the Ambiguity in Determining 623

Dominant term in P(vu —-?) is proportional to: 2 sin?(8,,) vs. sin2(26,,)
sin2(20623)

Dominant term in P(vu -»ve) is proportional to:
sin2(0823)sin2(2613)

Reactor experiments are sensitive to sin2(2013)
alone

-r-:
o'}
==
or
E
i
™

o

Comparison of P(vu -»ve) with Reactor experiments

ran roenhi/a amhini ity

sin®?,, tan@?,,
M ov,

. Vp
BV,

0.890 0.8 084 OB 0.93 1.00

sin?(26,;)

AM’

v, y APy V. D
Normal heirarchy Inverted heirarchy




95% CL Resolution of 823 Ambiguity

Average over mass
hierarchy, CP phase 9, and
sign of 823 ambiguity

- At the central value of T2K

result, NOVA resolves the
ambiguity for sin2(2023) <
0.96

MNOvA (15kT) + Reactor
Am,,2=2.410" oV’

3 years for each v and v
NOvA at 700kW, 1.2 MW, and 2.3 MW
+ a reactor with ¢ = 0.005




NOVA: CP violation sensitivity

‘NOVA will provide the first look into CP conservation
‘Will be the only look for some time!

‘Nature must be kind: 813 must be large! Mass hierarchv not resolved

1 and 2 ¢ Contours for Starred Point for NOvA

Amg,2=2.4107 oV?
sin"(26,,) = 1

NOvA 3 years
at 700 kw
foreach v and v

0.06  0.08 0.1 0.12
.2 - P
2 sin“(0,,) sin“(20,,)



Long-Range Future



rermitapPp FUsSnNning rorward on intensity
Frontier

Strategic Plan for the Next Ten Years:

“The panel recommends an R&D program in the

immediate future to design a multi-megawatt ROJ E CT . .

proton source at Fermilab...” 4 Fro,F

matthew
BRODERICK \"“‘

Neui -

“The panel recom%endi%&n" JE
program as a cor@cbmponen‘t of the
5
program, with the [89g-term vision of 3
detector in the proposéq,I%USEL and-a high-- R
intensity neutrino source at'EXH@sD.” The v




rermitapPp s FrojeCt A. tne rain to wne

Intensity Frontier
Rare Muon ‘

Long baseline & Decay Expt.
neutrino beam \\

to South Dakota Accumulator O Neutrino

program and rare
decay/precision
Main Injector physics
150 GeV ~d
‘\ Precision Muon Expt# N ST 2l o
A
\
eV)

Recycler
8 GeV

" usly!

Rare Kaon Decay Expt.

(4 GeV) N

Project X
Linac (8 GeV)

The Project X linear accelerator would feed a
high-intensity neutrino and rare decay/high
precision physics program



Project X Beam Rates Enormous

Eoiect 2 20 x 10” POT/yr

8 GeV: ~20X increase :
120 GeV: ~10X increase Tak Don’t lose

the beam!

3 x 10 POT/yr

120

Each beam pulse has energy of Lamborghini
Gallardo going 140 mph (226 km/h), with only
1.7 x 10-16 the Gallardo’s mass!




Consensus in the Neutrino Community Forming

DUSEL and Engl -oy at Homestake, SD
Long Baseline Neutrino Experiment
(LBNE)

‘New deep underground detector site:
DUSEL

Longer baseline than NOvA

Geoscience

‘New multi-purpose detector possible

Neutrino and proton decay physics

‘New beamline from Fermilab

Wide band beam is best: can fit
oscillation parameters using energy
spectrum

Considerable upgrade to the current
Fermilab intensity needed
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U.S. Long Baseline Neutrino

Experiment Study \ 1000 1500 2000 2500 3000
(arXiv:0705:4396) Baseline [km)]

NUSAG Report, July 13, 2007




Next Generation Detectors Being Designed

Electronic crates
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Two Detector Technologies Favored

U.S. Long Baseline Neutrino Experiment Study (arXiv:0705:4396)
Pro Con
Water Cerenkov ¢ Well understood technology * Must be underground
* New background rejection * Cavern stability must be

techniques available assured
* Scale-up factor < 10 * NC background depends on
* ~10% energy resolution spectrum and comparable to

* Multipurpose (proton decay) ~ Intrinsic background

* Low ve efficiency (15-20%)

Liquid Argon * Promise of high efficiency * Technology not proven
TPC * Promise of high background * Scale up by 300X needed
rejection * Accurate cost estimate
* Potential to operate on (or impossible

near) surface * Safety issues underground



LBNE Water Cherenkov vs LArTPC

100 kt WC equivlant to 17 kt LArTPC

WC. 100 kt fidueial LAr 16.7 kt fid.. NC BG 1.5x(1+0.05)% (corr)
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Program

200

| _ Similar program
Purity, electronics development Yale TPC Luke & Bo -
underway in Europe
R&D |Physics D)

Underground safety, cryo operation, Staaed proaram for R&D
TPC performance,reconstruction, ArgoNeuT (0.3 T) ged prog

beam v,, y/n° separation \ with physics increasing
R&D | Physics ‘ U i h ster
Cold electronics, evacuation

requirement, tank construction, mICFOBOONE (100-200 T)
low E excess, cross sections \

2008

2011-2012

R&D Physics

Underground operation,
technical & cost scaling, Near Detector \
0,5, mass hierarchy \

O
—
o
i
To)
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o
(QV

LArS (5 kT) at NuMI Far Detector

Lare array (100 kT)




ArgoNeuT

ArgoNeu'T

Al

LLLLLLLLLLLLLLL]

NSF/DOE Liquid Argon TPC R&D
program

‘175 liter detector in NUMI beam
Goals:

Demonstrate effectiveness of liquid argon
purification techniques

»Measure gamma vs electron discrimination
sMeasure low energy neutrino cross sections

160 180 200 220 240

20 40 60 80 100 120 140
Collection Plane Wire

May 2009: first event




MicroBooNE

“70/170 ton mass
‘In 8 GeV Fermilab neutrino line
‘R&D (stage 2 of LArTPC program):

- Test purity in a non-evacuated
vessel

Full systems test of low-noise
electronics

+ TPC and vessel design
‘Physics:
* Study surface running issues

Investigate MiniBooNE low
energy excess

- Measure neutrino cross sections

- BNB: 100K events, NuMI: 60K
events

‘Schedule:

- Construction: 2009
- Data: 2011

Events/MeV

Stacked backgrounds:

K
\IE'

u
Va

A — N
other
Low-E excess

ECF (MeV)

6 x 1020 POT



Ultimate Reach:

Advantages
‘Large neutrino fluxes
‘Little uncertainty in neutrino flux

‘Little background if sign of lepton can
be determined

‘All v parameters measured from ve
-Vl and anti-ve - anti-v

- Am2 sensitivity so good that hierarchy
may be measurable with 813 = 0!

Disadvantages:

‘Need to measure muon sign -
magnetic detector needed

W > e+Vv, -
Golden Channel

‘Technology unproven: lots of R&D
needed that will take time

Neutrino Factory

Neutrinos from Muon Decay

International Design Study: ZDR by ~2010,
RDR by ~2012

Proton Driver

Hy Target
Capture

Drift v beam
Buncher Storage

Ring

|
0.9 -3.6 GeV_
3.6 - 12.6 GeV




4 GeV Neutrino Factory

/ ) - Geer, Mena, & Pascoli, Phys. Rev.
D75, 093001, (2007).
0
99% CL Bross, Ellis, Geer, Mena,&
Pascoli, hep-ph arXiv:0709.3889

/
/

OBSERVABLE
MASS
HIERARCHY
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10 10-2

sin?26 ,
Bands indicate running time and background

edtainties
Magnetic cavern with
two parallel solenoids

(0.5T x 34,000 m3).

Superconducting
transmission line
designed for VLHC




Getting Back to the Energy Frontier

-
—

0.2-2000 GeV

Acceleration

Meutrinos

to MOwA ecirculating

inear
Accelerator

6D cooling
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Muon Collider

i Meutrinos
i toLBNE

Muon
Accelerator

-T'ﬁ- Project X

- Fermilab Site

Front-end muon source

Proton source




The Future is Very Exciting

- Alarge 613 is good news for everyone in the field!
- It makes it much easier to resolve the mass hierarchy

- Gives us a chance to observe CP violation, although the next
generation experiments, such as LBNE, will be needed

 The era of precision neutrino physics is upon us: by the end of the
decade 013 will be well measured, and the mass hierarchy should be
resolved

- There are some strange anomalies reported by MINOS and
MiniBooNE — are there yet more surprises that neutrino physics has
for us?

- The ultimate neutrino experiment isn’t going to come cheap!
DUSEL/LBNE:$2,250M-$2,750M

Neutrino factory:$2,100M-
$2,700M

- Note: NOVA (+beam upgrade): $270M
- Note: US LHC: $500M over a decade
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