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1. First muon neutrino beam with accelerator

e There are electron and muon
— V. from 3 decay # v, from n—>p+v decay ?
— In 1960, Lee and Yang are realized that 1f a reaction like
- — e-+7  1s not observed.
this 1s because two types of neutrinos exist v, and v,
* Make v, beam and show they does not make electron when they
mteract
« How to produce weakly mteracting particles in a large quantity

Pontecorvo(1959) and Schwarz (1960)

— p-beam p+A —»m + anything  (Strong interaction)
— m decay T — L + neutrino (Weak interaction)

— T —¢ + neutrino suppressed (10-)

AGS internal target ?



2. Weak 1nteraction, structure of matter and
number of neutrino species

« Electromagnetic interaction and weak unification
— Required a neutral current weak interaction to exist in
Weinberg-Salam model
— neutrinos are the best testing probe to search NC, since
they do not have other interactions
« Deep inelastic scatterings show the existence of hard core
inside nucleons- partons
— Is parton quark?

— comparison with electro-magnetic probe, consistent with
fractional charges




High mtensity beam — Horn beam

« Focus of K by horn - ' E 58 g e e iz : ‘
‘ . 7~ Example of beams at FNAL
: - \
(S. van der Meer) o 108[ \IORN BEAM B Barish Phys.Rep C,1997 -
% \ _
: : e '®) \
« Highest total intensity = A —l
. . ) ) @ 107+ ok 5\
— Simultaneous focus in vertical é,L Jo N
. o
and horizontal i :
. =
— Shortest focal length >
© 10° ~ .
_ : ao o ~
Pulsed magnet 3 ki TERET B
. “~
— Fast extraction to get short 109 l : | . . 1
S = 0 40 80 120 180 200 240 280
spill width v ENERGY GeV
Decay Ppe
|- iy Hacron
N AR Absorb, B
L —
Target




Magnetic horn

Aluminum cylinder

current
,EJ’_

Target

Toroidal magnetic filed B[T]= I

100kA. r=1cm = B=2T

Radius




Narrow Band Beam to study high energy
neutrino mteractions

 Momentum of wr, K are selected by B-Q magnet beam channel

« Well defined two neutrino energies from 7w, K decay

Especially usetul for NC measurements

» Acceptance of the beam line limits neutrino mtensitv
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Neutrinos
the weak neutral current

Gargamelle Bubble Chamber
CERN

First evidence for weak neutral
current

vu+e —> v”+e

A direct evidence of electro-
weak unification by SU(2)xU(1)
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« Parton Structure at large (?

 QCD

Charge of Parton - quark as parton




e
The third neutrino - v

T

Beam dump neutrino source : suppress n, K decay by
absorption before decay

Enhance prompt decay v source : charm meson

E-872

Meaking v, s from protons Shielding = 101 v 's are made...
Magnets + material

100 interact in the emulsion

Emulsion Targets

&
S\

1 mm

Neutrino interaction and decay
of short lived particles

v_exist
produce t—lepton when it interact with matter 9




ae Janeand g of The Standard Model of Particle
Interactions

: . = HI e LEP results on number of v

N, = 2.984 +0.008

» Three generation of quark and lepton
e (Higgs to be discovered)

Force Carriers




Neutrino oscillation
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Electron-like and muon-like events
e-like u-like
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Atmospheric neutrino deficiency
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Atmospheric neutrino deficiency
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Muon type neutrinos transform to

other type (not electron type)

in a few 100km travel




If neutrinos have non-zero mass.
Two kinds of classifications are possible

. when they interact with matter which lepton 1t produce
. masses
Weak eigenstates mass eirgenstates

/ve\ Ty We T o
Vo |=| Ui ¥z mjo

° \V'c/ _U'cl 12 U'c?: _\VB/

=

-

m;

* VgV, V. are. in general. superposition of mass eigenstates v, v, v,
Ve>=Ug[Vi> + Up|vo> + Ugslvy> . ete.
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L
-.Neutrino oscillation

e two “slits” experiment

®

16




L
Neutrino oscillation

e two “slits” experiment
Interference
pattern
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| Horn focused beam for max intensit
mage vas, and broad spectrum to determine An
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Timing of SK neutrino (contained in iner

detector) events relative to extraction of protons g
/
10* :
o s ' s Tspﬁf TOF=0.83msec f
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e Single turn extraction from 300m circumference accelerator
» Observation of accelerator RF structure at 250km away
 Clean 1dentification of accelerator originated neutrinos

18




Final results Phys.Rev.D74:072003, 2006
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NuMI-MINOS experiment )
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| CNGS

Beam

An Emulsion-Counter
Hybrid experiment for
Tau neutrino
Appearance
Detection.

Collaboration :

13countries 37 Institutes

Wl | OPERA

Detector

CNGS First Neutrino to Gran
Sasso at 2006 August




e
Matter effect

 light absorbed and re-emitted forward direction results as index
of refraction n>1 — change of the light velocity in medium -
effective mass

e necutrino propagate in vacuum as v1,v2,v3

» interact with matter as v.. v, v, and v_ has larger forward

scattering amplitude than v ,v,

e mass eigenstates v1,v2,v3 get effective masses, which are
_depend-on the fractional content of v, in each mass eigenstate

- ' i
VA AN L,T
f_,r F ‘\\.I
) III

cffective mass can
be calculated for given
matter density




Summary of the results of
Atmospheric, Solar, Reactor, Accelerator Neutrino exp’ts
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Final physics goal of oscillation studies




Necessary ingredients to create

matter dominated universe from B = 0 universe
A. Sakharov

1. Baryon number violation
2. Particle and anti-particle non equivalence (CP-violation)
3. Non-thermal equilibrium
(CPV in CKM quarks sector 1s small to explain the Universe)

-id
1 0 0 + € 0 +s,e”’ +c¢, +s5, O
Upns =10 +ey, + 5, 0 1 0 — S + ¢y, 0
0 -5, +c, Jl—s5s,e° O + ¢, 0 0 1

C; = cost,;, s;=sIngy;

e o o 012, 623, 013
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Importance ot v, — v , Appearance as next main issue
o0 : CP Violation in Lepton Sector

. . (mz. — mf)L
P,=8,-4Y Re(U U, U, U, )sin? f4E
Jj>i v

_ \ e . (m;—m>)L
F2) Im(U ,U,U, U, )sin sz

CPV o« sinfb,, sinH:3 n-, (L/E

Real

LY

v disappearance 1- P, :o=p [U_]|?
Need appearance measurement
Interterence of two oscillations, which are comparable in size

Oscillation with Am?~2.5x10-2eV=: Suppressed bv smallness of 6
) 13
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First milestone :
Search for v, appearance signal




Searches for non-zero 6,

043 with reactor experiments

« <E >~ a few MeV =» Disappearance
* P(v,=2v,) = 1-510n°20,5° sin*(1.27Am?*;,[./E) + O(Am?,,/Am?;,)

=» Almost pure measurement of 6, with negligible matter effect.

0,5 with accelerator experiments

« <E >~ O(GeV) =» appearance experiments

* P(v,2v,) = l-sin°0,;* 510205 sin*(1.27Am*; [ 'E) + many terms

Three contributions

1 Term which 1s same for neutrinos and anti-neutrinos
2 CP violating term (constant in E)

3 Matter effect ( proportional to L or E at constant L/E)



« Search/measurements of sub-leading effects
— High Intensity

Initial or final states involve v,
— matter effect (distance)
« Background contaminations to the measurements
— NC n° production backgrounds to electron appearance signal

E, determination
— Precision measurement of oscillation dip m v, diappearance

Depends on beam energy range and on detector
— For Japanese project - Super-Kamiokande water Cherenkov
detector
— Low energy and small high energy taill BEAM
— Matter effect 1s small (relatively small L (small E))

29



New 1dea of off-axis beam
small energy tail

1994 TRIUMF KAON factory workshop

PPaper presentoed at the 9% Lake Louise Winter
Institute, Lake Louise, Fels. 20 26

TRI-FPP 94 24
Jume 1994

A NEW LONG BASELINE
NEUTRINO OSCILLATION EXPERIMENT
AT BROOKHAVEN

R. L. HELMER

TRIUMF, 4004 Wesbrook Mall
Vancouver, B.C., Canada V6T EAY

Abstract
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R. Helmer R. Henderson G. Jonkmans
| H. Laman B. Larson R. Meier-Drees
| J.-M. Poutissou M. Sevior A. Trudel

B. Vander Ende M. Vetterli G. Whait
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'l D. Wright S. Yen

Table 1: Members of the TRIUMF Neutrino Working Group

seen, there will be no mmbiguities in its interpretation,
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Narrow intense beam: Oft-axis beam in T2K

Oscillate most

Super-K. .
. large number of oscillated v

Decay Pipe

TargeHorms

. . v(E)
n decay Kinematics
70 (M pr) /f/
‘:. 14 £
LT
2
p r
ek
06
oA _ DAB 2 degres
0.2 i EIAE é.é;ddegurdee
0 el el alleels el ooel e U
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Pions with different energies give neutrinos with similar energy
D




J-PARC (Accelerator being commissioned)

Materials and Life Science
Experimental Facility
T e et a3 ™Y

Hadron Beam Facility

“Neutrino to .
Kamiokande_ )

p—

Rapid Cycling Main Ring
Synchrotron (0.3Hz, 0.75 MW)

i J-PARC = Japan Proton Accelerator Research Complex
Joint Project between KEK and JAEA




J-PARC (Accelerator being commissioned)

Materials and Life Science
Experimental Facility

Hadron Beam Facility

b

Main Ring
(0.3Hz, 0.75 MW)

T T
= F= 3 - ]

i J-PARC = Japan Proton Accelerator Research Complex
Joint Project between KEK and JAEA




First high enrgy MW fast-ext’ed beam !

3.3E14 ppp w/ dus pulse Residual

cm When this beam hits an iron block, radiation
> 1000Sv/h

0 20 40 60 80 100

Temperature Rise (K/pulse)

1100°
(cf. melting point 1536°)

Material heavier than iron would melt.
Thermal shock stress = EaAT = 3GPa
(max stress ~300 MPa)
Material heavier than Ti might be destroyed.

15
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Neutrino beam line with MW protons

*Shock wave
*Graphite for target and dump core

*Heat generation
*Various sources including dE/dX
*magnets and their power water cooling
*Target Horn TS-DV-BD wall /BD core water cooling

*Radioactive water and air
Production cross section of Trittum i He 1s 1/10 of air
radioactive water
radioactive He




-
Target Station

v

He vessel

 Installation of the helium vessel(~470ton. 1000m?) finished. passed
vacuum test in Nov. 2007 as scheduled 35

35
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Summary of T2K neutrino project

In one year
e J-PARC accelerator complex is being commissioned

e (Construction of T2K beam line 1s on time and will be
commissioned in April 2009

e Aiming for first results in 2010

In several years

e Plan for 1.66MW 1n 5 vyears

« T2K data taking which will provide vital information on 6, ;.
neceded to define next step.




After v, appearance discovery
CPV and mass hierarchy




o0 : CP Violation in Lepton Sector
Two approaches

] 3 g N
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“ T P(v, > v)+P(v, >v,) 4E, (sin6,




First / Second Maximum and o

oy

= 0.14-

0 a

© a

0 a

E 0-1 2 B second maximum
Q. [

S o1 /

E ) E first maximum
= |

71

o

0.08 /

0=2700

0.06] |
: 5=0
0.04f
0.02F 6=900
0 : ! | . | ! ] ] | ! ! ! |
0 0.002 0.004 0.006

E(GeV)/L(km)

One of the most dangerous bias:
v Energy mis-reconstruction to lower value than real value 4



CPV 1n neutrino oscillation

* Depend on the size of 0,; different effects from various systematics

— Neutrino-Anti-Neutrino asymmetry
» Cross section, Detection efficiencies
* Ratios v /v differences

« Contamination of wrong sign v

— First vs. Second Maximum
* Wide band beam (small off-axis beam)

* E (L) at the second maximum should be sufficiently large to
have reasonable cross section (E=0.5 GeV - L=500km)

« E, measurement over large range of energy (efficiency for low
energy particles) A1



N
Some physics potential studies

(personal view)

Korea
EE
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1000km 0.8deg, Off-axis * 2-5deg. Off-axis ;
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The U.S. Long Baseline Neutrino

Experiment Study

GLoBeS 1, Appearance Spectra
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GLoBeS . Appearance Spectra
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Neutrino factory and 3 beams

« Need more pure flavor neutrino beam
— contamination in conventional beam
— T,~2.6x10%sec, 1, ~22x10°sec (pn—etv, +v,) 100:1
— T ~1.2x10¥sec  BR(K'=»m+e+v,)

« afew % v, contamination i1s unavoidable

« New methods of producing neutrino beam
e from talks at NNNO7, Oct. 2-5, 2007

. at NufactO7, Aug. 6-11.2007
. at NEUTOS
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Neutrino factories & S-beams

Source Oscillation Detection

Oscillation

= v,u

P. Huber NNNO7 46
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3 beam

» Pure beam with one flavor (v, or anti-v,) by 1sotope

« E_, beam divergence : end point energy of [3-decay and
Lorentz boost by v

e Main technical challenges
— preliminary measurements at Louvain-La-Neuve indicate
that direct production of '*Ne by *He on a '°O target could
recach the required rate
— decay ring
— rf and collimation systems
« Radioactive beam ( activation of equipments)
* High ion densities 1n storage ring
« Need several 100 GeV proton accelerator ring to produce

neutrinos above muon threshold
Huber NNNQO7 A8



Neutrine Factory at RAL
* E, , beam divergence : m—u decay and
Lorentz boost by E|
— Pion collection
— Muon cooling
— Rapid acceleration of muon

* Need magnetic analysis to measure
oscillation

Protom Driver Pion Muen
Production Cooling
H- — : M
Sonree L - e Drift |
0.18 GeV : : Target Phase Coolias
L 3 h.c.:‘ e and L ” -“, " —
RCS  (sGev capture M— 2 GieV
RCS muon linac
/4 |
ff | 2-8GeV
4 M
#
y Muon
4 Acoelerators
T \
Muon Storapge Ring Y
4

xd current interactions

Number of char

Neutrino Factory

J.J.Gomez Cadenaz
NEUT08




Proton Decay with massive detector
Ultimate GUTs phenomena

[ /B(p—e*n®)>5.4x10%3years ( 90%CL ]

[ t/B(p —>vK*)>2.2x10%3years ( 90%CL) ]

2.9x10% yr (‘minimal” SUSY SU(5) )




Future

e High power conventional beam
— Reliability of the facility and operating resources
— Detector technology

* Neutrino anti-neutrino asymmetry and first/second
maximum

e Neutrino factory and —beam

— R&D

— Magnetic detector requirement and very massive detector
e Other important physics. especially proton decay

» Important physics results come from close cooperation of
accelerator, beam and detector physicists and engineers
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Decay Kinematics

v

X %j\ Pt To get max neutrino intensity,

-

T focus m beam to 0 degree

-

—

E m; —m; __
Y = ! . Py = T P~ 35MeV
m 2m

T T

pT — pcm Slnecmf»‘ pL — pculry(B T Cosecm)

) )

E_(0) = fnﬁ_n}“;, E_=~ O'D]j:“_,
m,(I+y07) ~ (1+vy707)




.
Present Knowledge

I v, to be the larger component in v, 0,, < /4
sin?20,, =0.84+0.07  8m% ~83x10°cV?(sm>, > 0)

solar neutrino (SK.SNO). reactor (KamLAND)
Matter effect fix the sign of dm- ,

‘Sm%‘ ~ 2.5 IO_SeVZ(J_r unkown)

sin”20,; = 0.96 —1.00
0, =45 +5)

atm. neutrino (SK), long-baseline (K2K . MINOS)
Oscillation probability sqaured 1s measured

v, to be the larger componentin v,  6,; <m/4
~2.5x 10_3eV2(i unkown)

sin® 20,; < 0.16(upper limit)  [dm};

reactor neutrino exp.(CHOOZ), K2K, MINOS




