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BROOKSAEN Discovery of Neutrino Flavor
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Century

1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use
BNL'’s Alternating Gradient Synchrotron (AGS) to produce a beam of

Neutrino
Mixing

10 ton detector

(Spark chamber?)

Iron absorber

The AGS Making v’s
Result: 40 neutrino interactions recorded in the detector, 6 of the
resultant particles where identified as background and 34 identified as
H = VUx =V,
The first accelerator neutrino experiment was at the AGS.



moodin  The Homestake Experiment

NATIONAL LABORATORY

,@:Cf'.e’sst"_' 1967: Ray Davis from BNL installs a large detector,
the 215 containing 615 tons of tetrachloroethylene (cleaning
Gay fluid), 1.6km underground in Homestake mine, SD.

v 43 CL — e~ +% Ar, 7(*Ar) = 35 days.

sun

Number of Ar atoms =~ number of v
interactions.

Ray Davis

Neutrino

Mixing o™

Results: 1969 - 1993 Measured 2.5 + 0.2
SNU (1 SNU = 1 neutrino interaction per
second for 10% target atoms) while
theory predicts 8 SNU. This is a

v deficit of 69% .

Solar v, disappearance =

first experimental hint of oscillations
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BROOKENEN Measuring neutrino mixing - v, oscillations

Accelerator . . .. ..
Neutrinos in Solar v, disappearance constrained 1 — 2 mixing. Precision from

the 21 = : .
reactor v, expenments H
Century
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Measuring neutrino mixing - v,, oscillations

L/E Qimcery

2000 3000 4000
L/E (km/GeV)

ED™ '(GeV) = L(km)/515(km/GeV), EZ™* = En™'/3
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Current state of neutrino mixing parameters

Numerical 10, 20, 30 ranges

Parameter §m2/107° eV? sin” 012 sin® 613 sin® fas Am?/107° eV?
Best fit 7.58 0.306 0.021 0.42 2.35
(0.312) (0.025)
1o range 7.32 - 7.80 0.291 - 0.324 0.013 - 0.028 0.39 — 0.50 2.26 — 247
(0.296 — 0.329) (0.018 — 0.032)
20 range 7.16 — 7.99 0.275 - 0.342 0.008 - 0.036 0.36 — 0.60 217 - 257
(0.280 - 0.347) (0.012 - 0.041)
30 range 6.99 —8.18 0.259 — 0.359 0.001 — 0.044 0.34 - 0.64 2.06 — 2.67
(0.265 — 0.364) (0.005 — 0.050)

By considering the typical 1o accuracy [defined as 1/6 of +3c range] ...

om? sin%0,, Sin%0,, Sin%0,, Am?
2.6% 5.4% 0.7x10-2 12% 4.3%
(abs.err.)

... we can conclude that we are already in the precision era for v physics!

Gianluigi Fogli Frontiers in Neutrino Physics, APC Paris, October 4, 2011 31

Evidence accumulating for non-zero 613. 0.004 < sin*(2613) < 0.19 at 3o
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Charge-Parity Symmetry

Charge-parity symmetry: laws of
physics are the same if a part icle is
interchanged with its anti-particle
and left and right are swapped.

A violation of CP =
matter/anti-mattery asymmetry.




BROOKENEN Measuring the CP asymmetry in v mixing

Accelerator v CP violation is only possible if 813! = 0 and d,! =0 or
Neutrinos in
the 21
Century

P(vu — ve) — P(0u — )
P(v, — ve) + P(D, — 1)

CP Asymmetry in vacuum, 5Cp =3m2

A(E)) =

— 1=
Neutrino Ig’ 0'; ///\)(/_\\
Mixing - 0.85 \ N\
- / / N\ \
Ny / \ N\
NIy4 / N\ N\
odZ / N N
d N
o // — 2::’ Maximum \\
o ‘ 1 Ma‘X|mum
g e e ”””mlsin‘z‘zél‘s

For sin® 2013 > 0.02, A(Emax2) = 2 X A(Emax1) AND
A(Emax1) o 1/ sin? 2013
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“““m“ﬁ:"" Matter Effect on Neutrino Oscillation

fseelerator 1978 and 1986: L. Wolfenstein, S. Mikheyev and A. Smirnov propose
the 21% the scattering of v on electrons in matter acts as a refrective index
Century = neutrinos in matter have different effective mass than in vacuum.
For Posc == P(l/“ — l/e):
P(n,e) at 1300 km

0.06
2
Neutrino 0.05 A m~=>=0
Mixing
0.04 Vaccum
2
0.03 A M- <0
0.02
0.01
ol | (A I IS HA RS B
1 2 3 4 5 6
E, (GeV)

Brett Viren, 2009/10/02

We can determine the mass hierarchy using v, — v. oscillations
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mooiniey  The Matter Asymmetry vs Baseline (6ep = 0)

Accelerator _
Neutrinos in P(VM — Ve) —_ P(l_lﬂ — l_/e):|

the 215t A( Eu) —

Century P(Vu g Ve) + 13(17” — Ije)

Matter asymmetry at 1300km  Asymmetry at ET™! vs. baseline

Matter Asymmetry in the Earth, 8, = 0, normal hierarchy at 1300km P Asymmety inmater, =0, *20,,= 0.1, omal herachy, 5t masina
~ T
IQ- 1 E ~
go nd . So9
Neutrino 'E 0 251 Maximurn ‘ED";
Mixing s — 17 Maximum 07g
0. 0.6F
0 0SF
04 04f /
0 03F
E /
0. 0.2F
I E 7
0. 01F
o T Lo Lo U:
10 10° 102 10 10°
sin’28,, Baseline (km)

The matter asymmetry dominates at the 1st maximum.
Sign of asymmetry = signAm3;.
The asymmetry is constant for sin® 2013 > 0.02: A(Emax1) = £0.4
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B0 Recap
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Neutrinos come in 3 observed “flavors”: ve, v, v-.

m Each type of neutrino is a mix of 3 different quantum mechanical
states v, 12, v3 with 3 very small but different masses.

m Mixing between the 3 different mass states leads to the

Neutrino . . . N
phenomenon of neutrino flavor oscillation as neutrinos propagate.

Mixing
m Measurements of v, /U, and v./vU. oscillations from solar,
atmospheric and terrestrial experiments. allow us to measure the

parameters that govern mixing.

m Given strong evidence for non-zero 6:3, the current and next
generation of accelerator neutrino experiment will allow us to
search for CP violation in v /¥ oscillations and measure the mass
ordering of the v; and v3 state.
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Neutrinos at the Main Injector
AT . longest baseline accel. v expt in operation. Average power = 320 kW.
Upgrade to 700kW in 2012.

Accelerator
Neutrinos in
the 21t
Century

v Beams

NuMI Horn 2 inner conductor
Radial field, B o< 1/r

3T at 200 kA

Absorber Muon Monitors




BROOKSAEN Making Neutrinos and Anti-Neutrinos

Accelerator
Neutrinos in

2 £
the 21° 45? ! .‘ ' ‘Vu Spectr‘um
Century 20E Neutrine mode | spectrum
a5t Horns focus m°, K*
o 90
& 256
& 20b v, 91.7%
156 Vp: 7.0%
10F v+, : 1.3%
5
% 5 10 15 20 25 30
Eye (GeV)
Focusing Horns
Target g A
2m .
v,
—)
120 GeV "
p's from M T .
A 4
< Dl &
< > 4> <
15 m 30m 675 m

P. Vahle, Neutrino 2010
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BROOKSAEN Making Neutrinos and Anti-Neutrinos

Accelerator
Neutrinos in

the 215t T T T T s T 3 T T T T s T E
< v, Spectrum E . . v, Spectrum 4
Century : Neutrino mode V: Spectrum :z Anti-neutrino Mode v:Spectrum E
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N , 3 35 . — E
"3 E R enhancing the V, flux 3
£ 3 c E
o 2 ERS E
2 o v, 91.7% ER 4
1 v 7.0% E E
1 v+, 1.3% E E
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Eyyo (GeV) By (GeV)
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Target g A
\\\\“ 2m v,
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p's from M - Vi
A 4
< »d &
< >4t <
15 m 30m 675 m

P. Vahle, Neutrino 2010
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NuMI Beam Tunes

NuMI Beam Tunes

— 400
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[©)
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LE at 735k
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m on-axi
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ME at 81'_(')54#-; 1km ofhhr_lis
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1ti02|_ur6b at 810km |'|_I

200f] r
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Sl
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Py ‘ | ‘
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Difficult to obtain low energy vs from high energy proton accelerators.
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— The JPARC v Beamline in Japan (designed for
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Neutrino
Mixing
v Beams

Current Expts

Future Long
Baseline Expts

Summary

750kW)
-PARC Facility (KEK/JAEA

Neutrino Beam g

to Kamioka) /g" A

Oscillation Prob.
(Am?=2.5x10%)

N . ool v energy spectrum

(Flux % x-section)

— CY2007 Beams R
—JEY2008 Beams
JFY2009 Beamsius ey¢ photo in January o




BRoOKnGEN v,, — V. Event Rates - Various Beams

Accelerator For a given neutrino energy at the first oscillation maximum for a

Nt " baseline L is

Century
En™ '(GeV) = L(km)/515(km/GeV)
For sin? 2013 = 0.04, 6., = 0, Am?; > 0:

Baseline ET™! o Beam Signal Rates
(km) (GeV) (10~3%cm?/N) (/100kt.MW.yr)
300 0.6 0.5 LBNE 2° OA 380"

810 1.6 1.2 NuMI 0.8° OA 300
1300 2.5 2.0 LBNE LE 540
2500 4.9 3.4 LBNE ME 420

* Signal rate in T2K with JParc beam is lower

Any precision measurement requires 1000-10,000 events which
requires 100kT MW year exposures regardless of detector type OR
baseline.

Detector must be MASSIVE with MW beams

Largest v. appearance signal at L =~ 1300km!!
19/38



""““"'ﬁ""" Sensitivities vs Baseline

Accelerator

Neutrinos in Assuming the same massive detector - study optimal baseline for
218 . . . . . .
e st determining dc, and mass ordering. LBNE beam is optimized for each

Century
location:
dcp = 0 1o resolution Mass hierarchy sensitivity at 3o
CP Measurement Mass Hierarchy Sensitivity
g SopT T T T ~ 0T E .’ T o T I
S 45F-700-kKW — Normal & E 3 LI~ 3
g 3 32(7( LA Inverted € 0% 500K E
€ 40f- ton. — Off-Axis (1°) % 0.08F 5.YFS V4.5 YFS T ]
e 35i 8 =0 — Off-Axis(2 °) E 200 kton WC 3
5 E sin?(20,) =0.04 —ME 007E Ocp=0 E
5 30F- —LE 0.06F 3
o E E — Normal E
B E °"“; e Inverted i
20F E 0.04F — Off-Axis (1) -~
Femy 3 E — Off-Axis (2 E
15f / E 0.03F s @) —
g I
] 0.012— _
VR T B T, By R R 0= —e55 000 1500 %000 2500 - 5000
Baseline (km) Baseline (km)

Baselines at =~ 1500km are optimal

Short baselines have mass hierarchy/d., ambiguities
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Neutrino Factories (with multi-MW

beams/ProjectX)

Collect p from pion decays in a storage/decay. Use ve — v,
oscillations:

Neutrino Beam
Proton Driver: Neutrino superbeam signal:
>—l§l'nac option Source Oscillation Detection
ing option
Muon Decay
5 Ring 599 Vi <:
k 755 K
5 € o " <1%\\
5 0§ 8 < v
= € © o
@ g & & §
Neutrino factory signal (needs

Linac t0 0.9 GeV' 0.9-3.6 GeV RLA

C: 3.6-12.6 GeV RLA :D

12.6-25 GeV FFAG'

magnetized far detector):

Source Oscillation Detection

Neutrino Beam p,,u*,«f»w—***""‘
PRI

i

Muon Decay Ring IDS-NF Baseline 2010120

Timescale: couple of decades?



BROOKSAEN Why neutrino factories?

pseelerator Fraction of d., values measurable by different experiments:
utrinos in

the 215 1.0
Century

CPV

signal syst.
0.8 IDS—NF 2010/2.0 e— 1.4 %
MIND L E e—1 4%,

y,

L BN E s 19,
LBNE+Project X = 1%

0.6+ T2HK s 59,
T2KH — known MH = 5%

SPL 2%

BB 100 s 2,
041 LBNO — 33kt m——
LBNO - 100kt

2025

0.0 GLoBES 2011 - October 20
107 10°% 10-° 10+ 1073 102 107"

True sin22913

Neutrino factories cover the most é., space even at large sin® 2613
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L] Superbeams/Beta Beams/v Factories in Europe

Accelerator
Neutrinos in

the 215
Century
Institute of Underground
Science in Boulby mine, UK
v Beams

&

© 2006 Europa Technologies

Image © 2006 Tgrrabetrics +
Image 2608 NASA

Stemaming 111111]11] 100%

d CENTRE FOR UNDERGROUND
PHYSICS IN PYHASALMI MINE

SUNLAB

Polkowice-Sieroszowice,
Poland




Seoonnver  Off-axis high intensity v, beams:

Accelerator

Nemiines i First proposed for BNL
‘Ch:nful:i E-889 (1995): A narrow
' beam of v can be achieved
by going off-axis to the =
beam. Better S:B at
oscillation max.
Signal at sin? 26;3 = 0.1:

SuperKamiokande

+ Exected Signal+Ba

T2K and NovA $in20,,m0.10

Rty
3
255 — Total BG
{ { — BG from v, +antly,
il ‘|
= { { sin226 ,

1o—+ +
st
0571 15 2 25 3§ 35 4 45

Reconstructed Ev(GeV)

INGRID ND

Piezera Tracker

Detector
T2K first results announced in March 2011
24/38



sroingey  T2K v. Candidate Event 2010

Accelerator
Neutrinos in Super-Kamickande IV
the 715t T2 Fun D apill &g2
Century =

Charge (pe=)

~16.7

T2K and NovA

Tiem Event TOK cut =

Date (JST) 2010 May 12th 21322 e |

Ring, PID 1-Ring electron-like OK T

Momentum 378 MeV =100 -

Noey [} 0 _

cos(Bye) 0.55 (57 degree) N/A = .

Mass 0.13 MeV <105 L= =
Eroe 406 MeV <1250

Times (n=i
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Cwi
S28520.1)
6 candidate events

remain after all cuts !!
(New = 1.5 0.3 at sin?2615=0)

Number of events /(250 MeV)
o

0 = i e |
0 1000 2000 3000
Reconstructed v energy (MeV)

(assuming Am23=2.4 x 10-3 eV2, sinZ2023=1)

B T | Tr T T T T |
T2K and NovA 1 r p
Aml >0 w2 Amd<0]
o 1 = I b
= 1 = 3
— BamoDEas ] an TK |
wac ] £ 143x10% pot. ]
I s0% CL B F 4
=3 L L L | . C 1 1 1 L |
01 02 03 04 05 06 01 02 03 04 05 06
sin"26,; sin“20,;

90% C.L. interval & Best fit point (assuming Am2:=2.4 x 103 eV2, 5in2202=1, 8cp=0)
0.03 < sin220:3 < 0.28 0.04 < sin22843 < 0.34

sin22843=0.11 sin22643=0.14
26 /38



smookineey - NOpA and T2K

,ﬁ\eclffr';';tf; The NOvA experiment is at a baseline of 810km off-axis to the NuMI

the 21° beam. Detector is 14kT of active scintillator on the surface.
G Operational by 2013.

95% CL Resolution of the Mass Ordering
NOVA Plus T2K

E E L=810km, 15kT
® qg E T} ,mg,z:z.amﬂnv’
3 years for each v and v sin“26,)=1 §
16 [ NOVA at 700 kW, 16 b i
1.2MW, and 2.3MW
14 [ +T2K 6 years of v 14 F
T2K and NowA at nominal, x2, and x4
12 [ 12 [
1 i b
08 | L=810km 15kT i [
Amy2=24 10%eV? : 3 years for each v and ¥
06 | sin@iy=1 0s | NOVA at 700 kW,
Am”>0 1.2 MW, and 2.3 MW
oa [ 04 | +T2K 6 years of v
at nominal, x2, and x4
0z | o3 b
@ ¢ NOVA +T2K .
1] 3 = ! L 0 3 L L
0.05 0.1 0.15 0 005 o1 15
in2 2 X - ;
28I070,y) sin"(26,,) 2 sin%®,) sin®(26,5)
Normal Ordering Inverted Ordering

Some sensitivity to mass hierarchy at large 013
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sRoodiiey The Long Baseline Neutrino Experiment

Accelerator A Long Baseline Neutrino Experiment (LBNE) from Fermilab to large scale
Net‘;te”gfft'” neutrino detectors at Homestake is now being designed. CDR 2012.
Centur‘/ e E ) ; ' i ot { : ; g S ../.n“ 0

LBNE




“““““'ﬁ:"" The LBNE Beam at Fermilab

Accelerator The LBNE project will start with a 700kW beam with 80-120 GeV p

Neutrinos in

the 21° In the future will profit from the 2.3 MW Project X beam
Cent T . O =
ey Wide-band beam to cover BOTH oscillation maxima for best CP
2Ly (EfEir Violation/Mass Hierarchy sensitivity
Normal Ordering
Neutrinos Anti-Neutrinos
v, CC spectrum at 1300km, A m?, = 2.5e-03 eV Anti-v,, CC spectrum at 1300km, A m?,= 2.5e-03 eV’
5 sin?28,,=03,,= nla > & F sin?28,, =03, = nla EL
£ 9000 * = E oo0of R i Jooe 2
o sin20,,=0.04,8_ =2 E o 5in28,,=004,5, =2 E §
g 00 sin?29,,=0,045,,20 g g sin?29,,=0.045,20 ;“Us§
g 7000 1 sin?20,,=0.043, 12 é g o \ 5in?20,,=0043, W2 Lo E
3 6000 | \ 53 6000 Jo.06 £
g \ / 3 & ¢ H ER 1
gauw /\l / E| 052 g 00 EUUB‘%
& 4000) H0.04 & 4000 H0.04
o E| o, E|
73000) Jooz 3000) Joo3
o b B D\
100 E . E

1

Ev(GeV}U
Interaction rates per 100kT.MW.yr

v, CC v, CCosc ve CC beam
29K 11K 520

38



sroodinie | BNE spectra and event rates

Accelerator
Neutrinos in
215t . . .
tCh:nt‘ulry On-axis wide-band beam (NuMI focusing). Water Cerenkov response

is based on the SuperK MC. LAr is modeled as a near-perfect
detector. Exposure is 3.5 MW. yr v with sin? 2013 = 0.04:

200 kt WCD 34 kt LAr

200 kton WC 34 kton LAr
Vv, spectrum Vv, spectrum

2. _F5yrsvrunning % F5yrsvrunning
2100 normal hierarchy 8100, normal hierarchy
S [ sin*(20,) =004 — signasigu.a, =0 S [ sin%(28,)=0.04  — sgnansigo.a, =0
[z 9 I
§ 80 —— signal+Bkgd 3, = 90° g 80| —— Signal+Bkgd 3, = 90°
w w

—— signal+Bkgd 3, = 90| —— signal+Bkgd 5, = -90']

Z 6
S

Z

4

204
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Measurements of CPV and MH in LBNE

8¢, (degrees)

[ 200 kton WC
150-5yrsv +5yrsv
[ 700 kW
100
E — 30, normal
50F — 50, normal
- 30, inverted
N - 50, inverted
50
-100}
-150F

Mass Hierarchy

10°

200 kt WCD detector and 5 yrs of v + 5 yrs of U running with 700kW:

&¢p (degrees)

CP Violation

[ 200 kton WC 1
1505yrsv+5yrsv
[ 700 kW
100
E — 30, normal
50F — 50, normal
- 30, inverted
N - 50, inverted
50
-100F
-150F
10° 102

10"
sin2(2613
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Measurements of CPV and MH in LBNE

Mass Hierarchy

34 kt LAr detector and 5 yrs of v + 5 yrs of U running with 700kW:
CP Violation

e [34kton LAr ] 2 [34kton LAr ]
S 150F5yrsv+5yrsv = S 150F5yrsv+5yrsv
< [ 700 kw ] s [ 700 kw
o 100 = o 100
s L ] =8 r
[ — 30, normal ] [ — 30, normal
50 [ — 50, normal E 50:’— 50, normal
- 30, inverted 1 - 30, inverted
[~ 50, inverted = [~ 50, inverted
50 = 50
-100F -100F
-150F = -150F 1

10° 10? 10 10° 10
sin2(2613 sin2(2613
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“““m“ﬁ:"" Ultimate LBNE v Oscillation Sensitivities

Accelerator
Neutrinos in

the 215 MH Sensitivity at 30

Century

Resolution of dcp

Mass Hierarchy Sensitivity & 180F ]
> T $ E sin%(20,,) =0.01 ]
g 30 5 160 (26,9
STy g S N | Hi hy 3
< S 00 KW g E rmal Hierarchy ]
@ =0 s 140F ]

0 £ ]
S 120F = =
< a 5 B 0 (Best case) E
£ L Ao ]
§ 100 K. < 8= 00 (Worst case)
5 £ ]
1 % ef ]
— Normal ] F ~ ]
[ Inverted i “F ~— 1
F ~ T— 1
20F i ——
. L C J
o
10 s 3 10 10°
LAr Exposure (kton » years) WC Exposure (kton « years)

Sensitivity to MH at 30 for all d, for sin> 2613 > 0.01

Precision measurement of J, for sin? 2613 > 0.01
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mowainim | BNE with Project X

Accelerator
Neutrinos in

the 21 ProjectX beams: 60 GeV at 2 MW (Phase Il) and 8 GeV at 4MW
G (Phase 111) with 200kt WCD:

60 GeV, 2MW, sin? 2603 = 0.04 8 GeV, 3MW, sin® 26,3 = 0.04

v, Event Spectra: SK140% LL Cuts, Energy cut: 5 GeV Ve Event Spectra: SK180%LL Cuts, Energy cut: 5 GeV
Beam: dusel06062501002dr280az-1300km-Okmoa Beam: dusel008e250002dr280dz-1300km-Okmoa

120

120

3 sin’(26,5) = 0.04 ) 3 sin’(26,5) = 0.04 )

H Hierachy: normal +—— Signal (+ BG), 8¢p=-90 H Hierachy: normal —— Signal (+ BG). =90

8 10l Ness21421), SWB=380] & N=478(739), S = 29,6
3

H —— signal (+ BG), 5p=0" 2 —— Signal (+ BG), 8p=0°

3 N=594(1133), SHB = 25.6 3 N=262(523), SWB = 16.2

1 Signal (+ BG), 5p90°

o Signal (+ BG), 8p=90°
N=408(947), SB = 17.6

N=128(389), SWB =7.9
AIBG ]

AIBG
N=539 N=261
Beam v, BG 4 Beam v, BG
N=174 N=128
7 4 5 6 7
Energy (GeV) Eneray (Gev)

Complementary measurement of d., with 8GeV beam,

large CP effects, small matter asymmetry. Is LAr too small?
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srooitieen - Tokai to HyperKamiokance (T2HK)

Accelerator

S JPARC beam upgraded from 750kW to 1.66MW sent 295km to
the 21% Hyper-Kamiokande (Hyper-K). Hyper-K is a water Cherenkov
Century detector with total (fiducial) mass = 990 (560) kt.

Vv mode
> 8=0
d=1/2n
3 o
© S=-121
2
5 Total BG
o V,/¥, BG
GO By 1 I 7 0, 1 1 1 ]
- rec rec
sin? 2013 = 0.1: B/ (GeV) B/ (GeV)
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T2HK vs LBNE

Hyper-K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW

200 kton WC

R

Y =1 gmz_r\ Norrdal Hiierarchy
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Similar resolutions on J., from T2HK and LBNE

sin228, 5

LBNE has significantly better measurements of sin” 26;3

sin?(20,

3)
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Summary and Conclusions

Long baseline neutrino experiments using conventional neutrino
beams (horn focused) in the Japan, Europe, US
(T2K/CNGS/MINOS) are currently operating.

= Precision measurements of Am3,/Am3, from MINOS. v, — v
oscillation candidate in CNGS/OPERA.

Hint of v, — ve in T2K! .

m In designing the next generation of long baseline experiment the
largest v signal and optimal CPV sensitivity is at =~ 1300km.
Requires O(100)kt detectors.

= LBNE (1300km, 200kt WCD/34 kt LAr, 700kW) and T2HK
(295km, 560kt WCD, 1.66MW) have similar d., resolution.
LBNE has significantly better sin? 26;3 resolution.

m LBNE with Phase Ill Project X 8 GeV beam can measure
oscillation at the 2nd maximum separate from the 1st maximum
- a unique measurement.

m For high precision neutrino mixing, neutrino factories are needed.
Technically challenging, need magnetized detectors and multi
MW beams.
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