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® Neufrine Scattering Physics

> have several puzzles

> addressed by Past, Current and Near-Future
experiments
~ * K2K, (NOMAD) , MiniBooNE, SciBooNE, MINOS,
D280, MINERVA
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1. Infroduction (v oscl. experiment)

Intense beam Gigantic detector
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1223,

T2K
v, events

v, >V, precision measurementsg
(6,5 and Am,?)
Signal: CC-QE (v+n—u+p)
Energy Reconstruction from u kinemati

Background: Mainly CC-1ma= (v+N
++N’)
Cross section with the invisibility of n

V,— Ve! S€arch for 8,

Signal: CC-QE (v+tn—e+p) J( v, events
Backgrouna : $in226,,=0.1
Beam v,
NCanP

Cross section as a function oi ihe
Anti-v for CP violation study.
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Unexplored Areas of Neutrino Physics

1 I ! LI}
0O CCFRR

B BNL 7-—feet
O ANL 12—feet

® ANL 12—feet (‘| 970~‘| 980)
 Low statistics
« Systematic Uncertainties

(m/p/n absorption/scattering,
shadowing, low Q2 region)
* Not well-modeled

* New data from K2K &
MiniBooNE revealing surprises

O  More data at 1GeV with fine

grained resolution will
advance Neutrino-Physics.

MiniBooNE, T2K, SciBooNE

Anti-v. cross section is in a poor situation.

T. Nakaya (Kyoto) @ Nufact08, Valencia
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CP violation search in T2K-ll

v CC interactions
T2K v beam H
|

Vi

@
o1

w

150
100

- -15%@peak

N
o1

a1
O O

(10%/100MeV/cm?/yr)

flip by ¢
)rn polari

O
o1

=
>
S
=X
0
o
S
2 0
=
o)
O
A\
>

~ 00
OO

—
cC
(9]
(@]

N
I
O

102'POT/yr Ve
| (1st phase) L /
0 05 1 152253354(‘(‘52\,)5 0 25 5 7.5 10 125 15 17.5 20

E, (GeV)

©
o1

T. Nakaya (Kyoto) @ Nufact08, Valencid



v, dppedrance in

Am,,2=6.9x10-°eV?
Am,,2=2.8x10-3eV?2
0,,=0.594
0,5,=m/4
3500

v,:2yr, v ,:6.8yr
AMW (J-PARC upgrade)
0.54Mt (Hyper-K)

background
total | V. Vu Ve Ve
913| 370, 66| 450/ 26
£ 1782 399| 657| 297 430
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Ul\ers’randing of
Neu’m g In’rerac’rions

‘with Nucleus
 IMPORTANT




2. Puzzles

Quasi-Elastic Scattering
MA
Q2 distribution (Muon angle in SciBooNE])
Low Q? region
it production
Coherent  production (CC v.s. NC)
0 Momentum distribution
Low energy e excess in MiniIBooNE
(maybe more)

T. Nakaya (Kyoto) @ Nufact08, Valencia



1 QE (Quasi-Elastic) scattering

CC quasi elastic (QE)

myE, —m /2

m,, —EM + p, cosO

N

W

Rate(Ev,Near) — ¢(Ev.Near)
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QE Scattering

T IS Important to understand

Nuclear model
*Assuming Fermi Gas model

*Nuclear form factors (FF)
*Vector FF is known from e scattering.
*Axial Vector FF can be measured by K%
neutrino scattering 1.8 M,=1.1 GeV
» Dipole form factor g My=1.0 GeV

4] 025 065 075 1 1.26 1656 175 2

Qx(GeV/c)?

Single Parameter:
from the past measurements

Q*(GeV/c)?

T. Nakaya (Kyoto) @ Nufact08, Valencia 11



Recent measurements of M,

e K2K SciFi (O, Q2>0.2)

Argonne (1969) | Phys. Rev. D74, 052002 (2006)
Argonne (1973)

CERN (1977)
Argonne (1977)

CERN (1979) e K2K SciBar ('2C, @2>0.2)

BNL (1980)
BNL (1981)
Argonne (1982)

Fermilab (1983) e MiniBooNE ('2C, @2>0.25)

BNL (1986)
BNL (1987) Phys. Rev. Lett. 100, 032301 (2008)

BNL (1990)
Average

| i A i n i
0.85 0.95 1.05 1.15 1.25

M, [GeV] Systematic Difference?
Effective M, in nucleus?

past world avg: M, = 1.026 £ 0.021 GeV S
J. Phys. G28, R1 (2002)
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Ou and Q2 in SciBooNE

Reconstructed 6
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Talk by J. Alcaraz at WG2
WYl A effect or other sources ?
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O, and Q% in SCiBooNE |
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MRD Stopped sample

eu and QQ IN SCIBOONE (normalized by muon

events)

Reconstructed g°
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Low Q2regionin QE .

(T. Katori) jana 7 o

MiniBooNE

0.1 0.2 03 . 04 0506 - 0.7 0.8 0.9 1
2 2
Q’ (GeV?H)

e fit to Q2 distribution, Q%>0, fixes high Q2
carbon /

=P NGO ACK
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MEASUREMENT OF NEUTRINO OSCILLATION BY THE ...

TABLE XIV. Results of the spectrum measurement. The best-fit value of each parameter is listed for the fits with all the detectors’
data, with the 1KT data, with the SciFi data and with the SciBar data, respectively. The reduced y?* (x2,,,/DOF) and the averaged y? of
each detector (y?/Ny;,) are also shown.

Parameter

Combined

1KT only

SciFi only

Discrepancy In the K2K result

PHYSICAL REVIEW D 74, 072003 (2006)

SciBar only

f1 (0.00-0.50 GeV) .657 + (.43 +

£, (0.50-0.75 GeV)
f3 (0.75-1.00 GeV)
f4 (1.00-1.50 GeV)
fs (1.50-2.00 GeV)
fe (2.00-2.50 GeV)
f7 (2.50-3.00 GeV)
fg (3.00— GeV)

1.657 + 0.437
1.107 = 0.075
1.154 = 0.061
=1
0.911 = 0.044
1.069 = 0.059
1.152 = 0.142
1.260 *= 0.184

2.372 = 0.383
1.169 % 0.072
1.061 = 0.065
=1
0.709 = 0.151

=1
1
1

0.882 += 0.317
1.157 = 0.201
=1
0.980 = 0.107
1.188 = 0.096
1.062 * 0.230
1.323 = 0.203

0.963 = 0.070
0.985 *= 0.086
1.291 + 0.283
1.606 *= 0.749

0.964 = 0.035 0.589 = 0.071 1.069 = 0.060 1.194 = 0.092

R +(0.2

RNQE (=0p0n-qe/ Oge)
1KT measurement = ~0.6
Low energy neutrinos
Extracted from the muon angular distributions.
SciBar measurement = ~1.2
Medium-high energy neutrinos.
Extracied dsomdoih.dhe number of fracks anasthe



(CC)-v n production at low energy (~1 GeV)

CC-1n (vip2utp+n)
CC-coherent & (vtA2utA+n) Mainly through A resonance.

/ >
X Q proton
N )

Coherent & signature
and in the final state

due to no proton

T. Nakaya (Kyoto) @ Nufact08, Valencia 16



Coherent t production in CC and NC
reaction

b)
MiniBooNE =n° (NC

1° 19.5% Coherent

t .
Fit C.L. = 7.14%

4y resonance

coherent
1.2 1.4 1.6 1.6
Q*(Ge

0.2 0.4
E (1-cos 0))

CC-coherent wis observed.
NC-coherent nt Is observed.

17
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MiniBooNE =° (NC)

¥ Aachen (NC), Faissner, PL 1258, 230 (1983), A

© GGM (NC), Isiksal, PRL 52, 1096 (1984), CF,Br

K2K u+r (CC) CEMNG T | s ren-senae
- w Pggchos (hep—ph/0309148)

PRL95,252301(2005) S Kapeloren (g o0/04090
_—0

0.65x1040

0 0.5 1 1.6 2 25 3 35 4 45 5
E, (GEV)

-_—t

O=_NWPLPOONOOWOWO

—— Rein-Sehgal

nucleus

6(v,CC) =1.07 x 10°* em’/nucleon
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Consistent?

New CC result will come from SciBooNE
soon.

T. Nakaya (Kyoto) @ Nufact08, Valencia 18



MiniBooNE =° (NC)
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New K2K Result: CC «t*

accepted by PRD

Occ w/0ge = 0.734 = 0.086 (fit) " 0075 (nuclf o0 (syst)

CC1n’IOCCQE

® SciBar
A ANL

Q

» consistent with ANL (1982, D,)

e 20% measurement of ¢ ratfio

o
=
©
o
c
o
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o
o
n
»
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o
S
o

Talk by L. Whitehead at WG2

T. Nakaya (Kyoto) @ Nufact08, Valencia 19



™ momentum distribution

—F— Unsmeared Data

K2K 170 (CC)

Monte Carlo

+
_ MiniBooNE =° (NC)

0.6 0.8 1 1.2

0
T Momentum

Talk by H. Tanaka at WG2

More low momentum 2

If so, it is a good news for v osci. Experiments.
(K2K) : Onc1,0/ O q1=0:06420,001 +0.007 (MC: 0.065)

oto) @ Nufact08, Valencia 20
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MINIBOONE low energy e excess

e MiniBooNE data (stat. error)
-+ expected background (syst. error)

— v, background

— Vg background

300 500 700
reconstructed E. (MeV)

Needless to say, it is important to understand
the source of this effect.
the effect on T2K may be marginal.
T2K: sensitivity of sin°20,, (=0.5sin*26,5)~
(0.35<Ev<0.85 GeV)
MiniBoehMsensidiviiyeof sin220~ (0.475<Ev &eV)
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New o, Calculations (2006-2008)

(]
- M.C. Martinez et al’;.arXiv:0805.2344 [nucl-th] (2008) - K.S. Kim, L.E. Wright, nucl-th/0705.0049 (2007) Com plled
- O. Benhar, AIP Conf. Proc. 967, 111 (2007) - A. Butkevich, S. Kulagin, nucl-th/0705.1051 (2007)
-A.V. Butkevich, arXiv:0804.4102 [nucl-th] (2008) - J.E. Amaro et al., PRC 75, 034613 (2007) by SCIm Ze"er
- M.J. Vincente Vacas et al., arXiv:802.1128 [nucl-th] (2008) - A. Bodek et al., arXiv: 0708.1827 [hep-ex] (2007)
_A. Bodek et al., Eur. Phys. J. C53, 349 (2008) _P. Lava et al., PRC 73, 064605 (2006) (|_ AN |_)
- A.M. Ankowski et al., AIP Conf. Proc. 967, 106 (2007) - O. Benhar ef al., nucl-ex/0603029 (2006)
- A.V. Butkevich, S.A. Kulagin, arXiv:0711.3223 [nucl-th] (2007) - R. Bradford et al., hep-ex/0602017 (2006)
- J.E. Amaro et al., arXiv:0710.5884 [nucl-th] (2007) - K.S. Kuzmin ef al., Acta Phys. Polon. B37, 2337 (2004!
- AN. Anatov et al., Phys. Rev. C75, 064617 (2007} - J. Nieves et al., Phys. Rev. C73, 025504 (2006)
- T.W. Donnelly, Eur. Phys. J. A21, 409 (2007) - M.C. Martinez et al., PRC 73, 024607 (2006)
-T. Nasu et al., AIP Conf. Proc. 967, 187 (2007) - A. Meucci et al., Acta Phys. Polon, B27, 2279 (2006)
- N. Jacjowicz et al., AIP Conf. Proc. 967, 292 (2007) - C. Giusti et al., nucl-th/0607037 (2006)
- K.S. Kim et al., J. Phys. G34, 2643 (2007) - N. Jachowicz et al., NP. Proc. Suppl. 155, 260 (2006)
- J.A. Caballero et al., nucl-th/0705.1429 (2007) - G. Co, ActaPhys.Polon.B37, 2235 (2006)
- M. Martini et al., Phys. Rev. C75, 034604 (2007) - M. Valverde et al., Phys. Lett. B642, 218 (2006
- E. Hernandez et al., Phys. Lett. B447, 452 (2007) - M. Valverde et al., Phys. Lett. B638, 325 (2006)
- A. Bodek et al., arXiv: 0709.3538 [hep-ex] (2007) _\
- M.V. Ivanov et al., Phys. Rev. C77, 034612 (2008) - H. Nakamura et al., hep-ph/0705.3884 (2007)
- E. Hernandez et al., arXiv:0802.1627 [hep-ph] (2008) - E.A. Paschos et al., hep-ph/0704.1991 (2007)
- S.K. Singh et al., arXiv:0710.4467 [nucl-th] (2007) - M. Sajjad et al., Phys. Rev. D75, 093003 (2007) 0 |
- M. Barbaro ef al., arXiv:0710.4089 [nucl-th] (2007) - T-S. H. Lee, AIP Conf. Proc. 967, 238 (2007) single
-C. Praet et al., arXiv:0710.0312 [nucl-th] (2007) - M. Sajjad ef al., Nucl. Phys. A782, 179 (2007) TT
- L. Alvarez-Ruso et al., arXiv:0709.3019 [nucl-th] (2007) - L. Alvarez-Ruso et al., Phys. Rev. C75, 055501 (2007) >_
- L. Alvarez-Ruso et al., arXiv:0709.0728[nucl-th] (2007) - D. Rein, L.M. Sehgal, Phys. Lett. B657, 207 (2007) prod Ucﬂon
-T. Leitner et al., arXiv:0709.0244 [nucl-ex] (2007) - O.Benhar, D. Meloni, Phys. Rev. Lett. 97, 192301 (2006)
- O. Lalakulich et al., AIP Conf. Proc. 967, 243 (2007) - O. Buss ef al., Phys. Rev. C74, 044610 (2006)
- O. Buss ef al., Phys. Rev. C76, 035502 (2007) - E.A. Paschos, A. Kartavisev, Phys. Rev. D74, 054007 (2006)
- L. Alvarez-Ruso et al., Phys. Rev. C76, 68501 (2007) - O. Lalakulich et al., Phys. Rev D74,014009 (2006)
- K. Graczyk, J. Sobczyk, AIP Conf. Proc. 967, 205 (2007) - O. Buss et al., Eur. Phys. J. A29, 189 (2006)
- E.A. Paschos, AIP Conf. Proc. 967, 162 (2007) - S.K. Singh et al., Phys. Rev. Lett. 96, 241802 (2006)
- L.M. Sehgal, AIP Conf. Proc. 967, 166 (2007) - B.Z. Kopeliovich, Nucl. Phys. Proc. Suppl. 139, 219 AR
- Ch. Berger, L.M. Sehgal, Phys. Rev. D76, 113004 (2007) -S. Ahmad ef al., Phys. Rev. D74, 073008 (2006)
- I. Schienbein et al., Phys. Rev. D77, 054013 (2008) - O. Lalakulich et al., PRC 75, 015202 (2007) : > DIS
- A. Cooper-Sarkar et al., JHEP 0801, 075 (2008) - S.A. Kulagin, R. Petti, hep-ph/0703033 (2007)
- S.A. Kulagin et al., arXiv:0711.3956 [nucl-th] (2007) - T. Leitner et al., Int.J.Mod.Phys. A22, 416 (2007)
- A. Psaker, arXiv:0708.0926 [hep-ph] (2007) - K.S. Kuzmin et al., Phys. Atom. Nucl. 69, 1857 (2006) =

- S. Alekhin et al., AIP Conf. Proc. 967, IRtk 2067(Kyoto) @ Nuéitosd& ihlEREI@3, 062502 (2006), PRC 74, 065502 (200
- W. Melnitchouk, AIP. Conf. Proc. 967, 225 (2007) - O. Benhar, D. Meloni, hep-ph/0610403 (2006)



3. v Scattering Experiments

K2K (1299-2004)
MiniIBooNE (2002-present)
MINOS (2005-present)
SciBooNE (2007-present)
72K (2009- )

MINERvVA (2009- )
(Results may come from NOMAD and OPERA)

T. Nakaya (Kyoto) @ Nufact08, Valencia 23



Summary of v scattering experiments

K2K : Cherenkov 5~50 50k~100k
, FGD

MiniBooNE i Cherenkov ~440 ~500k

MINOS lron/Plastic 33
sandwich

SciBooNE : FGD
T2K : FGD

MINERVA

but rough estimation by TN.
T. Nakaya (Kyoto) @ Nufact08, Valencia



SciFi Detector

K2K [Near defeCtors| s

‘lg' 1KT 1)
& Water Cherenkov g
Deam ¢ i» Detector !

Final work tfor publication §
CCn® production 55?

Oceno/Oce.ae=0.306+0.023(stat.)+0.023-0.021 (sys.)
CC-QE M, on Carbon.

2 Track=QE samples

W K2K MC inclusive

O ANL Radencky et al. (single pion)
O ANL Barish et al. (single pion)

A BNL Kitagaki et al. (single pion)

¢ ANL Day et al. + BNL Kitagaki et al

= K2K MC single pion
wee  K2K MC multi pion
K2K MC DIS+other
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Published papers from K2K on v scattering.

NC-1x° production
Phys. Lett. B619 (2005) 255

CC-coherent it search
Phy. Rev. Lett. 95, 252301 (2005)

CC-QE M, on Oxygen
Phy. Rev. D74, 052002 (2006)

Study of CC-x=° for proton decay p—e*n’

seqarch
Phy. Rev. D77, 032003 (2008)

CC-n" production

T. Nakaya (Kyoto) @ Nufact08, Valencia 26



MINIBOONE

NC-coherent =° production

Fraction=(19.5+£2.7)%
Phy. Lett. B .
MC prediction = 30%

CC-QEM,
M,=1.23+0.20 GeV/c?

(T. Katori)

’ I [ lll:l-l-l-ll

Coherent Fraction (%)
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Coming results from MIniBooNE

® CC n*/QE ratio (S. Linden, J. Nowak)
®© CC & production (M. Wilking)
oM rc‘_:_"r]‘on R. Nelson)
rential o (T. Ko’rorl)

o —_—




CC-QE
Ma

Inclusive v, CC cross section

Structure functions
Di-muon

Strange quark content
Coherent t production

Fraction Events/10°
A) DIS: 24.2%

B) Low Q* DIS: 8.5%

C) RES @ DIS:  32.4%
D) QEL + A: 34.8%

T. Nakaya (Kyoto) @ Nufact08, Valencia

Per 119 POT

CC-QE selected events
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— 1 Prong Selection

rue v, -CC QEL Events

—— 2 Prong Selection
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|| i

0.5 1.0 1.5 2.0 22.5 3.0

Reconstructed Q2

aeL (GeV7)



hy
,_



S
200SPAR

-G
Jlen
@7@

"l




FNAL E?54

® v, v, Cross section at ~1GeV (for T2K)

® _The first resylt s expected this summer.
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From June 2007 to August 2008

e Goal: 2E20 POT (Protons-On-Target)
e So far: 2. 12E20 (by June 28, 2008)
e v: 9.9E19 (goal: 1E20)
e v: 1.13E19 (goal: 1E20)
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CC-1m study
Coherent m and resonance productions
NC-1x° study
n® mass is well reconstructed in SciBar
NC =° purity is 71%

B 2y (from 19)
— [ 2y (wrong y combination)

ple N ”
M'Y'Y 1y & non-

Q? (2track w+t nonQE)

1 2 non-ys

_frehmma
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ScIBooNE physics topics

Both v beam and anti-v data

[v result will come first, and later anti-v
result will follow]

CC-QE study

CC =" production
CC n® production
NC =® production
NC elastic scattering

+ Short baseline v, disappearance
search with MiniBooNE

T. Nakaya (Kyoto) @ Nufact08, Valencia / 34







Accelerator commissioning on schedule
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Accelerator commissioning on schedule
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v beam construction status
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v beam construction status




v beam cons’rruc’rion status
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- Off-Axis detector

UA1 Magnet Yoke

Magnet Coils

Fine-Grain
TPCs Detector

——

‘*

A CCl1 1 interaction in the POD,
with full hunehbackground

\
\ Downstream
B ECAL

FEDHTPC

CC interactions
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Neutrino Events (T2K-ND280-offaxis)

Interaction mode Fraction Events/year/ton
CC-QE 38% 65k
NC-Elastic 17% R10]¢
CC-1n? 14% 23k
CC-1r0 3% 5k
NC-1x0 4% 7K
CC-coherent t* 1% 2k
NC-coherent nt" 1% 1Kk
CC-multi-nt+DIS 15% 25k
NC-multi-t+DIS 8% 8k
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UAT/NOMAD magnet

@ Shipped from CERN
and installed in J-PARC ‘\

> will operate at 0.2T

© With TPC

> Measured charged
particle momentum with
LARGE acceptance.

T. Nakaya (Kyoto) @ Nufact08, Valenci « S



Fine Grain Detectors (FGD)

Neutrino Target (Vertex) Detector

1x1cm? finely-segmented scintillator bar + WLS
fiber + MPPC

Under construction.
+ Beam ’resT of full deTec'ror s‘ram‘mg from July 2008.
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TPC (3 TPC modules)

O gas amplification (8x8mm2 pad sise)

® 10% momentum resolution (p<1GeV/c) with 10% dE/dx
resolution

® Under construction.
> Beam test of full detectors starting from JuIy 2008.
' PARC In summer 200§

» a 30 um thick 440 Lpi woven micromesh is embedded between 2 layers of pyralux
* 4 layers PCB with internal shielding layer & 6,9x9,7 mm pads with 7x9,8 mm pitch
* 128 um amp. gap / 12 x $0,5 mm pillars per pad / « stretiched » mesh procedure

» 93% of PCB surface is active area / less than 2 faulty pads per module
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Hamamatsu MPPC

® Multi-Pixel-Photon-Counter
> Multi-pixel APD operating at the Geiger mode.
> 667 pixels.

® Under production.
> ~30,000 devices.in our hand. (out of ~60,000.)

® Extensive mass-test is in process.
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More T2K-ND280 detectors.

DS ECAL module (ProE
Down ﬁream EéAL
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T2K is coming!

®© T2K beam will start in April 2009.
> Less than onewyear!

provide the high quality v
within a couple of years.
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" MINERVA

® MINERVA: precision v scattering @
NUMI

® Finely segmented, fully active,
scintillator tracking chamber,
surrounded by ECAL, HCA

‘econstruced exculsive final




MINERVA Detectol

Fully Active Scintillator Target Re
Veto Wall 8.3 tons (~3 tons fiducial)
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MINOS near detector
(muon spectrometer)

HCAL
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Event Yields

With 4yr run
4e20 POT LE beam
12e20 POT ME beam

Yield: ~14M
(CC events)

Quasi-elastic
Resonance production
Resonance to DIS
transition region
DIS Low Q? region
and structure functions

Coherent Pion Production

— all events
B w>2, Q>1 GeV
W>2 Q<1 GeV
B 1 3<w<2 Gev
- W<1.3 inelastic

I quasi-elastic
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NuMI Low Energy Beam

10 15 20 25
neutrino energy (GeV)
0.8 M

;Z R/I/I Nuclear Targets
' He 0.6M
4.3 M C 0.4M
Fe 2.0M
Po 2.5M

CC 89k, NC 44k
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Summary and Outlook

The active and attractive region in particle
physics with new data and new problems.
We need

New data (and new experiments)

New ideas ( of theoretical models and analysis
methods)

Your talent (especially, of young physicists).

The knowledge is essential to address the basic
characters of neutrinos.

| wish that the puzzles that | list up will be easily
solved by you within a few years.

A new puzzle will appear and follow (< no question).
Let’s play and enjoy neutrinos!
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