—xercise 1 (August 16th, 20006)

e Show that the L/E dependence of the 2 flavor Oscillation probability is given
by

Am?L 1.27Am?(eV?)L(km) |
4FE E(GeV)

e hints : the left-hand side of the above equation is presented in the natural
unit. Use Ke = 197MeV{Im to get the units back.

) = sin®(

sin?(
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Outline of the Second Lecture

e \What Is A Neutrino Factory ?

e Eight-fold Degeneracies

e Neutrino Factory : Sensitivity and Optimization

e Beta Beam

e Summary
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Neutrinos from Pion Decay and Muon Decay

¢ Pion-decay based neutrino beam e Muon-decay based Neutrino

beam
e prompt decays

N . e delayed decay after all pions
T —uv, and kaons decay.

aT —Uu Vi
e pbackgrounds

K — uv,K — mlv * [ ess beam backgrounds

u—evv e Beam normalization can be

better known.
e Beam normalization ~ 10%




Neutrinos from Pion Decay and Muon Decay

¢ Pion-decay based neutrino beam e Muon-decay based Neutrino

beam
e prompt decays

N . e delayed decay after all pions
T —uv, and kaons decay.

— — + + —
T = UV, u-—ewvy,

* backgrounds U —>evy
e’ u

K — uv,K — nlv * | ess beam backgrounds

u—evv e Beam normalization can be

better known.
e Beam normalization ~ 10%




Neutrinos from Muon
Decay

¢ Single (almost 100%) decay
mode
e \Well defined kinematics

dN(v,)
dxd cosf,,

dN(v,)
dxd cosf,,

E
x=—— where E  =m, /2
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Accelerate to Get
More Neutrinos !

e Given the proton beam power,
numbers of pions and muons
are similar.

e Acceleration of the parent
particles gives more neutrinos

by Lorentz boosting. N Ez

¢ Pion has too short lifetime.

e Only muon live long enough to
accelerate.

d°N, | 4
dy;“gé : =ﬂL”nﬁ; Ey*(1-Bcos)

x[{Smi —4EMy(1—/3’coscp}

iPM{mi — 4Ejy(1 — /3’00390)}]

d’N, ,  24n, £ (1 - Boose)
— = — p cos

dydQ  ml’m u) 4
X [{mi —2Eiy(1—/3008q0}

$Pu{mi — 2Eiy(1 — ﬁcosqp)}]

E

=—; B=[l-m’/E.; n, =#of muons;
Y £ w' Fuo

u
@ = angle between beam and detector; L = distance




Accelerate to Get
More Neutrinos !

e Given the proton beam power,
numbers of pions and muons
are similar.

e Acceleration of the parent
particles gives more neutrinos
by Lorentz boosting. N E2

¢ Pion has too short lifetime.

e Only muon live long enough to
accelerate.
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—xercise T

¢ |[f a muon is polarized, neutrino
spectra changes. The right figures
show the energy spectra of muon
neutrino and electron neutrino (not
shown whether they are neutrino or
anti-neutrino). Here, P=+1 (P=-1)
implies that the direction of neutrino
and the direction of the muon
polarization is the same (opposite),
Show whether this is the case of a
positive muon or a negative muon ?




Storage Ring Is
Needed !

e Muons accelerated at high
energy do not decay quickly !

e at 10 GeV, muon lifetime is
about 200 microseconds.

¢ A storage ring is heeded with
long straight sections.

e Two straight sections give
automatically two
experiments (with different
baselines) at a time.

)/
ﬁ%‘%’i/(

Muon Storage Ring as a Neutrino Source

50 GeV Muons in many bunches

Parameters for the Muon Storage Ring

Energy GeV 50
decay ratio % >40
Designed for inv. Emittance m*rad 0.0032
Cooling designed for inv. Emitt. m®*rad 0.0016
Bin straight m 160
Nuw/pulse 10" 6
typical decay angle of 4 = 1/Y mrad 2.0
Beam angle (\/ e/B,) = (\/8 Y) mrad 0.2
Lifetime ¢*V*T m 3x10°

iment eg Fermi -» SLAC/LBNL 2900 km

28km at 2800km

Rate per unit area

angle in mr

v =(1-a?)/p

At 50 GeV, y=500 and
beam spread is 2 mrad. (At 100m,
+-20cm beam size.)




Neutrino Cross
Sections

—— —

e Deep Inelastic Scattering
Processes at High Energy.
— DIS
QE+RES

cross section

vV, + N—=u+X
o(v) =0.67x10 " cm’ x E,(GeV)
0(V) =0.34 x107°cm” x E_(GeV)
ov)/o(v)=0.5
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Lepton Spectra from
CC events

e neutrino CC events

v+ N—=1" ")+ X

e different for neutrinos and
antineutrinos

® |ow energy region is important
for neutrino events (not
antineutrino events.)

(1/N) dN/dz
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Advantages of Neutrino Factory

e \Very highly intense neutrino source

e a few orders of magnitude higher
at a few 10 GeV energy range.

e Both muon (anti-)neutrinos and
electron (anti-)neutrinos are
available.

e Many variety of oscillation
modes can be studied.

e Extremely low backgrounds

e for wrong signed muon
detection, a background level
would be less than 104

* Precise Knowledge on Neutrino
Flux

e Neutrino flux normalization can
be done at the level of 0.1%.




12 Oscillation Processes in a Neutrino Factory

12 Oscilllation Processes from (simultaneous) beams of
positive and negative muons in a neutrino Factory.

A

¥ ¥, 5 - =
put — ey, | B — e ey,

U, — Uy v, — Uy disappearance
U, — Ve V), — Ve appearance (challenging)
U, — Uy vy, — Vs appearance (atm. oscillation platinum

Ve — U, Ve — U disappearance ‘

Ve — V) Ue — U, | appearance: “golden” channel golden

Ve — Uz Ve — Vs appearance: “silver” channel ' silver




—vent Rates

e Charged Current (CC) Event Rates e Oscillation Event Rates

Nosc(yf — gl)

E? E?
X2 PT e

e example
e 10°T muons decay /year with a
10 kton detector

L=1000km |[L=1500km

E.=20 GeV |3.2x10° 1.4x10°
E.=30 GeV |1.1x10° 4.8x10°

MINOS (low energy 3GeV, 732 km) : 5000 CC events/10 kton/year




Neutrino Oscillation
Signature at NuFact

e The signature of neutrino
oscillation is wrong-signed
leptons.

e Charge identification of the
lepton(s) is needed.

e Muons are easy.

e Electrons are difficult.




Neutrino Oscillation
Signature at NuFact

e The signature of neutrino
oscillation is wrong-signed
leptons.

e Charge identification of the
lepton(s) is needed.

e Muons are easy.

e Electrons are difficult.

Look for wrong
sighed Muons.




Ratio of Wrong Sign
Muon Events

¢ \Wrong sign muons are clean
signals.

e Background level for wrong
sign muons would be 104

¢ The matter effect enhance anti-
neutrino events if Am3, < 0,
and it enhance neutrino events
if Amiy >0 .

e The band shows CP violation
effect where the phase
changes .

=
-
A

|

©
Z
ra
e
=
|=
A

|

o
12
ra

I I |
|Am2,,| = 0.0035 eV 2
|Am2,.| =5x 105 eV ?
sin220,; = 0.004

S
—

| | | 1
2000 4000 6000 8000
Baseline (km)

20 GeV Neutrino Factory, 4 MeV threshold.
Two lines are for two mass hierarchy. The
statistical error represents the sample of 1021
muon decays with a 50 kton detector.
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Goals of Neutrino Oscillation Physics
(at Neutrino Factory and Superbeams)

d F YissincS) sin26013 + Z

Search for (913

These effects
are strongly
correlated.

Mass Hierarchy

Discovery of Leptonic
CP Violation ¢




Degeneracies
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Golden Appearance Channel in Neutrino Factory

Ve — Vy (Ve — ﬂM)OSCiHaﬁOH + for neutrino, — for antineutrino
P’il/u (913,5) ~ Xt Sin22913 — (Y:E coso F Y:‘E Sin5> sin2613 + Z

with X, Y}, Y? and Z functions of the known parameters:

2 ~
A B L
Sin2 923 ~—23 Sin2 s
Bz 2

A1 A2z | <
S111

sin 260 sin 260 _
23 12 A

B

A12 Ass

B
Jon (%5 e (4
2
B
sin 26023 |sin 2012 — sin( >Sin + Sin<A223L)
A B 2
NP
2093 |sin? 2010 | —= in2 ( ==
cos® 023 |sin 12< 1 ) sin ( 5 )

where A;; = Am%

AL
2
AL
2

j/QE, Br = |A F Asg| and A is the matter parameter.

from S. Rigolin, NuFACTO5



Degeneracies of 0 and 613 (

- Just One Counting Measure

e \With neutrino oscillation of given L/
E, for the true value set of
( §,60;3), another set of ( 4, 6;3)
would give the same oscillation
probabillity.

® No sensitivity to 0

* |large uncertainty in 6’13

Intrinsic
Degeneracy

1)

ment

Pi(013,0) = Py (013,9)

True Value

\

¢/

<
Correlation

from S. Rigolin, NuFACTO5
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Appearance Oscillation Channels

Ve — Vy (Ve — ﬂM)OSCiHaﬁOH + for neutrino, — for antineutrino
P’il/u (913,5) ~ Xt Sin22913 — (Y:E coso F Y:‘E Sin5> sin2613 + Z

with X, Y}, Y? and Z functions of the known parameters:

2 ~
A B L
Sin2 923 ~—23 Sin2 s
Bz 2

Ax A AL B
sin 2023 |sin 2012 ——= =22 sin <—> sin | —& cos (A223L)
A B 2 2

A B+

A1) 2 L
cos? @o3 sin? 2019 <712> sin <7>

where A;; = Am%

Ax A L B
sin 26023 |sin 2012 2 22 gin (T) sm( ]'; > sin(A223L)

j/QE, Br = |A F Asg| and A is the matter parameter.

from S. Rigolin, NUFACTO5



Degeneracies of 0 and 613 (2)
- Compare Neutrinos and Anti-Neutrinos

¢ \\le have the same measurements
for neutrino ( P, ) and anti-neutrinos

(P_).

¢ Two solutions to give the same
oscillation probabillities.

e one Is the true, and the other is
clone.

True Value

CloneSolution

from S. Rigolin, NuFACTO5



Degeneracies of 0 and 613 (3)
- Compare Different L/E

¢ \We have the same measurements
for neutrino ( P+ ) and anti-neutrinos
( P_) for either

True Value

e two counting experiments at two
different L/E values, or

CloneSolutions

® binning the energy spectra
(where each energy bin
corresponds to different
experiments).

NO13

from S. Rigolin, NUFACTO5



More Degeneracies - Eight-fold |

e Besides 0 and 613, the following values are not known.

— The SIGN of the ATM mass difference | sqem = sign(Am2,)

— The OCTANT of the ATM an Soct = sign(tan 2023)

from S. Rigolin, NuFACTO5



—ight-fold Degeneracy

—ight-fold
Degeneracy

intrinsic degeneracy (Burguet01)

+/n <. = — + — —
Ni (913755 Satmysoct) — Nz (91375§ Satm = Satm Soct = Soct)

sign degeneracy (Minakata01)

N,L'j:(e_l?ng; gatmagoct) — Nii(91375; Satm —

—Satm, Soct = goct)

octant degeneracy (Fogli96, Barger01)

N,L-j: (9_137 g; Satm, goct) — Nz':‘: (9137 5; Satm

Satm, Soct = _goct)

Mmixed degeneracy (Barger01)

Nz-i (9_137 g; Satm goct) — N;‘: (9137 5; Satm —

—Satm, Soct = _Eoct)




Sensitivity of 613 and o

913 013
(plots from A. Donini et al, hep-ph/0406132)

—Xample

from S. Rigolin, NuFACTO5



Silver Appearance Channel in Neutrino Factory

Ve — Uy (Ve — ;) Oscillation

Pyie,/T(Glg,cS) ~ X7 sin®26013 + (Y;’Ccosé F Y[’ siné) sin2613 + Z7

with | X7 |, YJ_:’C , YiT’S and functions of the known parameters:

X

T,C
Y,

<

T,S
Y

A1) 2 AL
7 sin? @93 sin? 2019 (%\ sin? (T\

. 2 2 .2 X .2
PVeVT — PVeV,u (523 — 623, S111 2923 7 S111 2923)
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Platinum Appearance Channel in Neutrino Factory

v, — Ve (U, — V) Oscillation

e Exercise

The oscillation probability of the silver channel is given from that of golden
channel by the following transformation.

2 2 - 2 - 2
PVeVT — Vel/u (323 — CQS,SIH 2923 ? S111 2923)

Show what transformation would give the oscillation probability of the
platinum channel from that of the golden channel ?
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-180

Combine Golden and
Platinum Channels




Neutrino Factory

Sensitivities
And Optimization




!
Comments : Definitions of Sensitivity Plots with ﬁ‘%([

. . . |
Systematics, Correlations, degeneracies

systematics  correlations  degeneracies

statistical limit limit for limit for sin?20,, from
(all parameters fixed)  (sin?20,;) *THIS* experiment only

synergies = combine
with other experiments
=» gain more than statistics

a la M. Lindner et al.




Sensitivity to sin“26;3 at 90% cl

9005 W0 JHE-SK T2K
‘ JHF-SK
NuMI

1 Reactor—II

|
T2K+NOVA

JHF-HK T[2HK

L—Beam
S5E20 decays

NuFact—I1 50 k‘ton, 8 yearS,
- golden mode only

1072 107! 10"

I -] L I TR T T 1 i | T I T - |

107 107 1073
sin” 205

—xclusion Sensitivity to

. 2
sin“ 26013
Huber, Lindner, Winter, hep-ph/0204352




Sensitivity to the sign of Am3,

B Systematic
Correlation JHF-SK

Degeneracy

NuMI NOVA

JHF-HK T2HK

1E20 decays
. Nukact=1 140 kton, 5 years,

golden mode only

I NuFact—II
5E20 decays

50 kton, 8 years,
golden mode only

107° 107> 1074 1073 1072 1071
sin® 20,3

—xclusion Sensitivity to
Mass Hierarchy

Huber, Lindner, Winter, hep-ph/0204352



CP Coverage

e Neutrino Factory overperforms
for most of the cases, except
for large sin® 2613,

e For large sin” 2013 |
systematics dominates. In
particular, uncertainty of matter
effects is important.

e Need to study matter density or
others.

[—
(g
-

True value of §cp

180

10 °

Semltwlty to CP leatmn at 3 G

150

165

| GLoBES 2005

- NuFﬂct _"u.p—? -5%
BB 100 sys=2-5%
SPL sys=2—-3%
SPL+[BB100 sys=2- S‘IFF:
T2HK sys=3%

10 ¢ 10 3 10 2 10 !

True value of sin? 20,3




P (anti-) Coverage for

Different sin® 261 3

CP coverage range of possible values

si1122013:10_1:

Sin?20,,=10""

T2K+NOvA+Reactor—I1

T2HK

NuFact—I1

T2HK and NF
Comparable




P (anti-) Coverage for Different sin? 2013

CP coverage range of possible values

sin®26,,=10":
T2K+NOvA+Reactor—I1

Sin22613=10-1 . Tk T2HK and NF
e NuFact—II Comparable

sin”26,3=107":

No sens. (3)

NuFact—II
Synergy between

Sin%20,.=10-3
C NuFact—I1+T2HK T2HK and NF

NuFact-I1+Magic baseline u?
L




P (anti-) Coverage for

Different sin® 261 3

CP coverage range of possible values

sin®26,,=10":

"
 —

Sin?20,,=10""

sin”26,3=107":

Sin220,,=103

I'fr

CP viollation?

sin®26,;=107%:

_

T2K+NOvA+Reactor—I1

T2HK

NuFact—I1

No sens. (3)

NuFact—I1

NuFact—I1+T2HK

NuFact—-I1+Magic baseline

NuFact—I1

A

Sin220,,=104

Exact determinaticon of d¢p

Ocp—precision

-
ocp —exclusion

No information orn d¢p

T2HK and NF
Comparable

Synergy between
T2HK and NF

NF outperforms

100

]

200 300

CP coverage [degrees]




NUFACT Strategy
Optimization to Resolve Degeneracies

e Combine with anti-neutrinos

e Combine with “Silver Channel” Ve — V,u
Donini, Meloni, Migliozzi, 2002; Autiero et al, 2004.

e Combine with “Platinum Channel” V,u — Ve
e Use better detectors with high energy resolutions and low threshold.

¢ | ocate the second detector at the magic baseline.

Lipari, 2002 ; Burguet-Gastell et al. 2001; Barger,
Mafatia, Whisnant, 2002; Huber, Winter, 2003; others

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119



Magic Baseline (/300 - 7600 km)

AL
sin(—-) =0 - V2GrneL = 21 — L ~ 7300 — 7600km

P,i,/u(ﬁlg,é) ~ X4 sin®26013 + (Yi cosd F Y sin5) sin2613 + Z

with X4, Y{,Y? and Z functions of the known parameters:

sin? 0o

sin 2093

sin 2093

cos? 053

where A, = Am?
1) 1

- /2FE, B+ = |A F As3| and A is the matter parameter.
J + +



Magic Baseline (/300 - 7600 km)

AL
sin(—-) =0 - V2GrneL = 21 — L ~ 7300 — 7600km

P,/ie,/“(ﬁlg,é) ~ X4 sin®26013 + (Yi cosd F Y sin5) sin2613 + Z

with X4, Y{,Y? and Z functions of the known parameters:

only this term |

B+ L
sin 26093 |si ] ' q; )

Bx L
sin 2053 |si ' ' s )

2

cos? 053

where A, = Am?
1) 1

- /2FE, B+ = |A F As3| and A is the matter parameter.
J + +
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Magic Baseline (/300 - 7600 km)

AL
sin(—-) =0 - V2GrneL = 21 — L ~ 7300 — 7600km

Py, (6 5 - Z
a clean determination of sin“ 2613

with

only this term !

Bx L
2

Bx L
sin 2053 |si ' ' s )

2

cos? 0o3 |sin?

where A, = Amfj/QE, B+ = [AF Agz| and A is the matter parameter.



Optimization of L/E

e Magic baseline is useful to
resolve degeneracy.

e | =2000 - 4000 km is good for
statistics

Statistics

2000 4000 6000 g000
L [km]

Correlations

2000 4000 6000 g000
L [km]

2000 4000 6000 8000
L [km]

Degeneracies

2000 4000 6000 8000
L [km]

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119




2 VIolation

ECPZH,"'E

=]

=

o o:ll : |
o T P

Best S rategy : Two

and the other at 7500 km (magic baseline).

4
Mass Hierarchy 44Y/,

80 |

70t

60 ¢

5iN°28,, < 1077

% 50
(L]

Déteotors, one at 4000 km

20t

10}
2000 4000 6000 8000
L [km]

L=3000 - 5000 km for CP

Op’[imiza’[ign of |/ L>6000 km for mass hierarchy.
Huber, Lindner, 'Rolinec, Winter, 2006 hep-ph/0606119
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Mass Hierarchy CP Violation

Mass hierarchy (3o, Silver options CP viclation (3e), Silver options
. s -y I R S .

o
(o

= (Golden only

Effect of
correlated
matter effect | | e (Golden+(Silverizaa) puncor
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1073 1072 1g7!
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Matter density correlation better

Add Silver Channels not competitive to platinum with

detector upgrade
Huber, Lindner, 'Rolinec, Winter, 2006 hep-ph/0606119
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Mass Hierarchy CP Violation

MH, Double detector effort CP, Double detector effort
j" M I" GLoBES 2006 | | ) )

Yy C ompare with (Thick curves: two baselines)

each other: If

similar impact,
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better one?
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Compare to
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Physics Case : Large sin? 2013

CP fraction for discovery, sin® 2013=0.1

solden” +(Golden” ) g+ Plat.

Golden+{Golden) g+ Flat.
Golden™ +(Golden g
Golden+Silver+FPlatinum
Golden+(Silver)7a
Golden+{Goldeniyg
Golden+Flatinum
Golden+Silver

Golden”

(Golden)s

Beta beam

(Goldeniyg

Golden

— CP violation (30)

Mass hierarchy (30)

sin?20; (50)




Physics Case : Intermediate sin” 2013

. . . 2 R ) .
CP fraction for discovery, sin“28,5=10 ° Typlcal phySICS case for

Golden' +(Golden’ jyg +Plat, a neutrino factory.

Golden+{Goldeniyg +Flat.

Golden’ +(Golden’ )y e Improved detector and
Golden+Silver+Platinum mag.I(? basellne IS
sufficient to make
Golden+(Silverizz. .
physics case.

Golden+({Golden)yg

Golden+Platinum

Golden+Silver

Golden

(Golden)s |

) Beta beam

(Golden)iyg

Golden




dhysics Case : Small sin? 2013
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Summary of Neutrino Factory Optimization

e A ot of works have been done and more works are being undertaken.

» For sin® 2015 < 0.01 there is a strong case for a neutrino factory, which
gives the best sensitivity of CP violation.

e For sin® 26015 > 0.01, T2HK and a neutrino factory are comparable. For a
neutrino factory, systematic uncertainty, in particular from matter density, is
important and should be reduced. (The study is going.)




Summary of the Second Lecture

e A neutrino factory is a next-generation highly intense neutrino facility.




Seta Beam




What Is a Beta Beam ?

e The “Beta beam” is a future neutrino facility which produce pure and intense

(anti) electron neutrino beams, by accelerating radioactive ions and storing
them in a decay ring.

e Proposed by Piero Zucchelli
e Phys. Lett. B532 (2002) 166 - 172.




lon Choice for

Beta

Beam)

e Considerations

® need to produce reasonable

amounts of ions.

Electron Anti-neutrinos

6 6 - — —
e not too short lifetime to get 2H6 —3 L1 T e = Ve

reasonable intensities.
e not too long lifetime

otherwise no decays at high lifetime = 1.94 MeV

energy.
o

average energy = 1.94 MeV

Electron Neutrinos

1 1
oNe —¢° F+et + v,

average energy = 1.86 MeV
ifetime = 1.86 MeV



Ion production Acceleration Neutrino source

Proton Experiment A V.,V
Driver SPL Acceleration to final energy

PS & SPS ‘
Ion production
ISOL target &

Ion source _

Neutrino | Decay ring

Beam preparation source | By = 1500 Tm
Pulsed ECR Decay B=5T

Ring C =7000 m
L,=2500m

®He: y=150

Ion acceleration
Linac

Acceleration to
medium energy ‘
RCS

Beam Concept




Monochromatic Neutrino —lectron Capture)

EC/v
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