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Neutrino Oscillation

Neutrino Mixing |v,)=2U,|v,)

Weak Mass

. eigenstates  eigenstates

Maki-Nakagawa-Sakata Matrix

u, U, U, ¢, S OY(1 0 0Y(1 0 0Y(¢c, O s,
U=\U, U, Uji=|~-5;, ¢, OF0 e, su{l01 0] 0 1 o
u, U, U, 0 0 110 —-s5 ¢3/{0 0 e?)l-5, 0 ¢

Oscillation Probability $7~sI6), ¢;~c0s b
' . . Am,2
B =V O} =6, —-ZZRe[(Um,-U,,-)- (U,,,,-U,,-)-{l—exp[— i LJH
i<j

L:flight length, E:neutrino enetgy, Amj; = m} —m;, m, :masseigenvalues

P13y 0, € Amy; #0
LEV
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Oscillation probabilities

when  [Am}, << Am2, ~ Amk = Am?,, contribution from Am, is small
E, =Anm’, -L

aim

am

v, appearanc
P, . =g

H—re

-sin*(1.27Am?,, / E, )

aim
- 2
sin” 26,

T~0.5

v, disappearance
P —-x 1- (Pp + P + Py—%ster‘ile)

H —e H—T
R . 2 et 2
P, ~cos” 6, -sin” 26, -sin (1 .27Ama,m/E,,)

Neutral Current (NC) measurement
Ny <P =1-P,

H—ractive —»sterile

Cf. Chooz (v, disappearance)
P ~1-sin®20,,-sin*(1.27Am?, /| E, )

e—rXx atm

- N - - r - N "
o Py FE ~ ) " s A

Am

atm

— 2
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CP violation

No CPV in disappearance from unitarity

P, (CPV)=sino-(sin26,, sin 2923 sin 26,,)-cos6,,

- 2 2 2
X (sin A, L +sin AmyL sin ———Am”L]

2F 2F

®L.MA solution for solar neutrino
AmM2~1046V2, 5in2,,~0.8
® fJ,; is non zero

CPV effect in lepton sector could be detectable
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- Physics motivation

1. Test our current picture of 3 flavor neutrino oscillation

« Spectrum shape of v, disappearance
« Test exotic models (decay, extra dimensions,....)

. Appearance of v, at the sam‘_é, Am? as v, disappearar{ée:
e NC measurements
| « No additional “neutrino?
2. Precise measurement of Am? and mixing angles (6,5, 6,5)
« mixing matrix in quark sector: well known
« understanding of mixing in lepton sector
o understanding of mass structure
-> hints on physics beyond the SM (GUTs,...)
3. Discovery of v, appearance
—> Open possibility to detect CPV effect in lepton sector




JHF v experiment
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evu— vx disappearance
eV Ve appearance
o NC measurement
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Principle

— Super-Kamiokande at 295km as far detector

— Beam energy is tuned to be at the oscillation maximuﬁi.
« High sensitivity Am?=2~5x10-3eV?2
* Less background E=0.5~1.2GeV

— Neutrino energy reconstruction by using Quasi-elastic
(QE) interaction. |
e Oscillation pattern measurement

» BG due to miss-reconstruction of inelastic interaction
~ Greatly improved by using narrow band beam (NBB)




Neutrino Energy Reconstruction

Assume CC quasi elastic (CCQE) reaction

vitn—=l+p I
5 .p)
v .

mNEI_mlz/z 4

E, =
my —E, + p,cosf,
1y Soudan 2 Monts Carlo Cross Sections
o < 19 e—— e R T
& é Singic %
’
é ——ee Q£ oWic
- 1
5 L Tetat
i- L
3 oA
:? L
! LY | -
- I I CCFRAR {36}
- Comsw (37)
CGH - SPS (18)
A = BrAC (53)
| HEH (40}
cHS(4°)
[ SKAT (42}
" ANL{43)
L BRL7 (44)
o2 oM - P5(£5)
i O AL 12 = gl [B)
I & ANL1Z - 1n{2223)
- + _____ ® B - qui{6)
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lhl
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150 |- WBB

| inelastic +-200MeV

- i rl_,..—._l"_'

1 1 : o .
-p.?f)()() -1500 -1000 -500 0 500 1000
- EAREGONSTRUCT) — E(1 RUE) (MeV)

S0

- QE dominate at ~1(eV
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JHF project and neutrino beam line

2001a~2006‘

(Expect approv .Il 5;: I)cL.Z(l(i{!)

| 5 Supér conductmg magnet
L EERLT oh s essentlal for v beam line
IR T | "'f‘ e?d and running cost)
E(GeV)
Int.(10"ppp) 330 40 6
Rate(Hz) $.292 0.53 0.45
Power(MW) 0.77 0.41| 0.0052

N b %y “ T

7 : ) 1
. . et [, B T A R T ]
[ a . B ) S L
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Neutrino Beam @ JHF

Three beam configurations

» Wide Band Beam (WBB)
— 2 Horns almost the same as K2K

> Narrow Band Beam (NBB)
—Hom(s) + Bending
> Off Axis Beam (OAB)
| ~Another option of NBB

12
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Wide Band Beam

== 1em
—
oA

2 horns (almost same design as K2K)

~4200 v, int./22.5ktlyr
v.:0.8% | |

Intense

Wide sensitivity in Am?

BG from HE tail

Syst. err from spectrum extrapolation

Target : Cu 1cm? x 30cm
Horn : 250kA
Decay Pipe  :50m x 1.5m?
Gecalor
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Narrow Band Beam

Updated from LOI
(factor ~2 increased by adding 2nd horn)

~830 int./22.5ktlyr
v,:0.8%(0.3% @ peak)

Less HE tail

Less sys err from spectrum
“counting experiment”
Easy to tune £,

kt/yr)

2

180 F

Target
Homn
Decay Pipe
Dipole

Gealor

: Cu lem? x 30cm

:250kA

:155mx 1.5m?

: 50em(V)x70cm(H)x2m(L)

0.58T (10deg@2GeV/c)
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Off Axis Beam (another NBB option)
(ref.: BNL-E889 Proposal)

Target Horns

x10
a9
Decay Kinematics 5 os
™~ H
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n (ml'pﬂ) 3 ) 4B ] S os
L J (=)

. A ] %o
1.8 : e ; Ay
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2 9 os ---..._____: g 0.3

E= M, —M, . 1 2.,
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e
b

X . tﬂi..""ﬁ.,_,.
80 62 04 0.6 08

E, (GeV)

Quasi Monochromatic Beam

T2 T

L 15



92

Off axis beam

~2200 int./22.5ktlyr

v, 0.8% (0.2% @ peak)

High int. narrow band beam
More HE tail than NBB

Hard to tune £,

BNL-E889 Horns
90m decay pipe

L
g O U
o O O

2°

- = NN W
o O
o O

Q
Q

N, (/100MeV/22.5kt/yr)

9]
o

0

0 05 1 15 2 25 3 35 4 45 5
E, (GeV)

103}
102}

10

N, (/200MeV/22.5kt/yr)

1 ‘iz.
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Comparison of Beams

N

Flux (x10%/100MeV/ecm?/102'POT)
o
o

Vi

-t
&)

el
L L) L B L] L)

OAB2°
1

-, IOABO®

Wide

LE2rn
(2horns)

(same decay pipe length=50m)

17
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Current design of target
station and decay volume

. mu-pit(WBB/OAB)
NBBgey .. : l
Dump |
mu-pit(NBB)
WBB/NBB/OAB can be switched by replacing optics
Decay volume is shared (flat pipe)
Design béing optimized: flux, radiation shielding, cost
| 18




Physics Sensitivity
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Strategy and Goal

® First 1 year WBB
- p1n down Amn3? to * 10% level
- NC measurement
® Syear NBB or OAB
-> precise measurement of 623 and O1s.

Sensitivity (goal):
5sin22023 ~ 0.01
Sin22013 ~ 5% 1073 (90% CL)
SAM232 ~ 1.5X10%eV?2
“at (Sin220=1.0, AM2=3.2 X [0-3eV?)

20
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v, disappearance

1ring FC p-like Ratio after BG subtraction
'y . 7] 3128
| _ % (llnear) Am?=3 X 1073 | snig =
10 4 Oscillation with g5 E sin?26=1.0 ’“'__ L ;
- AM=3% 107 K } L T
e r +T sin226=1.0 1 I d ] |
a.n i -t
u T
E ok i o 4.:%!:?:.
Qo E,
- I
1600 No oscillation , : + 115
830 T il mi
£00 ., -+ T
149
400
290 . X . , R M T
1 1 1 D SO0 1000 1900 2000 2OER 35000 AeDO 4000 4000 WI0D
0 0 1400 ZI]GU S0 4000 500D E

-
Reconstructed Ev (MeV)

Fit with 1-sin220-sin?(1.27Am2L/E)

' I" & :.-‘-_rirr,r 21
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- 9 years precision

NBB-3GeVn, OAB-2degree, NBB-1.5GeVn

o(sin?20)

TN

o S~—

1
0.002

] 1 '
0.004- 0.8 B.00d8
Baln®{24)

o(sin*20)~0.01 in 5 years
10(Am?) ~<1X10*in 5 years

2
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v, appearance (0,;)

« Signal
— 1ring e-like ring
— At energy of v, disappeafénce dip
» Backgrounds
— v, NC = production
» Lower E photon is missed

— Beam v, comtamination

» Broad E dist. Can be reduced w/ energy window.
* 0.2-0.3% of v, at peak of NBB/OAB

e, 23
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n? BG rejection (updated from LOI)

Force to find 2nd ring in 1-ring e-like sample

«g” dir,, ~ Energy frac. likelihood  Inv.mass . .

. of 2nd ring ;
Vg | Ve s Vol
-SE 4l 2
3| 1
oo Bs bop o w0 o o200

1.6F

13f Ve 3 Ve
1 ‘-

0.8 2

0.6,

0.4 1

0.2 -
0 05 : 0

0 0.5 1 0 0.25 0.5 -500 0 500 0 100 200
coso,, E (E *+E,) likelihood difference | inv. mass (MaV/)

Factor ~10 improvement in BG rejection

while v, eff. decrease is only 30% .
| | Preliminary

24
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'Expected signal

NBB

sin*20,,=0.05 (Chooz limit)

WIDE Syear
25 + axpectad signal+bg (Am*=3x107%V%)
== BG (from v, + v,)
20 s BG (from V“)

N

Reconstructed Ev (GeV)

LE2n 2horn Syear

30

+ expected signal+bg (Am?=3x10"%V?)
25 — BG(fromv, +v,)
20 mw BG{fomv)

6 05 1 15 2 25 3 35 4 45
Reconstructed Ev (GeV)

2deg. off axis Syear

60 i + expected signalibg (Am?=3x107sV?)
-I- we=  BG(fromv, +v.)
50 n
am BG (from VF)
40
30
20
10
0

0 05 1 15 2 25 3 35 4 45 5

- Reconstructed Ev (GeV)

iminary

Prel
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Sensitivity on v,>v, appearance

10

4 90% C.L. sensmwty

e e syr
—. 2degree 5yr

i .
H
H .

CHOOZ excluded

,Y.'
r.|...| i 1‘.iiil

-4

10'3 107 10

Dashed lines: MINOS Ph2le, Ph2me, Ph2he from right

(A.Para, hep-ph/0005012)

. 2 1
sin 29ue
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NC measurement

# of NC events

N NC oc P H—ractive = ]‘"_ P H— sterile

®NC/CC sensitive to v,

®NC Enriched Sample

Expected Number of events

=
N
(=

N
Q
(=

#mY + #e-like

400}
350}
300}
250}

150}
100}
50}

PSS B E U TSN T A A N N A S A A AR S AN U N A A G S NS AU A A

L

V. =V,
1 T

-3.5

-3

-2.5

-2

-1.5
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. ICAN()F (2005~)
- CERN SPS(400GeV) - Gran Sasso LBL (732km)

~ E,~20GeV

> Opt1m1zed for v, search

. MINOS (2003~)

Com'plementary to JHFv

Comparison with other LBL projects

5 Fermilab Main Injector (120GeV) - Soudan mine (730km)
» E >3GeV
# v, disappearance: §(Am?)~2.4x10eV?, 8(sin?20,3)~0.06

»~ VY, appearance
(read from A.Para, [CHEP2000 by T.K.)

: 8(sin’20,,)>0.04

@Am?=3x10-3eV?

Beam E, (EJLI)SD)/ Det. | E, rec’nst | CC event
JHFv NBB/WBB | ~1GeV | 3-8x107%eV? | Water QE : 3200/yr(WBB)
/OAB Cherenkov
MINOS | WBB >3GeV* | 5x107%V? | lroncal. | Hadr. Cal. | 2500/yr*

JHF project has much higher potential.

i

iy

*:PH2(Low) option
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Future Extensions

* PS upgrade to 4MW and 1Mton water Cherenkov detector

-2 order increase in statistics

— CPV 1if v, appearance dlscovered in the 1st phase
* O(100) v, events/year if 8,;=0.1x(Chooz limit)

— (Proton decay)

* Very LBL experiment (1000-2000km)
~ ~300(1200)CC events/100kt/yr @ 2000(1000)km w/ 6GeV NBB
— Sign of Am?s
— Matter effect
— CPV
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Sensitivity to CPV

iA

4MW PS

1Mton Hyper Kam.
2years for v,
6byears for v, bar

T, 5800 1 T

5400 awermmenaraar ' S LTt o reasnmaetaan T .

[1 g ] 1 L] ! Ll

] i L T L} 1 i 1 I 1 T ]

o= 289/cw

Am? ,=5x107
.S]ﬂ.zﬁq}—"@ 04

5200

5000

4800

4600

4400

; ...Ang‘"‘jxloa.,

I i L§ ¥
L 300km

:a:s"ﬂ'/if4
12‘*7T/{8

I T T T

3 L ! 1 ]

| l 1 I [l

*
:
:

[} I 1 ]

H
L l 1 1 (]

4_200 Ill'lll!lllfllllllllll

4200

4400 4800

4800 5000 5200

L

5400

5600 5800

N(e™)
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Summary

® JHFv project
v ~MW 50GeV PS @ JHF
v Super-Kamiokande@ 295km as far detector

v' Low energy(~1GeV) conventional | v, beam tuned at osc. max.

v" Energy reconstruction by using QE

v' NBB/OAB to reduce background and syst. err.
® Physics sensitivity |

v’ 85in?2623 ~ 0.01

v’ sin%22013 ~ 5x1073 (90% CL)

v 8Am22  ~ 1 X 10%eV?2

v v, existence can be tested.

®Design and R&D work have just been started

® JHFv is not included in current budget request.
® Full approval within a few years
Data taking in 2006-7




A study on possibility of Super
LowE Super Convensional Beam

e Possible advantages
— Below 7° threshold > expect low BG
— 20d ggc. max. = expect large CP asym.
— Small contribution from matter effect

* Questions
— Statistics |
« neutrino flux enough? Spectrum?
— Backgound
* Really no n° BG?

082

e e/ separation at low energy?

v, BG? | 24/Feb/2001
— Systematics T.Kobayasi

e cross section, ......
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Vv, Cross sections

vy cross sections

L S

fotal
——CC total
—CCqe
———NCn*

- SLE Region(<500M¢eV)

| . »Small cross section

»Rapidly changing
» CCqge dominates CCint.
»Small 7° prod. cross sect.
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v, 2V, oscillation probability

2
| 2
Py — 1) = 4C2,5%,82, sin? 23l ( ¢
A

2
AE Y (1-25 13))

C AmSL . AmdL . AmL
+8C73512513.523(C12C03 C05(5“1'5'12513523.) Cos 4533‘2 sin 451 sin — 51

AmZ,L | Am3L . AmiL
i SN M"TuE

—8053012023812313823 sin ¢ sin

Ami, L
+4:S]2_2C]?3 {032033 + 81?28338:%3 — 2012023812_823813 COS 5} SiIl2 Tél
Am2,L . Am3, L al
~8C135735%3 cos i ;’72 8in ;’71 1E (1-25%)
a=17.56x107[eV?*]- P — | =
| [g/em’]) \[GeV]

&>—d,a>-afor V, DV,

i Ky

)
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Oscillation Probabilities

—d
N

p=2:.89/cr§n’ , i!.=295ém
Arrly=3x10""  Oy=n/4 .

Am‘u-5x10" ¥ ‘Ouﬂﬂ‘/s
§=n/4 | 9,=0.05

Probability (%)

"Matter Eff*

iocafaunanctanectons cnrn e yasaas
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- Simulation of Hypothetical SLE Beam

Large angle OAB(150m decay pipe), 4M Wx40SK->200xJHF1

Vu flux (O AB) . OABSdeg (4MW,40XSK)

= ¥ 51400 |
@ :— % a0 S | :
2 iy 2 1200 | [Vie 37000(14000)int.
= S Iy
S ~=1000} ﬂ
"-><'-,- 3F ZE 5 i
% _ IS 800 |
S | 2 Z .
L2 I - )
5 2| 504 Y7, 10000(4000)int
x | 400 |
2 1F Tk

2 | [ |2

>t 200 \ i E

%% 08 1 oL -

0 1 2 3 4 5

Very small statistics!(c.f.~GeV beam) O <500MeV

Need ~3.5times running for v,
2nd peak from Kaon—> serious BG?

4 L'
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Sensitivity on v, appearance
OAB6deg Beam

1ring e-like +e/n0 separation

250 (200xJHF1)x1year| 1s0f ’r (200xJHF 1)xtyear

sin?26,,=0.1 .
(sin*26,,=0.05)

BG rej.10.3%
SigEff£40%

5

F —— syst10%
10 E—-—— syst5%
8 syst?%

sin®26, sensltivity

L 1l il I el l 1114

1 !lr[ Il L] 1 11 ll[l ' i 1 bk hl1 4
. 10
10 102 1 10 102

Exposure(22.5kt x 10%'pot) Exposure(22.5kt x 10* pot)

- (Beam V, contamination is nothpegligible.)
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Sensitivity of ~GeV beam for comparison
OAB2deg Beam

1ring e-like +e/n0 separation

2s00f (200xJHF1)xyear | POF (200xJHF 1)x1year
2000F % 12200f  t S

1000

o l'JJl'I!(!

1 2 3 4
Reconstructed Ev(GeV)

2 — 5yst10%

> — yst5% |
- 0

5 syst2%

=

D

)

=5

&

o™
N

£ _

o0 10-4 Lol d bl Lt g4t iy 3 W ENT) 10-4 el aaaaaal ' ||q|n|‘2 ST R

1 10 10 1 10 107,
Exposure{22.5kt x 10°'pat) Exposure(22.5kt x 16*'pot)

| OAB2deg(w/ e/z?) much higher sens. than SLE beam

il LY * r
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CPV Measurement

OAB6deg
~20
% p=2.8q/crm’ L=295km
=18 ,A8miym3x10™  dymn/4
g 16 [ - . - Am"i',-.ﬁxiﬂ" 1!.,-11/8
~- Ve i, d=n/4 9,5=0.05
O, s
ol4 iy (sin*29,,=0.01)
FEE
10}
81 'f ' Ve
6f |
4t
2F i
0 Ry T .
0 0.1020.30405060.70.809 1

E, (GeV)

< 2000
<1600
% 1200}
% 800F
= 400F .
>m 0,_.__,:.-'“1[”!. N T T T
0 004 008 012 0.6, 02
sin 2913
E10
> 8
a6
Il>m 4
Q
- 2
00004 008 0."I2“l'd:1|6'2'| 0.2
sin“20,,

v, beam: 2years
v, beam: 7.5years

' f.;' &y *
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sin“26,

0.08 |

0.04

Sensitivity on CPV

OAB6deg Ideal Case

OAB6deg Realistic

Sens

itive Region

SR , ............ ............ o ,o ..... 2_39/ cm?

"G Amiy=3x1

Arn g—ﬁxl

0.16 |

0.12 |-

Stat, err o
100% eff

T’ 1,5=11/4
a2 151&- n/ 8.
nly

Sensitive Region

_1=29%km.

fNo syist. err.

froﬁn BG subt. ' A ‘

D=2 Bofrr' ? =295km “\_

0.06 |

Am ,,--31«‘1(5"3 Vp=1i/4 | \'-.4

AT, =5x107 ,=n /8. s

407 ( ff : H : : .\'-.,

i i
T P I....

<;\.r-=t

0.02

10% e inz BG... .
! : :

00”6'1"0563040506070809 1

sind
£=40%, BG rej:0.3%
BG syst.:10%

VﬂBG = V”BG

0.8
S|n6

200xJHF1
2years for v,
7.5years for v,




Sensitivity on CPV

Sensitive Region

® 0.2 |
8 ) . i !
016 | Shightly better than |
@ w/ BG syst error. -
0.12 |
s = 8 But, essentially,
3 . \ e L T
0.08 | At o sensitivity is limited by
S o e C stat. error due to
i mZeE=5x 107 =1 /8 : .
0.04 il 1T K bad S/N ratio.
) No.syst err e _— S
000204 06" "'c')fé"_""'i
| Sind

e=40%, BGre;j.:0.3%
No BG syst. err
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Summary of SLE beam study

Studied potential of SLE Super Conventional
beam |

Worse sensitivity in v, appearance due to small . .

statistics than ~GeV beam

Sensitivity in CPV is limited by BAD S/N ratio.

Possible sources of systematic error
> rapid rise of cross section
> v, V,BG difference
> 1/K production ratio at target(affect both v, v, flux)

Possible improvements....

— go further
— compare Ist and 2nd 0sc. max (by Konaka)

q




