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Neutrinos are Ubiquitous

* They are made by nature:

* In the Big Bang
* By the elements in the earth, air, and water

* By the sun and other stars
* In the explosion of supernovae
* By the cosmic rays
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* In the Big Bang

* And they are made by humans:

By the elements in the earth, air, and water
By the sun and other stars

In the explosion of supernovae

By the cosmic rays

* In power plants (reactors)

* In decays of artificially produced isotopes
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The primary source of accelerator v's are decays of 1t
and K mesons produced by the accelerated protons
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The primary source of accelerator v's are decays of T
and K mesons produced by the accelerated protons

The main sources:
n°— U +V, BF=99.99%
K > + V, BF = 63.44%
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The primary source of accelerator v's are decays of T
and K mesons produced by the accelerated protons

The main sources:
n°— U +V, BF=99.99%
K" — " +Vv, BF =63.44%
Secondary sources (Iast 2 important for ve’s):

K" —>n’ +u +V, BF=3.32%
K"—>n'+eé +ve BF = 4.98%

‘U — 8 ‘|‘Ve +V.U BF =~100%
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Example - NuMI Flux

LE10 Near
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| —Plon Y | decay have at most 42%
—Kaon =V 2 g
wlilich ; of parent pion energy
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el But the neutrinos from K
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e { energies almost up to K
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Absorber Muon Monitors
T t .
aee Decay Pipe et \ — l l l :

Target Hall
120 GeV
protons ,
> " v . - ; —~—

I 1) s B R
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Main Injector 5 7l 4 o (9]
J F——r / " i‘___y______r
675 m / . Rockl Rock |Rock
Hadron Monitor >m 12m 18m  210m
Target - interact protons, produce tand K mesons
Focusing horns - focus mesons with desired energies and charge
Decay pipe - allow mesons to decay into neutrinos; vacuum or He
Hadron monitor - used for tuning and monitoring total flux
Absorber - absorb residual protons and undecayed mesons
Muon monitors - monitor beam; secondary flux determination
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More about horns

Example: NuMl horn
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&) A Primer on Focusing @
 Horn is a magnetic lens; how do we determine
its optimum position and strength?
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 Horn is a magnetic lens; how do we determine
its optimum position and strength?

* (Consider horn as a thin lens and target a point
source; set to obtain parallel beam for energy of

Interest

0

Horn

>

r :
Ampere’s Law

Target
6 pbeam /p — r/Z

7/

v

1
horn _
o | Bdl = \— kr

r
Parabolic Horn: d=r2
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@) A Primer on Focusing 2
 Horn is a magnetic lens; how do we determine
its optimum position and strength?

* (Consider horn as a thin lens and target a point
source; set to obtain parallel beam for energy of

Interest Horn i
0 ' Ampere’s Law
Target 7z .
6 = — [ p=r/z homOCJBdl 1 = kr
Pr p R

Parabolic Horn: d=r?
* If possible, we set horn current so as to focus the
most likely value of prPeam
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Example: NuMI Beam

Thus as we move target back, we focus higher momenta; but
due to other effects there are deviations from strict linearity.
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As target is moved back, the p; distribution of

accepted events shifts to higher values but pt does
not change very much
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Variations

e There are a number of variations on the standard
conventional (wide band) beam
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e There are a number of variations on the standard
conventional (wide band) beam

« Sign selected beam; use a dipole to reject mesons of other sign
* Narrow band beam; selects specific Ap
*  Beam dump “beam”:

one variant is a low energy version using v’s from stopped mtand L
decays; low energy; well defined spectrum

other version is high energy; gives high fraction of v's from short lived
particles; useful as a source of v,’s

- Off-axis beam; the detector is positioned at a small angle away
from the beam axis. This enhances a narrow band of neutrino
energies
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More on Off-axis Beam

At certain angles pions of different energies generate
neutrinos in a relatively narrow band of energies

As a results a relatively narrow band beam is created with
a flux in the desired energy range greater than in that
portion of the on-axis beam
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More on Off-axis Beam

At certain angles pions of different energies generate
neutrinos in a relatively narrow band of energies

As a results a relatively narrow band beam is created with
a flux in the desired energy range greater than in that
portion of the on-axis beam
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Example of this principle from NuMI beam
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® Most experiments require knowledge of their
neutrino energy spectrum to extract physics
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&,)Obtaining Energy Spectrum @

® Most experiments require knowledge of their
neutrino energy spectrum to extract physics

® |n principle that information can be obtained from
hadronic (parent) production data
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® Most experiments require knowledge of their
neutrino energy spectrum to extract physics

® |n principle that information can be obtained from
hadronic (parent) production data

e But currently those data are not adequate and there
are potential issues with the effect of surroundings

® 2 detector configuration, allowing extraction of Far
Detector flux from Near Detector data appears to be
the currently favored method to do this for long
baseline oscillation experiments
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NuMI spectra
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Near Detector Issues

 There are two views regarding Near Detector
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 There are two views regarding Near Detector

- It should be as identical as possible to the Far Detector in its
composition

» |t should be designed for optimum determination of the
neutrino flux composition and its energy
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Near Detector Issues

 There are two views regarding Near Detector

- It should be as identical as possible to the Far Detector in its
composition

» |t should be designed for optimum determination of the
neutrino flux composition and its energy

* Ideally you would like to have both since each has some
advantages and disadvantages
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 There are two views regarding Near Detector

- It should be as identical as possible to the Far Detector in its
composition

» |t should be designed for optimum determination of the
neutrino flux composition and its energy

* l|deally you would like to have both since each has some
advantages and disadvantages

- In the first, you may have pileup problems; do not learn the
composition well
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Near Detector Issues

 There are two views regarding Near Detector
- It should be as identical as possible to the Far Detector in its
composition
» |t should be designed for optimum determination of the
neutrino flux composition and its energy

* l|deally you would like to have both since each has some
advantages and disadvantages

- In the first, you may have pileup problems; do not learn the
composition well

» In the second you do not learn about nuclear effects,
detection efficiency, background which may be limiting
factors in the experiment
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MINQOS strategy is to have the two detectors as similar
as possible to each other
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MINQOS strategy is to have the two detectors as S|m|Iar

as possible to each other
The spectra in the two detectors are similar but not

Identical in the two detectors
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MINQOS strategy is to have the two detectors as similar

as possible to each other
The spectra in the two detectors are similar but not

Identical in the two detectors

The main reasons for the difference is that lower energy
mesons decay closer to the target (smaller dQ for ND)

and give wider angle v's in the ND

p Target — paamm— . N-------
T FD '
Decay Pipe
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E,=~043—"_
1 + 50‘.
70,
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2Near Far Extrapolation @
The Far Detector flux can be obtained from:

NPred = (N,{lff / NMC )N;’;j
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The Far Detector flux can be obtained from:
red MC MC obs
Np (NFD /NND)NND

The Monte Carlo ratio can be either
simple Far/Near ratio or a ratio obtained
from matrix extrapolation
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The Far Detector flux can be obtained from:
red MC MC obs
Np (NFD /NND)NND

The Monte Carlo ratio can be either
simple Far/Near ratio or a ratio obtained
from matrix extrapolation

x1 0°

Far/Near
4]

— Point Source
— Line Source
— Full simulation

osff . .
0 10 20
E, (GeV)
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Near Far Extrapolation @)

The Far Detector flux can be obtained from: _

NE = (NY I N )N
F

The Monte Carlo ratio can be either
simple Far/Near ratio or a ratio obtained
from matrix extrapolation

N
(6)]

N
o

—_
(6)]

10

Far Detector Neutrino Energy (GeV)

% 5 10 15 =20 25 30 19
- Near Detector Neutrino Energy (GeV)
x10°
2 —
S
= 13
= t — Point Source
S |
all — Line Source
: —— Full simulation
0.5~4 ) , PP | ) PR | o
0 10 20
E, (GeV)
Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 20

Monday, September 27, 2010



The Far Detector flux can be obtained from: _ =
red MC MC ol
N2 = (NYC I NMC YN

The Monte Carlo ratio can be either 3
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simple Far/Near ratio or a ratio obtained
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Studies of sin2(2062-3
anad Am231
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General Method

Two flavor approximation: P(v, —v,)=1-sin’(26)sin*(1.27Am°L/ E)
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Size of dip gives the mixing angle; location of dip Am?
Parameters used in this example: sin2(20) = 1, Am2= 3.35 x 103 eV?2
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K2K EXxperiment

First accelerator long baseline experiment
Baseline = 225 km

Stanley Wojcicki IV International Pontecorvo Neutrino Physics School 23
Monday, September 27, 2010



K2K EXxperiment

First accelerator long baseline experiment
Baseline = 225 km
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K2K Results
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Rate or Shape

1 Spectrum shape only
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Fermilab g o Soudan
e 10 km
\ ' o -
735.340 km - -
12 km

Neutrino beam produced at Fermilab
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 26
Monday, September 27, 2010



Fermilab Soudan

10 km

'
735.340 km

Neutrino beam produced at Fermilab
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground
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MINOS Experiment

Near Detector

Far Detector Kd—/..:..\.é k a

V 3

—_—

Fermilab

S Soudan

'
735.340 km

Neutrino beam produced at Fermilab =
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground
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— steel planes
« 2.5 cm thick

Far Detector (1= ..:._ k ﬂ — scintillator strips

- _ * successive planes
- oriented at 90°

1 cm thick
e 4.1 cm wide

i ‘ — Wavelength shifting
fibre optic readout

., — Multi-anode PMTs
| — Magnetised (~1.3 T)

Fermilab
10 km
Al

735.340 km

Neutrino beam produced at Fermilab =
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground
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— steel planes
« 2.5 cm thick

Far Detector (1= ..:._ k ﬂ — scintillator strips

- _ * successive planes
- oriented at 90°

1 cm thick
e 4.1 cm wide

i _‘ — Wavelength shifting
fibre optic readout

— — Multi-anode PMTs
d — Magnetised (~1.3 T)

Fermilab
& \ 10 km
Al

735.340 km

Neutrino beam produced at Fermilab = {/&
Near Detector - 1 km from the target
Far Detector - 735 km away and
710 m underground

The flux is measured in the Near Detector and then extrapolated to obtain
prediction in the Far Detector
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MINOS Events (MC
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MINOS Events
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MINOS E, Spectrum
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Good agreement with oscillation hypothesis
Alternative hypotheses (decay, decoherence) excluded at a
significant level >60
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Alternative Models

Decay:
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Oscillation analysis |sin22023 (90% C.L.)

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >0.96 2.19+0.14 543x 103

SuperK (3v, normal mass +0.43 -3
erarchy) >0.93 2.11 0.12X 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 21 042X 10

MINOS 2.31+0.11 598X 103
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Oscillation analysis |sin22023 (90% C.L.)

SuperK (2v, zenith angle) >0.96 2.11+0.11 549x 103

SuperK (2v, L/E) >0.96 2.19+0.14 543x 103

SuperK (3v, normal mass +0.43 -3
erarchy) >0.93 2.11 0.12X 10

SuperK (3v, inverted mass +0.13 -3
hierarchy) 21 042X 10

MINOS 2.31+0.11 598X 103

No significant preference on mass hierarchy or CP phase
seen in SuperK 3 flavor fit
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&) Oscillation to what? |
* Both SuperK and MINOS show that v,'s
disappear via oscillations
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Oscillation to what? e

* Both SuperK and MINOS show that v,'s
disappear via oscillations

* But being disappearance experiments,
they do not tell us what is the final state
neutrino
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Oscillation to what? |

* Both SuperK and MINOS show that v,'s
disappear via oscillations

* But being disappearance experiments,
they do not tell us what is the final state
neutrino

* Most likely possibility is v¢'s

» Any significant contribution from ve’s excluded
by SuperK (atmospheric), CHOOZ (reactor),
and MINOS (accelerator)

 Some small contribution from Vvsteriie allowed
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OPERA Experiment

CERN to Gran Sasso Long Baseline Neutrinos

Emilia-Romagna

Monte-Gsovo

Monte-Prat

732km _
ay = B neutrino beam —

= .

—_—
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Method and Schematic

10th Int. Conf. on Topics in Astroparticle and Underground Physics (TAUP2007) IOP Publishing
Journal of Physics: Conference Series 120 (2008) 052042 doi:10.1088/1742-6596/120/5/052042
Plastic base(200 Vi
Pb( p‘:) Pb . R p—— LMN m'_’ Drift Tube | Spectrometes
’ V A% Tar “11?:::1« A (Magnct
i ey Y pet | / aad RPCs
/ /;
e, uh
i
Ve Decay “kink” \': s
- >25mrad .
s
\ T /
Emulsion layers (50 pum) /é“ - 2
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L8
~ X10 Pen O (arbitrary units) Decay Detection | Branching Signal
: osc “tce . \ Background
~ 04 -
3 Am2= 3 103y 2| |_channel | efficiency(¥)| ratio(¥) |(Am'=2.5x107)
035 T—HM 17.5 17.7 2.9 0.17
5 03 ” Toe | 208 | 178 | 35 0.17
S T—h 58 | 495 3.1 0.24
S 025
i, T-3h | 63 15 0.9 0.17
o ALL | effxBR=10.6% 104 | 0.75
0-15 5 year exposure @4.5x10'° POT/year
0.1
0.05 : :
Difficult experiment, and can
00 5 10 15 20 25 30 35 40 45 50 only expect a handful of events...
E (GeV)
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2 )OPERA - 1st Candidate

OPERA / |

200 um

First candidate vy -> v T->m+ 1
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Issue of sin2(20813
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» 3 distinct approaches can be used
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<)) Mixed (Subdominant) Sector
» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
 But subtract two large numbers; systematics
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&) Mixed (Subdominant) Sector
» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
» But subtract two large numbers; systematics

» Accelerator experiments (appearance):
* Dependance also on 823, mass hierarchy, ocp
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«2)) Mixed (Subdominant) Sector
» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
 But subtract two large numbers; systematics

» Accelerator experiments (appearance):
* Dependance also on 823, mass hierarchy, ocp

» Atmospheric and solar experiments:
* Look for small effects in 3-flavor analyses
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(2)) Mixed (Subdominant) Sector
» 3 distinct approaches can be used

» Reactor experiments (disappearance):
» Simple analysis - only 813 dependence
 But subtract two large numbers; systematics

» Accelerator experiments (appearance):
* Dependance also on 823, mass hierarchy, ocp

» Atmospheric and solar experiments:
* Look for small effects in 3-flavor analyses

Caution: Values (limits) are quoted both for sin2(2013)
-accelerators and reactors, and sin2(613) - 3 flavor
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Reactors - CHOQO/Z limit

)

Previous reactor experiments showed no depletion of

neutrino flux, signature of oscillations
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neutrino flux, signature of oscillations

Previous experiments

1.4

Atmospheric sector

| optimum distance
amLAND
12 % \
>
ST W) | SSHENEE 4/ S— _qj...........,,,._. ________
v
g: 0.8} .
'é 0.6 A ILL ]
Z. * Savannah River "
| C  Bugey :
045§ Bowmo Solar sector %/
02F & Kusmoyank ggcillation curve
alo Verde
W Chooz
00F__ | | | ]
10" 10° 10’ 10" 10°
Distance to Reactor (m)
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neutrino flux, signature of oscillations

Previous experiments

CHOOZ Spectra

1.4

(=)

0.8

Nobs/Nno-osc

0.6

0.4

0.0

Atmospheric sector

| optimum distance
) amLAND
\

. A ILL i3
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C  Bugey :

[ o Goengen Solar sector %/
A Krasnovarsk I I

- 5§ Krasnoyan oscillation curve
WM Chooz

— | | | | |
10" 10° 10° 10* 10°

Distance to Reactor (m)
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neutrino flux, signature of oscillations

Previous experiments

Nobs/Nno-osc

1.4

(=

0.8

0.6

0.4

0.0

Atmospheric sector

optimum distance

. A ILL
* Savannah River
C Bugey
[ o Goengen Solar sector %/
A Krasnoyarsk i :
- £ Kesoyankggcillation curve
W Chooz
— \ l l
o' 10t 100 10t 10°

Distance to Reactor (m)

Evers

CHOOZ Limits

CHOOZ Spectra

den’ eV

Analysis A

vl'_.vl

90% CL Kamiokande (multi-GeV)

90% CL Kamiokande (sub+multa-GeV)

AAAAAAAAAAAAAAAAAAA

3
-;/"'
' 95% C1.
.\_\\ //,
- -;,-\_: L(
;’l_“:';‘
/ =
/ - — A
.//
wuc. MINOS Amz2 value
it 02 03 0A 0OS 06 07 08 09

san’(20)
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&y Reactors - CHOOZ limit
~Previous reactor experiments showed no depletion of

neutrino flux, signature of oscillations
Previous experiments CHOOZ Spectra CHOOZ Limits

B S — Analysis A
. 3 = '
Atmospheric sector . e 3 ; v,
l 4 — . . £ _,: 90% CL Kumiokande (mult-GeV)
optimum distance o vl ;
S amLAND =M 90% CL Kamiokande (subtmulti-GeV)
l o * \ 1
! _!)::
z ] T (AR 4 A E———— .qj...........,....—, ———————— 1
3 . =y
= 08 Sl
?} MeV
-% 06 A ILL ) ——
Z. ° * Savannah River S — 3 e
4 C  Bugey R 20 S eim . ' N, y.
04F X Rovno T ) k24% . ¢
¢ Goesgen SOIar sector *; 125 | | k 1 :
02| & Kmsmoyask — gggijllation curve - O . I N
O l_’ulu Verde .
00 W Chooz r - wexc. MINOS Am?2 value
. - | 1 | | 1 1% b=
10" 10° 10° 10° 10°
nnnnnnnnnnnnnnnn 10 0 .8 2 L] ’ . .7 S [
Distance to Reactor (m) ' : A i - ™

CHOOZ limit: sin2 2613)<O 15 (90% C.L.)
(at Am231 = 2.3 x 103 eV?)
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V. Appearance
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The probability of v,->Vve transitions depends not only
on O13 but also on 823, B12, dcp and mass hierarchy
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V. Appearance

i)

The probability of v,->Vve transitions depends not only
on 613 but also on B23, 612, 0ce and mass hierarchy

. : : L

P(v, —Vv,) = sin*(26,;)sin*(6,,)sin’ (1 27Am;, E) + Main “atmospheric” term
- 2 2 c 2 2 L
sin”(26,,)cos”(0,;)sin (1.27Am215)+ Solar term

L L L
sin(2913)sin(2923)sin(2912)sin(l 27 Am;, E) sin(l 27 Am;, E) cos (1 27Am;, - + BCPj
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V. Appearance

e Ll L T -
i

The probability of v,->Vve transitions depends not only
on 613 but also on B23, 612, 0ce and mass hierarchy

. : : L

P(v, —Vv,) = sin*(26,;)sin*(6,,)sin’ (1 27Am;, Ej + Main “atmospheric” term
- 2 2 c 2 2 L
sin”(26,,)cos”(0,;)sin (1.27Am215)+ Solar term

L L L
sin(20,,)sin(26,, )sin(2912)sin(1 27 Am;, E) sin(l 27 Am;, Ej cos (1 27Am;, - + BCPj

I =_ FAm?,
e o,
E— ——
Normal hierarchy Inverted hierarchy
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Matter Effects @

In matter, ve's interact differently than other flavor
neutrinos because of additional interaction with
electrons
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Matter Effects

In matter, ve's interact differently than other flavor
neutrinos because of additional interaction with
electrons

As a result, the transition vy->ve will be enhanced for
normal hierarchy and suppressed for inverse hierarchy.
Opposite will be true for antineutrinos.
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Matter Effects

In matter, ve's interact differently than other flavor
neutrinos because of additional interaction with
electrons

As a result, the transition vy->ve will be enhanced for
normal hierarchy and suppressed for inverse hierarchy.
Opposite will be true for antineutrinos.

Thus this is a means of distinguishing between the
two hierarchies. The effect increases with energy. For
MINOS (735 km) it is about 30% difference
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* The principal challenge is reduction and
prediction of background (mainly NC)
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* The principal challenge is reduction and
prediction of background (mainly NC)

* A neural network (ANN) consisting of several
variables characterizing topology of the event
is used to distinguish NC and CC

backgrounds from ve signal

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 44
Monday, September 27, 2010



T Ll LU Tt
.:%\ A '; .
b ol

A
-
-
£
1 HE 2 i
S PN |
i3 A ;
o £ )
--|" = y .u.
'.:. e, 2T & '..'
o - ~
N v
"X ¥ Cmee s
N e “
3 189 o
=

* The principal challenge is reduction and
prediction of background (mainly NC)

* A neural network (ANN) consisting of several

variables characterizing topology of the event
is used to distinguish NC and CC

backgrounds from ve signal

 The ANN distribution in the Near Detector is
then used to optimize the cuts and predict the

background in the Far Detector
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Analysis strategy

Qﬁ-".Use 11 shape variables in a Neural Net
(ANN) which characterize event topology
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Analysis strategy

“‘;#Use 11 shape variables in a Neural Net
(ANN) which characterize event topology

- Apply selection to ND data to predict
background level in FD

‘.' T - »
L Ll BT T .
i 7

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School
Monday, September 27, 2010



Near Detector

Analysis strategy

~-‘;'Use 11 shape variables in a Neural Net
(ANN) which characterize event topology

- Apply selection to ND data to predict
background level in FD

Stanley Woijcicki

Monday, September 27, 2010

Ve

selected 3
region

A NINI

0.8




()v. Appearance Resu Its@

- Based on ND data, expect: 49.1+7.0
(stat.)+2.7(syst.)

I E | | ’ | I . | . | e -
s = - ANN -
- e 3or )
A0 Blinded Region S : S NG :
B 2 B e V}l CC il
‘g i -~ MINOS FD Data E 20} i Beam Ve cC -
g) Background Prediction > : aven V. CcC i
L Q E -
W 20 o | -
i 2 10 =
c . —
" Q , g
> . !
+ L L p—— =
0 L : ey s
ANN Selection Variable Reconstructed Energy (GeV)
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Reconstructed Energy (GeV)

The ND analysis predicts:
49.1+7.0(stat.)+2.7(syst.)

events In the Far Detector
54 observed, 0.70 excess

—*= MINOS FD Data -
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MINOS Result

AM? >0
- MINOS Best Fit
. 68%CL

P 90% CL

= CHOOZ 90% CL
2sin’0,,=1 for CHOOZ -

—

llllllllllll

Scp (M)

: Normal hierarchy:

—

AM? < 0

MINOS
7.01x10%° POT

Scp (M)

Jxicf-c B—IF l E--B B __J l | e e | l | ey ) |

Inverted
hierarchy
% o1 02 03 04
2sin’(20,,)sin’0,,
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MINOS Result

Am? > 0
i ——MINOS BestFit
ez : [ 68%CL
= : [l 90% CL =
e = CHOOZ 90% CL

1 | The 90% C.L. limits are:
] |sin2(2843) < 0.12 (normal)
L1 [sin?(2813) <0.20 (inverse)
0 for

Sin2(2023) = 1, dcp = 0,
5,'!:,"13?,20 POT - |Am?231]l =2.43 x 103 eV?

S¢p (T)

Inverted -
hierarchy |
1...11...-
0.1 0.2 0.3 0.4
2sin’(20,,)sin’0,,
Stanley Woijcicki IV International Pontecorvo Neutrino Physics School
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Summary (Mixed)

S - ’
". -‘|-: LB ag

Oscillation SinN2013 Sin?013 = SiN2B43 | ,SinlzeT’ o

analysis (value) (90% CL)|(95% CL)|{ ©% 00 0%
Superk 030 o i
(atmospheric,norm) 0.006%°*%.006 <0.066
SuperK 041

(atmospheric,inv) 0.044+5%.032| <0.122 °

SuperK +.018 o
(solar global) 0.025 -.016 <0.059 i
SNO (solar,global) |0.020+921_ ¢+ <0.057 o—
VINGS (normal) @110.007+014. 007 <0.03 —— |
MINOS (inverted) 0.01 5+'021-.O13 <0.05 °
at dcp=0 :
CHOOZ
CHOOZ <0.037 limit
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Anomalies?
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LSND Experiment @

* The experiment uses neutrinos produced
iIn the proton beam dump
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LSND Experiment @

* The experiment uses neutrinos produced
iIn the proton beam dump

* The relevant steps are as follows:
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LSND Experiment @

* The experiment uses neutrinos produced
in the proton beam dump

* The relevant steps are as follows:

p+Cu->7,7t,...
- stops and is captured by a nucleus; no neutrinos
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LSND Experiment

* The experiment uses neutrinos produced
in the proton beam dump

* The relevant steps are as follows:

p+Cu->7,7t,...
- stops and is captured by a nucleus; no neutrinos
T stops; decays: nt->pt+u,

nwt stops; decays: pr->et+v,+ve
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LSND Experiment

* The experiment uses neutrinos produced
in the proton beam dump

* The relevant steps are as follows:

p+Cu->7,7t,...
- stops and is captured by a nucleus; no neutrinos

=+ stops; decays: ﬂ+—>u+@

u stops; decays: u+—>e+

Note that no ve are produced in these processes

Stanley Wojcicki IV International Pontecorvo Neutrino Physics School 51
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LSND Effect

Apparent vy -> V. transition

()]
2 :
;8( 175 ® Beam Excess
"é' 15| B p, V0N
O ~ &= pe,e)n
N, 125
- other
0.4 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)
Stanley Woijcicki IV International Pontecorvo Neutrino Physics School R. Van de Water Nu2010 52

Monday, September 27, 2010



Apparent vy -> V. transition

(7))

0 :

;8( 17 .5 = ® Beam Excess
Jél 15 R pv p—)ve’e‘.),7
§ o E EZd  pe')n

other

LSND Effect

0.4 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)

Oscillation interpretation

O 10 RERRRON - SR R PR 8 R m i
0 LSND
™ o= -
|
g vp—we
-1
10
10" .
Atmospheric
e vV, DV
10" Solar MSW
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sin229
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L SND Effect

Apparent vy -> V. transition Oscillation mterpretation
8 1.7.5 ® Beam Excess B 10 b ' ' '
3 | > LSND
£ 15| REE  pM, V€N TJ/ - ”
O - EE pen E! ViV,
D 125|
; 10"
g Atmospheric
. VoV
10" Solar MSW
V. —SVy
. | | A o ‘ Py 10‘5 ......1-3 el .......l-l
0.4 0.6 0.8 1 1.2 1.4 10 10~ 10 < ]
L/E, (meters/MeV) sin"26

If effect is due to oscillations, there must be a 4th,
sterile, neutrino

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School R. Van de Water Nu2010 52 '

Monday, September 27, 2010



Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 53
Monday, September 27, 2010



MiniBooNE

MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics
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MiniBooNE

MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn decay reglon absorber dirt detector

. f / e /

— 299
primary beam secondary beam > tertiary beam g
(protons) ~ (mesons ) (neutrinos)
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MiniBooNE

MiniBooNE was designed to test the LSND result
It uses a neutrino beam produced by Fermilab Booster

L/E is similar to that in LSND but L and E are roughly an
order of magnitude larger; different systematics

[target and horn decay reglon absorber dirt detector
. .' / /
Hi e
"‘fﬂgi v, oV,
i 18 e’ "’
primary beam secondary beam > tertiary beam g
(protons) ~ (mesons ) (neutrinos)

Both neutrino and antineutrino exposures were obtained
Antineutrino run tests the LSND directly
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MinIBooNE Results

— -
QD C
= 4.5: e Data
s 4F = v, fomy:
= - = v, from %
D 3.5 v, from K
a : B © misid
3t 0 A — Ny
- B dirt
= F ¢ I other
2? * Const. Syst. Error
| LSND Region
1.5 p S €gl0
1 E
0.5
— o — ] &
0.2 0.4 0.6 0.8 1 1.2 1.4 15 3.

ECE (GeV)

Neutrinos: Excess of electrons (y’s?) below 475 MeV
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More data are needed to resolve these issues

Stanley Wojcicki IV International Pontecorvo Neutrino Physics School R. Van de Water Nu2010 54 '

Monday, September 27, 2010




Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 55
Monday, September 27, 2010



MINOS Search

MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)

i)
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MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)
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‘

MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
from the Near Detector
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MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)
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MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
from the Near Detector

In the conventional oscillation picture there should be
no depletion of NC events
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MINOS Search

MINQOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am? and large mixing angle)

MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
from the Near Detector

In the conventional oscillation picture there should be
no depletion of NC events

The result has a mild dependence on the assumption
regarding 613 since ve events would be classified as NC
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Neutral Current Data @

The NC spectrum is measured in ND, extrapolated to FD
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Neutral Current Data @

The NC spectrum is measured in ND, extrapolated to FD
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MINOS Result

Spectrum of NC events in FD
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MINOS Result

Spectrum of NC events in FD
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Spectrum of NC events in FD
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Spectrum of NC events in FD
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Neutrino/Antineutrino
Comparison
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Antineutrino Beam

S mw. - .
hoidia Hansen apd-

o obtain antineutrino beam, one
changes the direction of the current
In the focusing horn(s)
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Antineutrino Beam

o obtain antineutrino beam, one
changes the direction of the current
In the focusing horn(s)

* This results in 1T being focused

Target Focusing Horns
A
\ /r\ 2m

A.’ ™ - M
LI T .
7 i

— —— v DE—
Vi
T
\ 4
< ><t—> <
15 m 30 m 6/5 m
Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 59

Monday, September 27, 2010



Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 60
Monday, September 27, 2010



Background issues @

* The neutrino background in an antineutrino beam
IS higher than in the opposite situation
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* This is due to the higher production of rt+ and
higher cross section of v
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Background issues @

* The neutrino background in an antineutrino beam
IS higher than in the opposite situation

* This is due to the higher production of rt+ and
higher cross section of v

* It helps significantly to have B field in the detector
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Background issues
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* The neutrino background in an antineutrino beam

IS higher than in the opposite situation

* This is due to the higher production of rt+ and

higher cross section of v

* It helps significantly to have B field in the detector
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MINOS Result

MINOS took 1.7E20 protons on target in v, mode
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MINOS Result
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What Does it Mean?

e The difference could be due to a
statistical fluctuation (~20)
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What Does it Mean?

e The difference could be due to a
statistical fluctuation (~20)
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* The oscillation parameters must be the
same in these two cases by CPT

* But the two situation are not related by
the CPT transformation (no anti-earth)
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What Does it Mean?

e The difference could be due to a
statistical fluctuation (~20)
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* The oscillation parameters must be the
same in these two cases by CPT

* But the two situation are not related by
the CPT transformation (no anti-earth)

e Neutrinos and antineutrinos could have
different anomalous interactions in the
earth
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SuperKamiokande, Chlorine, Gallium and Borexino)
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Solar includes all solar experiments (3 phases of SNO,
SuperKamiokande, Chlorine, Gallium and Borexino)
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Thus identity is only verified to a factor of 2 (at 10 level)
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Future Accelerator
Efforts (Near Term)
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Neutrino Mass Squared
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extent

O Don’t know

Neutrino Mass Squared

Fractional Flavor Content varying cos o
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New accelerator (JPARC) and new
beamline
Existing detector (SuperKamiokande)

Data taking stated in spring of 2010
with reduced (50 kW) intensity
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Data taking stated in spring of 2010
with reduced (50 kW) intensity
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The Goals

* The principal goal of these next generation of
experiments is to improve on our knowledge
of sin2(2043) with a sensitivity ~0.01

Stanley Wojcicki IV International Pontecorvo Neutrino Physics School 67
Monday, September 27, 2010



The Goals

* The principal goal of these next generation of
experiments is to improve on our knowledge
of sin2(2043) with a sensitivity ~0.01

e Both neutrino and antineutrino runs are
contemplated
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The Goals

* The principal goal of these next generation of
experiments is to improve on our knowledge
of sin2(2043) with a sensitivity ~0.01

e Both neutrino and antineutrino runs are
contemplated

* By combining the results of these experiments
with those of the reactor experiments one can
also obtain information on other parameters.
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The Goals

* The principal goal of these next generation of
experiments is to improve on our knowledge
of sin2(2043) with a sensitivity ~0.01

e Both neutrino and antineutrino runs are
contemplated

* By combining the results of these experiments
with those of the reactor experiments one can
also obtain information on other parameters.

* If sin?3(2013) Is large enough, NOVA can also
determine the mass hierarchy
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(T2K Layout & Spectrum 2

ND280 Super-K
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T2K Layout & Spectrum @

6-p at production point of x* producing v, @ SK

Polar angle © (rad)

Super-K
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T2K Layout & Spectrum @

6-p at production point of x* producing v, @ SK

Polar angle © (rad)

Super-K

Neutrino flux /arb.unit

On-axis

Off-axis 2.0°
Off-axis 2.5°
Off-axis 3.0°

1 15 2 25 3 35 4

Neutrino energy /GeV
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T2K Sensitivities
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T2K Sensitivities

90% CL 6,, Sensitivity
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T2K Sensitivities

90% CL 6,, Sensitivity
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12K First Events

One of first events - v,
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Magnet on (0.188 T 01:57 JST, Feb. 5, 2010

POD FGD1 FGD2 DSECAL
v beam
TPC1 TPC2 TPC3
Event in the fine grained Near
Detector at 280m
One of first events - v,
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NOVA Detector

To 1 APD pixel

typical

charged »~

particle
path

1 cell
L=15.7 m, W=4 cm, D=6 cm
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NOVA Detector

To 1 APD pixel

typical
charged »~
partilclle 15.7m \::t:m 700kW
at — L : . . .
P < 15H\Lt Liquid Scintillator
y
} ~-L | | § )/
'\.q\_\\\\— /
T
1 cell 1 module = 32 cells
12 modules make a plane
LS, WSS G, DS G Vertical and horizontal planes alternate
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NOVA Detector

To 1 APD pixel

typical -

charged »~

particle 15.7m 700kW
path liquid Scintillator

1 module = 32 cells
12 modules make a plane
Vertical and horizontal planes alternate

1 cell
L=15.7 m, W=4 cm, D=6 cm
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The Near Detector @
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NOVA Far Detector Site - ~3 months ago

73

IV International Pontecorvo Neutrino Physics School

Stanley Woijcicki

Monday, September 27, 2010



Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 74
Monday, September 27, 2010



Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 75
Monday, September 27, 2010



NOVA Events (MC
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NOvVA Events (MC)

Event 184 from 'data/minos/oaltave numucc_lowe001.roof
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A 2 GeV muon goes through 60 planes
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Sensitivities

NOVA: Assumes 3 years v+ 3
years anti-v, 10% systematic

90% CL Sensitivity to sin’(20,,) = 0

3 NOvA
“ 18
1.6
1.4
1.2
1 L=810 km, 15 kT
Am,2 =24 107 eV?
0.8 sin®(20,,) =1
0.6 3 years at 700 kW,
1.2 MW, and 2.3 MW
0.4 for each v and v
— A\l‘l‘l2 =0
0.2 — Aam? <0
0 0 0005 0..01 : 0.015 0.02 0.025 0.03
2 sin’(6,,) sin®(24,)
The long distance (810 km) gives it
some sensitivity to mass hierarchy
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NOVA: Assumes 3 years v+ 3
years anti-v, 10% systematic

90% CL Sensitivity to sin’(20,,) » 0

— 2
E NOvVA
“ 18
1.6
1.4
1.2
1 L=810 km, 15 KT
Am,,2=2.4107 eV?
0.8 sin’(20,,) =1
0.6 3 years at 700 kW,
1.2 MW, and 2.3 MW
0.4 for each v and v
— v\mz =0
0.2 — Am? <0
° 0 0.005 0.01 0.015 0.02 0.025 0.03

2 sin’(6,,) sin®(26,,)

The long distance (810 km) gives it
some sensitivity to mass hierarchy

ensitivities

95% Resolution of Mass Ordering
NOvVA and T2K combined

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School

Monday, September 27, 2010

76



Sensitivities
NOVA: Assumes 3 years vs 3 95% Resolution of Mass Ordering
years anti-v, 10% systematic NOVA and T2K COmbIned

90% CL Sensitivity to sin’(20,,) » 0

— 2 E : " NOvA + T2K": o
:‘v NOvVA 2o 1.8 [ N .
“ 18 L 3 yoars for oach v and v
18 L NOVA at 700 kW,
1.6 1.2MW, and 2.3MW
1.4 + T2K 6 yoars of v
1.4 at nominal, x2, and x4
' 12 |
1 L =810 km, 15 KT 3
Am,,2=2.4107 eV? o
0.6 3 years at 700 kW, 0.6 [ %n(20,)=1
1.2 MW, and 2.3 MW L Am™>0
0.4 for each v and v 04 |
— -\ll‘l2 =0 [
0.2 = am?<0 0.2 .
° o o.t;o; 0:01 : 0.015 002 0025 0.03 A o‘.las et T YT
2 sin’(073) sin’(20;5) 2 5in’(6,,) sin*(26 ;)
The long distance (810 km) gives it
some sensitivity to mass hierarchy Normal Hierarchy
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Sensitivities

NOVA: Assumes 3 years v+ 3
years anti-v, 10% systematic

90% CL Sensitivity to sin’(20,,) » 0

95% Resolution of Mass Ordering
NOvVA and T2K combined
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* Next US step?

Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 77
Monday, September 27, 2010



5 . - .
' "~"|'-) T T =

R0 JUN R
. ;y;;‘\\:‘. .-’«."\:,(4?( -‘.'~
FoF NN
o IS SN T\
il _-’.:f.é.A & E[E
.‘.'c: —,,;l ¢‘_ R ;.‘.'
e 4

» Upgrade off the
accelerator complex
(Project X?)
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Further Euture
* Next US step?

» Upgrade off the
accelerator complex
(Project X?)

» New underground
laboratory (DUSEL)
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» Upgrade off the
accelerator complex
(Project X?)

» New underground
laboratory (DUSEL)

« New neutrino beam
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» Upgrade off the
accelerator complex
(Project X?)

» New underground
laboratory (DUSEL)

*  New neutrino beam
* New detector(s)
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» Upgrade off the
accelerator complex
(Project X?)

» New underground
laboratory (DUSEL)

*  New neutrino beam
* New detector(s)

 Emphasis on
longer baseline

S mw. - .
hoidia Hansen apd-
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» Upgrade off the

accelerator complex =

(Project X?)

» New underground
laboratory (DUSEL)

* New neutrino beam
» New detector(s)

 Emphasis on
longer baseline
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Water or Argon”?

‘ Spectrum for water cherenkov detector (100kt) for 3 years, nue mode, sin’20,,=0.03
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Water or Argon”?

—~—

‘ Spectrum for water cherenkov detector (100kt) for 3 years, nue mode, sin’20,,=0.03

Spectrum for liquid argon detector (17.6kt) for 3 years, v, mode, sln’2ta,,=o.03
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Water or Argon?

Spectrum for water cherenkov detector (100kt) for 3 years, nue mode, sin’20,,=0.03 I

Spectrum for liquid argon detector (17.6kt) for 3 years, v_ mode, sin’z'au=o.03
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n 18 — L [ Bkg ., beam (100%) wn 18 - Signal nu_e (for §__ = +45)
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Argon detection efficiency about 5-6 times higher
because of much better background rejection
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Water or Argon?

Spectrum for water cherenkov detector (100kt) for 3 years, nue mode, sin’ 20,,=0.03 | Spectrum for liquid argon detector (17.6kt) for 3 years, v_ mode, sin’2u”=0.03
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Argon detection efficiency about 5-6 times higher
because of much better background rejection

A variety of issues need to be considered before an
informed decision can be made
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Neutrino Cross Sections
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» Study of neutrino cross sections is important for its own
(physics) sake but also for interpretation of other
experiments
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» Study of neutrino cross sections is important for its own

(physics) sake but also for interpretation of other
experiments

* Physics arguments
- Verification of Standard Model
- Determination of structure functions
« Determination of fundamental parameters
- Study of intra-nuclear interactions
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» Study of neutrino cross sections is important for its own
(physics) sake but also for interpretation of other
experiments

 Physics arguments
- Verification of Standard Model
- Determination of structure functions
« Determination of fundamental parameters

- Study of intra-nuclear interactions

* Interpretation of other experiments
- Understanding of backgrounds

« Determination of neutrino flux
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Ingredients

No signal events a x-section x flux x target mass

No sighal events = (Nobs-Nokng)/efficiency
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Ingredients

No signal events a x-section x flux x target mass

No sighal events = (Nobs-Nokng)/efficiency

Flux measurement of a neutrino beam is hard
Here are some possibilities:
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Ingredients

No signal events a x-section x flux x target mass

No signal events = (Nobs-Noknd)/efficiency

Flux measurement of a neutrino beam is hard
Here are some possibilities:

1) Measure hadronic production; count protons on target
2) Normalize to a known neutrino cross section
3) Measure flux of muons (or hadrons in decay pipe)
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Ingredients

No signal events a x-section x flux x target mass

No signal events = (Nobs-Noknd)/efficiency

Flux measurement of a neutrino beam is hard
Here are some possibilities:

1) Measure hadronic production; count protons on target
2) Normalize to a known neutrino cross section
3) Measure flux of muons (or hadrons in decay pipe)

None of these is easy; they all present some
difficulties
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Two Examples

Examples of possible normalization problems
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Two Examples

Examples of possible normalization problems
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Two Examples

-

Examples of possible normalization problems

CC Single Pion Production

g - ® CERN-WA2S5, Allasio, Nucl. Phys. B343, 285 (1990), D,
G 12 [ 4 ANL, Berish, Phys. Rev. D19, 2521 (1979), H,, D;
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* For some purposes it is important to
measure exclusive x-sections and/or
their differential distributions
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Exclusive X-sections

* For some purposes it is important to
measure exclusive x-sections and/or
their differential distributions

« Measurement of differential distributions of

mY’s. Important for understanding
backgrounds in ve appearance experiments
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Exclusive X-sections

* For some purposes it is important to
measure exclusive x-sections and/or
their differential distributions

« Measurement of differential distributions of

mY’s. Important for understanding
backgrounds in ve appearance experiments
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- Resonance production. If one uses
Kinematics to deduce neutrino energy,
misclassifying resonant event as QE leads to
a wrong energy assignment
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MinIBooNE Results
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—

Stanley Wojcicki IV International Pontecorvo Neutrino Physics School M.Tzsanov, Nu2010 84
Monday, September 27, 2010



Stanley Woijcicki IV International Pontecorvo Neutrino Physics School 85
Monday, September 27, 2010



Y i
2 ":‘ A Ty / o

i ;‘N ‘\“ > "/,l.:. |
o o ff = RS AN
E1C A}
e B o H 13
8 ook, i
e g =/
o — | o

- % e N

. »

. .
CETIEEis- -~
3 M, -‘|-) ':...'f. syl

 Dedicated experiment to measure neutrino
cross sections in the 1-10 GeV range
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 Dedicated experiment to measure neutrino
cross sections in the 1-10 GeV range
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 Experiment uses NuMI beam
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&/MINERVA Experiment @
 Dedicated experiment to measure neutrino
cross sections in the 1-10 GeV range

 Experiment uses NuMI beam

* New fine grained main detector; MINOS
Near Detector used as muon spectrometer
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COMINERVA Experiment £
 Dedicated experiment to measure neutrino
cross sections in the 1-10 GeV range

 Experiment uses NuMI beam

* New fine grained main detector; MINOS
Near Detector used as muon spectrometer

 The goal is to measure also individual
contributions: QE, single pion, DIS
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CIMINERVA Experiment £
 Dedicated experiment to measure neutrino
cross sections in the 1-10 GeV range

 Experiment uses NuMI beam

* New fine grained main detector; MINOS
Near Detector used as muon spectrometer

 The goal is to measure also individual
contributions: QE, single pion, DIS

 The plan is to use different materials as
targets to understand A dependence
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v, charged-current cross-sections
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MINERVA Detector

Fully Active Fine Segmented_Scintillator Target

Cryotarget 8-3 tons, 3 tons fiducial

Side HCAL

| i
Side HCAL (&b‘, |
11 SideFCGAL |

l'
Wy |

"‘
124

i
N1 TSideEGAL | |1l

Downstream
HCAL

Downstream

ECAL

Veto Wall * Made of 120 planar “modules”.
Nuclear Targets with Pb, Fe, C, H,0,CH — Total Mass: 200 tons
In same experiment reduces systematic — Total channels: ~32K

errors between nuclei
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MINERVA Tracking

> N 64 anode
| PMT's

Extruded plastic scintillator
+ wavelength shifters.

Triangular geometry allows
charge sharing for better
position resolution.

fully active
tracker

) !
\\\\\\

Iron outer detector
instrumented for EM
calorimetry.

Three views for 3D
reconstruction.
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MINOS uses low y events to determine the relative flux and
normalized to previous high energy (30-50 GeV) measurements
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Summary

e Accelerator conventional beams have
been an important element in our
study of neutrinos
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study of neutrinos

* In many situations they provided
unigue information

* They will continue to play that role in
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Summary
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e Accelerator conventional beams have
been an important element in our
study of neutrinos

* In many situations they provided
unigue information

* They will continue to play that role in
the future

 Due to technical innovations, their
capabillities continue to increase
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Backup Shdes
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50 kt of water
42m high, 40 m diam
40% PMT coverage
1000m underground
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Zenith angle and L/E
distributions are used to

i

Example distributions
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Comparison of v and v

Parameters of v and v have to be equal by CPT
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But experiments with v and v beams are generally not
related by CPT because of passage through matter
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Comparison of v and v

Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2
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Comparison of v and v

Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2

The situation in the v, sector is made difficult by the fact
that v, contamination in a v, beam is generally rather high.

Thus independent verification of muon charge is helpful
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Comparison of v and v

Parameters of v and v have to be equal by CPT

But experiments with v and v beams are generally not
related by CPT because of passage through matter

'he current data do not constrain the equality of oscillation
parameters in the solar sector to better than ~2

The situation in the v, sector is made difficult by the fact
that v, contamination in a v, beam is generally rather high.

Thus independent verification of muon charge is helpful

Magnetic field in its detectors makes MINOS
particularly suitable for v,/v,, comparison
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MINOS Search

MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)

i)
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MINOS Search

MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)
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MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
obtained from the measured rate in the Near Detector
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MINOS Search

MINOS can search for sterile neutrinos in a different
L/E domain than LSND/MiniBooNE
(small Am?2 and large mixing angle)
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MINOS looks for depletion of neutral current (NC)
events in the Far Detector compared to prediction
obtained from the measured rate in the Near Detector

In the conventional oscillation picture there should be
no depletion of NC events
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