—a—HM)/RIEDEEE

Yoshinari Hayato



Neutrino experiments ~ detection of neutrinos
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Neutrino experiments ~ detection of neutrinos

ANiz=a—k~) /88 ~ EFRIFE
Za—k)/ERFRORIENLERT B,
[ZZITHFEEL TG S 1B EESF i,
37Cl + v, —» 37Ar (1,4,=35.02days) + e~
Energy threshold 0.817MeV

Davis et al. from 1967
Homestake mine ( South Dakota )
"Ga + v, » "1Ge (t4,=11.43days) + e~
Energy threshold 0.233MeV

SAGE (1990 ~)
Baksan neutrino observatory

Gallex (1991 ~ 1997 ) y
->GNO (1998 ~) - [y 280,000 litery
Gran Sasso Lab., Italy ' tank




Neutrino interactions

Neutrino — electron scattering ( lepton - lepton scattering )

Charged current Neutral current
Vv e Vv \Y

e
W Z9
e- A% e e

Interaction cross-sections ( E, = 10 MeV )

o(v,+e v, +e’)
~ 9.5 x 104 cm?

olv,.+te>v, +e)
~ 1.6 x 10%* cm?

10MeVD=a—kY /1%, /KD %E
3x10%cm BRI HE 1RIOEFERIGT S,
(135 ~ 9.46x107 cm)




Major neutrino interactions ~ E, 2100 MeV
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Charged current quasi-elastic scattering

v+n-=2l+p

Neutral current elastic scattering
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Single meson productions

Deep inelastic scattering

v+N->v +N
v+ N >/+ N + 1 (n,K)

v+ N >/ + N’ + mn(n,K)

(/: lepton, N,N’ : nucleon, m : integer)

1.4 —— Cross-sections ——rrm
- CCQE CC single Total o .
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Charged current Quasi-elastic scattering
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c/E (10-33cm?2/GeV)
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Case 1: Ev =

FRE
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100 ~ 1 GeV
B vEN-DYSI+N

Charged current quasi-elastic scattering events
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Charged current Deep inelastic scattering

SIR/LX—EE (~#

GeV) D F ELZ It

—a—k)/h quark ERRELL TULVA L

V, [
W+
V
N Hadrons
14 —— Cross-sections  ———
-CCQE CCsingle n Total o
12 A ANL O ANL82 MW CCFR90  _| N
““ 1O GGM77 | % BNL86 ¥V CDHSWB87 -
- @ GGM79\+ X IHEP-JINR96 -
" % Serpukho @ IHEPITEP79 |
T H l 0 CCFRR 84
A BNLE2

' CC Total

T TESD

Hadrons

X1

BELETE RS L ER R
FBEBRRFOTLNS
BEIRILEF——a—KF)/E—LD
ARG LBAIEGEICAWLWLGNS
E, ~ lepton energy + Hadron energy
( Calorimetric method )
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Case 2: Ev > several GeV

25525 - HEALUIRIG

FI(Z v+N->/+N +hadrons

Charged current deep inelastic scattering evens
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Case 2: Ev > several GeV
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—a—kr)/ZEEEDH
KR =—a1—k) /&8 HIEER = N DR [ R B
FAlENLT N RO R FOESER VP ARZRALS,

X\ — — 1 DA » a7
j(_’_“ - "),/,7,,7,,,’/73, IRILF—LIOMNELY

_ [ ‘ ( BEMeV ~ TevElE )
3102 f
' —a2—RJ/ DRIEBDIEANEL
'3 10 Km ~ 13,000 km
E 10! | C.
- . 2TH=a—rJ/TL—3—5H
- —.— HKKMSO06 N EBESDOTLVS,
- - = - Bartol N R - _ .
h | Fluka ‘ | =— T —RESFELFEANIL,
e L BAG=2—h) /O
E, (GeV) (BEMERE-cPIERFLE)

M. Honda et al., Phys. Rev. D 83, 123001 (2011) DEEMNTER]EEIZ,
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Neutrino experiments ~ detection of neutrinos
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—a—M) /R ab—a7Ag oA
( Neutrino event generator )



Procedure of the neutrino event generation
( Event generator)
e Za—hk)/IRILF—DRE
RIRHGEERDIRILE—3HD

neutrino flux ( @ (E,) ) & total cross-section ( Gy, (E, ) )

DIRD T MEBEIT DK,

o RIGTERIDIRTE
FRICERNEOMELEEEFEZANT, RIGERZRE
(BRICOFEFEENTETETVWDSIIENAVE)
e RBIEZ1—F)/RIEDIIaL—I3aY
AL FEETIRTE.
BRFDRFIER K EFE (HFR)ZRTE
e RN FDREFEZFTHDEHEZIaL—2ay (WELDL)
FEFRZPTHRELE-BAFONOY) DRERNATORELE
UIalb—iavl, BRFHNEFENOHT-BFDIREZFRE,
(RUR - BREL - R F AR - T EEBRRSEENHIYSD)




Procedure of the neutrino event generation
—a—kFJ)/IRILEF—DIRTE
RICHGEZRDIRILEF—0wH

neutrino flux ( @ (E,) ) & total cross-section ( 6;,,, (E,) )

DIRD DT HEBEIT DK,

example)

Atmospheric neutrino
( Angular distribution is also taken into account in the actual simulation. )

neutrino flux ( #(E) ) x Cross-sections

‘%; - L ccaE CCsinglen  Totalo :
- L [ A ANL O ANLS2 B CCFR90 N
- v, v, > 12 O GGM77 | % BNL8 V¥ CDHSWS87 |
» QO - @ GGMTQ} X IHEP-JINR 98 -
0 1 B ¥ Serpukho + l % IHEP-ITEP 79 |
CCFRR 84
j102 ‘T'E 'CC Total + A BNLB2
E 08 | ¢
W X o §
% —Honda flux ® g6 [ e
= ) .
€L - Flukaflux o
3 — [
- Bartol flux >0'4 -
LLJ i
b 0.2 B
1 Lol L vl L1 o111 0 i

-1 -1 ..-.7
10 1 10 £ el 10 1 10 E,(GeV)



Procedure of the neutrino event generation

—a—h)/IRIIF—ERIGHEIEDRTE
I ( T2K ERERFIERHIZOH )
e T2K Za—k)/E—LIZal—Larhn
Scintillator ::L_I\U/O)$E¥E ( flavor )s 7|7_|-E.|s I*}l/#\'\_
=F5H,
¥

s FRHBADEMEIZDUIT,
BiET HIHEH (L) =B 51895,
L(Iron), L(Scintillator), L(H20) etc...

\

« FYMEICONTORIGHERZFIET S

Scintillator

P(lron) = L(Iron) x &,,,,(EV)
P(Scintillator) = L(Scint.) X ¢ (EV)
P(H20) = L(H20) x 6,,0(EV)

P.....=P(Iron) + P(Scint.) + P(H20)

e RIGLT=M, EOYPETRILLI=-DZTFRDT-1£.
BRHERATORICMEZRDS

Decay tunnel



Procedure of the neutrino event generation

RIGTER DRTE
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| Total (NC+CC)

1 CC Total
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Procedure of the neutrino event generation

RIEMNoERT HHFEE. . Al EEIEEZRDD
Example ) fiBAL U B—rn fIFERER
HoMNLORELIZIRILF—TORIGIZEH>TERT D
ETORFICTDODVNT, ARIEIRILTF—(GEEFE)TERD
( HIREDORFDAREIRILF—(EEFZ)LITEROSD )

o
initial particles T final particles
P

N

RFREATCOERNFOBRHEEZERETS
BIRATY T TEBLIZAFDO>6., RFREATHERELTSREHEDH S
FIFIZDONTOIaL—2arE 175,

BRFITDODVWT, BEFRENOHEBEEDAREIRILT—(EEIZE)ERD5,

Example ) ©t faf B 3 # I it

il FDIEFRZRATOENIZ B,

RICAEEEZ R~ RIGLT=5 & (121

RFIER EEELGTEZRIESE D,




BERO=—2—r)/ RIGDEEE
~I BT IR FED R~

LT TRESREEFTDERE

/ (E/; P/)

v
(E,p,)

Nucleon or Resonance N*

—>

(E,p,)

g% : 4 momentum transfer
a’= (E,-E,)*- (p, - p,)* (=-Q2)
W : Invariant Mass of N*

WE\/EZ*—D,EI*




Charged current Quasi-elastic scattering (CCQE)
N EITRILF—mEE (EMeV) D EELZRIG
/

_ 2 1K It
W+ ~ EMZFLIEFRIELTLIVNRIL,
’ HELITDIEIRD A T

P Za—k)/IRIILX—DEERATEE
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Charged current Quasi-elastic scattering v, |

Cross-section calculations W
Free nucleon : C.H.L. Smith (Phys. Rep. 3,261(1972))
G N

Hine = Ejifpjféd +he. P
< (K= 0 (k) >= a(K')ya(l — vs)u(k), Jiag = cosbc(V* — A%).
do,iz  G?cos? OcM? 5 S — U o [S— U °
e A + B
dQ? 8mE? ( (Q°) £ B() M? Tel@ )( M? )
2 2 2 2 2 2
9 m- —+ Q Q 2 Q 2 Q Q 2
A(Q7) Ve [(4+W)FA_(4_W)FV+W(1_W)FM
Q2 m2 Q2
+4WFVFM —W ((FV + F,w)z + (FA + 2Fp)2 — (4 -+ W)Fg)}
2 Q° 2 1 (o 2 Q*
B(Q):WFA(Fv+FM) C(Q):E FA+FV+74M2FM



Charged current Quasi-elastic scattering v, |

Cross-section calculations .
Free nucleon : C.H.L. Smith (Phys. Rep. 3,261(1972)) W
BF % FRELEERIGEDNLIRTE n

2 \ 1 2
Fv(q2)=(1— d ) [Gg(qz)—q—(?}v’z(qz)

P

4M? 4M?

2

-1
Fy(g?) = (1 _ 1 ) [G;(q?) — GY (g?)] (M:nucleon mass )

4 M2

—2 -2
Vo2 q° Vo2 q°
Ge(q)~(1-75] . Gulq )~(1+ pp — pty) X 1——7
v v

(M,=0.84GeV/c)

Za—h)/ % FRELEERNDIRE

2M?F,(q?)
mz — q*

2\ =2
F4(q*) = F4(0) X (1 — I\Cil_j) Fp(q*) =

F,(0)~1.267 (From 3 decay)

(9*=-Q*)
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¥&1& B2 ( Vector form factor ) A Bodek et al

EE- *Z%ﬁ&ﬁl,%.%ﬁfd:gb\gikfﬁ B. Eur.Phys.J.C53:349-354,2008
BIT (S dipole 2 M D FEBEMEEBIZSNTLND
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¥ &R %K ( Vector form factor )

mn

A. Bodek et al.

EE-% i *Z%ﬁ&ﬁ'..%%ﬁfd:gb\giki B. Eur.Phys.J.C53:349-354,2008

T dipole MWL D FEBEAEERBIZINTULVS
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large g2 FEIR TE VAV K E0D
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CCQE Cross-section

Black: Non-Dipole
( BBBAO7 )
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Charged current Quasi-elastic scattering
Axial vector mass dependence of do/dg? , 1.276

M, EXECT B ") = By
- EHEBERAKESS
e small g2 "C S 75\11\7:"(73%) ~ BIAEELHAVES

e large g2 ’Gd—cﬂh\j(%QEé ~ BAHNENIEZS

Absolute cross-section Area normalized

&2 for shape comparison
g 2 s 2 r

> 8 [ E 1.8 [

(eb) S r

O st > F M,=1.0 GeV
T \I\/I =1.1 GeV St M.=1.1 GeV
E 2 12 [ A

O ot
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Charged current Quasi-elastic scattering v, |

N n

EELETERORIE (X
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Baker et al., PRD 23, 2499

®
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FIZTEBRGZIPEFITEVVMENTHS
BEARFFRAN-AREERD
T—EAhBM KDL=,
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Charged current Quasi-elastic scattering v, |

. EVENTS/0.06 (Gew/c)?

M, DRE ~ AEEREKFEN OB -
EKRETLRPRNBILERE

160 -1
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@
o

40

Q%>0.2(GeV/c)? DEBZFEIGZEDI R N P
' ‘ ' 225 — e N B |
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". ——Mp= .07 GeV 200_5. "
‘ -=--Ma=0.84 GeV
T 1?5-1
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1,236 events 3 125 1,737 events
- Baker, PRD 23, 2499 (1981) g o, |
& 75 Miller, PRD 26, 537 (1982)
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Single pion production

#GeVLL T T Charged current quasi-elastic 8EL D XIZ<5 K it
EIRILXF—O=a1—M)/IREBERICEEZEELXEZ 5

Charged current

v, Th
W+ N
(s
P
P

Neutral current

A% V

n PLIFHME[ S DI
(RO MHE - RFRZAREE) 'C*‘
*ﬁHﬂT%f&b\ot

CC Quasi-elastic BREFLET '51167%15'&&)")0
( KFzLraJBBEHBIDIES.
fATE r AFDRHBEEIX 200MeV/c TR )
CC quasi-elastic IELZAVVTIRILT—FRDDHESE.
CEBEE5ERAS ( BERERLGS )

O MNERIBELTRET Sy DI B FAD.
EXIREIEFIZKYEF=H/NEK
Edanfey (RAGN oY fu
ZODy DRERAFANNEI 1DD ¢ EHIFIEINT-HE.
CC Quasi-elastic BERERIZBINSAIREEHY

v, appearance [Zd&% Neutrino oscillation JAIFEIZE&H VT
TEBEEZS (BREBERLED)



Single meson production via resonances
v+ N=2>1+N +m(K,n)
Based on D.Rein, and L.M.Sehgal, Ann. of Phys. 133(1981)
v+N 2 [+A(N*)
v, ™ L— AN*) D+ N
\/ “Relativistic harmonic oscillator model”

W™ _n by Feynman, Kislinger and Ravndal
p -—--"T<p ( Feynman et al. Phys. Rev. D3 (1971) 2706 )

i

19

2GeV ETHO RN D #Z%FLIBIRRE(ZDULVT,
FHETEOH-ETHELEEBEDOETENE XS

RIcZE 2 ERBEICHITTHH=8H,
BREERTUVEVTWHRRIRERIGEZEZSHILET,
BH— g £ OELBEELSRE TES,



Single meson production via resonances

Rein-Sehgal model £ 1.2—
, e
VN2 I1+N +7 =1 I
Considered resonances °o b ]%
.. - T
( from original ref. ) 06 E | } lr
Central mass  Total Elasticity B Ity
Resonance value M with xg = mA" branching 0.4— @  ANLRadecky, Phys.Rev.D 25, 1161 (1382)
Symbol* [MeV/c?] T[MeV] ratio B B ANL Campbell, Phys Rev.Lett 3,225 (1973
0'2 - ANL Barish, Phys.Rev.Dr 19, 2321 {1379
Py(1234) 1234 124 1 i : . ":m_mﬂ'm;
P1:,(1450) 1450 370 0.65 0 ' Ll
D(1525) 1525 125 0.56 1 10 Ev (GeV)
S11(1540) 1540 270 0.45. < 1
S3:(1620) 1620 140 0.25 R ﬁ_g-
Sia(1640) 1640 140 0.60 > F 1
P,,(1640) 1640 370 0.20 = 08 7 ¥
Du(1670) 1670 80 0.10 Z 07 I Lo %
D1;(1680) 1680 180 0.35 0.6 7
F15(1680) 1680 120 0.62 =
Py,(1710) 1710 100 0.19 05E
Dss(1730) 1730 300 0.12 04F
PO s S
3 : =
F(1920) 1920 340 0.15 02— L] ettt s
F3:(1950) 1950 340 0.40 01 A ST
P4,(1960) 1960 300 0.17 0 aa S g e
F(1970) - 1970 325 0.06

1 10 Ev(GeV)



Single meson producti

Invariant mass
of resonance (W)

vp=>lpnt
A** (1232) dominant

momentum of T

first order :
determined by resonance masses

en via resonances
0
= - vp=>lpmnt
Qo -

S -

>

© - Purple Ev=3GeV
5
< =
5
0 E [ T . . |

1 1.2 14 16 18 2
— W GeV/c?
© =
= vp>lprt
o
o r
»
S
S
s
< -
2

S | ™
00 05 1 15 2

o MeV /c

© = Arbitrary scale ( linear)

¢ Arbitrary scale ( linear)

o

vh=>Innt

W GeV/c?

12 14 16 18 2

vh=>Innt

0 05

1

Pr

e
15

MeV /c
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Single meson production via resonances

Rein-Sehgal model D[]8 &=

Vector form factor & 53 {2 T electro-pion production

HeTH 9 D& T—AEHHILY,

G [nb]

0D R EL BT E 7

0.2 r

S. Nakamura@INT 13-54W

12

1.4 1.6 1.8 2
W (GeV)

G [1028 cm?]

3000
2500 |
2000 |
1500 |
1000 { U. Mosel
( NuFact 09)
500 ¢ our FF — 1
; FKR/RS FF
0 0.5 1 15 2
E, [GeV]
ne+n->e'+p+po
0.8 . ; .
DCC ——
RS — 1
0.6 | Rein-Sehgal & DCC model
( Sato, Nakamura et al. ){D F, Z LLEZ
N 04+

0.25
0.2

0.15

0.1

Vv

Psa(1232) 7~

u

- U. Mosel s
] ( NuFact 09 ¥

R
n—-uR e

————
-
-

I

our FF —
Lalakulich FF ---- 1
FKR/RS FF

0.5 1 15 2
E, [GeV]

Neutrino DB ESIZIZIFIZF—HT S
( Axial vector DIENINH S E

BEDMRICKIEEICES )



Single meson production via resonances
7 LVETZIZ Rein-Sehgal model ?
[ENLLEEONGALBKLFEOLNTETTLHIE

1) EENSFEZ A Ta—FMNRESINT-,

2) Rein-Sehgal ET LD EGFRIZL.
Za—r)/EEBROT—2ENGEY ELHHTLV =,
(TETILHAEHEITHAEFIFAL TSI THALY)
— B HHEWNT—2H 55 (B TER) H.

FLWETILIZLTEHHKDIZESDITTELLY,

3) VUTINNEETIVIEDT o £ LUSZEDONZ B,

4) DUV E T, P33(1232) LISt HEBFTEY LIV
AL —237AYSLAT

[FELITHEZBIET IV DT,
(RIEWLKDOMFERK -EENTULVD)

B



Single meson production via resonances

Rein-Sehgal model @ Vector form factor %
[KYIELWNVARIZHEIET HAH

K.M. Graczyk and J.T. Sobczyk, Phys.Rev.D 77,053001 (2008)

Q°=0.225 Q°=1.025
T T T T T T T
04 L Osipenko etal. —+— |
_ FKR -—---—-
New Vector Form Factor
LLC\I
0 I I I I \“1-- 4|
0.1 0.15 0.2 025 0.3 035 04 045 05
14 T T T 14 T T T T T
. FKR model mi
12 - N 12 New Vector Form Factor [ 7
|
1 1 ﬁp"'-q g
=T
'«E | | I. r.
9 o.a—nm_____-'"_ . 08 | . " " w .
2 o6l . - 06 | ye n"l""lnm.n-l""lil - .
: | ’ dj:leljjj:hD u ' o wﬁﬂn
Ty U O m .
04 - o - 04 @ r 8
i %
0.2 - D”DD;% - 02 .
D | | | | 1 1 &I 0 1 1 1 1 | E
0.1 0.15 0.2 025 0.3 035 04 045 05 0.2 0.3 0.4 0.5 0.6 0.7 0.8

X



Single pion production via resonances

Parametrization > Best 'l:lt M,rqes — 095, Céq(O) =1.01
vp->uwpmnt Choose BG scale 1.3 £ 0.2
o.; 7 - ' - W- E —— M,=0.85Ci=1.13
o [ -
o — NewCC1rm | =2,
o — Old CC 1x %
1.0 2.0 3.0 40 L e

Cross-section comparison (new vs old )  Samples from the curve: nearly const

» Parameters in nucleon model:

C£(0) Value of axial FF at @? = 0. Main effect is normalization of total
Xsec

Mg Mass parameter in axial FF. Affects both shape of do/d@? and
overall normalization.

BG Scale of J =1/2 nonresonant background terms

» Try to reparametrize (M7, C2(0)) into (shape, norm) for convenience



Single meson production via resonances

Rein-Sehgal model MLER ~ K, A 7GFEDERRIE
v+ N2> |+ N*
L— AN*) D K+ A

K®OnIZOWTIE. HEEBDEMFETIE 1 £2<RICLETIL
RRIEDECAIL., BRIEERZZEZ ST ELTHLGE

01 ¢ 0.2

0.09 - 018 -
0.08 - 0.16 -
0.07 - 014 -
0.06 - 012 -
0.05 - 01 -
0.04 - 0.08 -
0.03 - 0.06 -
0.02 - 0.04 -
0.01 - 0.02 -

0:.J.J..J.. \ \ N 0 S N Ly
0 6 7 8 9 10 0 6 7 8 10




Single photon production via resonances

A = Ny decay

This branching ratio is small,
but NC A> Ny can be background
in searching for the vuéve appearance.
A resonance can decay into gamma (Br ~<0.5%)

This mode is added to NEUT, assuming
» Kinematics are basically same as A2>Nx
v+ N +A(N¥) \ ]~
L— AN*) Sy + N ~~

* Three reactions are considered W+t vy
* CC:v+n=2[+p+y R ¢
n A+ p

* NC:v+n=2v+n+y
* NC:v+p=2>Vv+p+y



Charged current Deep inelastic scattering

SIR/LX—EE (~#

GeV) D F ELZ It

—a—k)/h quark ERRELL TULVA L

V, [
W+
V
N Hadrons
14 —— Cross-sections  ———
-CCQE CCsingle n Total o
12 A ANL O ANL82 MW CCFR90  _| N
““ 1O GGM77 | % BNL86 ¥V CDHSWB87 -
- @ GGM79\+ X IHEP-JINR96 -
" % Serpukho @ IHEPITEP79 |
T H l 0 CCFRR 84
A BNLE2

' CC Total

T TESD

Hadrons

X1

BELETE RS L ER R
FBEBRRFOTLNS
BEIRILEF——a—KF)/E—LD
ARG LBAIEGEICAWLWLGNS
E, ~ lepton energy + Hadron energy
( Calorimetric method )



Deep Inelastic scattering v+ N = | + hadrons
Dominant interaction in the high energy region (> several GeV )

d*0” GimpyE, 1, 1 ]
drdy - [(1 —y+ 5y + C)F(z) + y(1 — Sy + Co)[zF3(2)]
C, = mi(y — 2) __ MmNZTY mg \% m
b 4‘mNng 2E, 4E?2’
_ Ty W
G2 = AmNE, x’

AV () = 2x[Q() + Q)] N
xFN(x) = 2x[Q(x) — Q(%)]
Parton distribution functions
MhRZFICLDEBRMNORESIN.
DA—=D T IA)DHFHRENSAT 31,
( GRV,CTEQ etc.. )
* F 7 Parton distribution function (&

FIFATRIBE /NS A—R B IZHIE A H D
f51) GRV: Q2> (0.8 GeV/c)2, W>2GeV




Deep Inelastic scattering Bodek and Yang ( For GRV98 )
1. Modified scaling variable

b= O+ B

0.5Q2(1 + [1 + (2Mz)2/Q?]1/2) + Ax

2. Correction factor for the PDF ( K-factor ) to describe low g2

_ [1 - GHQ@)]Q? + Cay]

K, —
vatence Q2 _I_ Clv
2 Q2 A =0.419
1 Gh(@?) = o
02 Q*+C  B=0223
Ksea = 3 & C,, = 0.544
Q% + Csea C,, = 0.431
3. Correction to Callan-Gross relation Csea =0.380
o0 I % 1+ 4MCIZ2/Q2
LIl = I'2 R: Fitted function
1+ R
4. d/u ratio

Uy — U (dy, Uy)  dy — di(dy, uy)



Deep Inelastic scattering

BELIRILXF—=a—K)/ZEAL

\

(/N7

A—43

EBEEHMAAEINTET-,
MEIFEIIREINTLNS)

01 -

NuTeV t--e-i
CCFR —=—
CDHSW t--w---
NuTeV fit - -----

al

x=0.015 (X3)

!% x=0.045 (X1.8)
. x=0.080 (X1.3)

&5 x=0.125
% ~geme-- X=0.175
L e o 4 x=0225
VT 420075
x=0.35 |

tg. . x=045 |

T x=0.75

100 1000

Q? (GeV/c)®

Experiment
CCFR
CDHSW

CHORUS
NuTeV

Target

Fe
Fe

Pb
Fe

Energy
30-360
20-212

10-200
30-500

xF3(x,Q%)

0.1

NuTeV t--e--i
' CCFR97 —8—
CDHSW +--%---:
I\luTe\fr m

T T T L —
% x=0.015 (x40)

[] X?Q.OS (x6)

H;s.
Hm;g
Eﬂ

___lEl

-HEH‘

mn—a—|

'%'?!’gziw LSS g
J +¢i fg,
: - sv"rﬁ

n|
_!._

x=0.045 (x12)

x=0.125

x=0.175(x2) 1
e

R Ex=0, 775

' g,@

(x3.5)

x=0.225
(x1.5) 1

x12)” ]

1 10

Q2 (GeV/c)?



Deep Inelastic scattering v+ N = | + hadrons
Avoid double counting : the resonance region to the DIS region

(

: £ B meson A 2L EDEDEETEEZS
HREIE multiplicity function (WD BEE) Z#{F->TL\5,
MR %A 2L EIZ/GE50ZRRELETEEICHMNTS
(12 meson MTESLIGIGEEIL. BEICEREFD=H)
multiplicity function X8 XD EERFER N HIRTE
Current version: S. J. Barish et al. Phys. Rev D.17,1 (1978)

( There are recent reports from CHORUS collaboration.
Eur.Phys.).C51:775-785,2007 )

(nr) = 0.09 + 1.83In(W?)

\ : Use PYTHIA to generate vectors.
W < 2GeV W > 2GeV
#ofn=1 Rein & Sehgal PDF + Custom kinematics
( Bodek & Yang Corr. )
#ofn>1 Use PDF + PYTHIA | Use PDF + PYTHIA
( Bodek & Yang Corr. ) ( Bodek & Yang Corr. )

As for the parton distribution function,

we use the correction suggsted by Bodek and Yang.



Deep Inelastic scattering

o/E, (10%°cm” GeV™)

—

0.9 F
0.8 Ef.
0.7 E
0.6 F
0.5 F

0.4
0.3
0.2
0.1

arbitrary unit ( linear)

H

v, Charged current cross sections

______
................

% CDHSW87 O BNLS8O = E X [HEP-JINR9 %

IAI gGIM-FSI7gI I.I QRIS 8I0 1 1 E EIél IIHIEE-iTIEPI 7I9I I Ll 1 1 I L1 I:

- _i ﬁmﬁ%g}?vww .....

B CCFR90 0 CHARMS88 I F O BEBC-WBB79 & gEX_IBR84

=

0

—— GRV94
........ GRV94 (with correction)

10 20 30 50 100 150 200 250

Ev(GeV)

g2 distribution ( atmospheric v flux )
GRV98

— GRV98 (with correction)

------- Ev<5GeV
— 5<Ev<20GeV

Lama

J

( G. Mitsuka )

With the correction,
cross-section is suppressed
and
small g2 region is also suppressed.

1 2 3 45 6 7 8 9 oy



Deep Inelastic scattering

Two examples of basic distributions
( Atmospheric neutrino flux was used as input )

Invariant mass (W ) vs. E,

Arbitrary scale ( linear)

Arbitrary scale ( log)

Hadron multiplicity vs. E,




Coherent pion productions VHEX DV + X+ 10

7 production without breaking the target nucleus /
Model by Rein & Sehgal (Nucl.Phys.B223:29,1983)

v

d3o . G%mNE,,
dQ%dydt 272
Re[fzn(0)]

Im[fﬂN(O)] ,

e Cross-section is smaller than
the resonance-mediated mode.
e Direction of t has peak in forward ]

2
f2A2(1 o ) 1 (O.WN)Q(I + 7,2) Mﬁ 8—bt F
™ () 167 tot Mﬁ + Q2 abs »

T

107cm?/ Al-nucleus

dg ="
dcos B,

( Experimentally observed

in the higher energy neutrino experiments. ) : - o
01 0. .

(—)
v+ 12Co F+12C+ 1-cos B, —

Recently, cross-section of charged current coherent pion production

was found to be very small in ~<GeV region.
M. Hasegawa et al.(K2K collaboration) ( hep-ex/0506008 )




Charged current coherent © production

In K2K, number of forward going particles
was smaller than expected.
If we assume quasi-elastic scattering and reconstruct g2,

deficits were observed in the small g? region.
Reconstructed g2 distributions from SciBar

100 1track 8559 CCQE Q% from pu/Ow assuming
75 5 CCn CCQE kinematics
500 ~ Multi 7 q..=2E(E,—p,cos6,)—n,
250 : e, |:| NC Erec _ mnE,U — mf‘ /2

00 02505075 1 1.25 " m,—E,+p,cos0,
; 2track ' 2track

100 | 300 non-QE-like
i 200
S0 ¢ 100 |

0 R o 0 S Weeea

0 0.250.50.75 1 1.2 0 0.250.50.75 1 1.25
@2, (GeVic) Q2. (GeVic)

Disagreement of single m production or coherent  production?



Charged current coherent m analysis

e VVertex activity rejection
Cut by the energy deposit around the vertex.

2trk non-QE pion-like 2trk CC QE
Eal 20 _ < o Data {El] "_.é:-} 200 ( control sample) {h]
= sol [ CGooherentr | =
- - Bl CC ir, DIS, NC| T
8 | Bl CC QE 8100
£ 40 =
“ o Yo
0 10 20 30 0 10 20 30

E in vertex strip (MeV) E in vertex strip (MeV)

e Reconstructed q 2 cut Select events with
V Wi

5 - 2 2
.l 1 gCtCoherent pion q rec < 010 (GEV/C)
80 ] # of events 113
9 =P | Efficiency 21.1%

O0 02 04 06 08 1 12 Purity 47.1%

gz, (GeV/c)?



Coherent pion productions

Low energy charged current coherent pion production seems to be small.
( Results from the K2K and the SciBooNE experiments. )

() (-) (-)

5°(10*°cm?/Carbon nucleus)

+12C2 F+12C+ ™ VX2 Vv+ X+
—~ 250 [
oo D3shed  Rein & Sehgal -
: ( original ) S 25F A CHARMGS) o)
C . . C NSO
90F solid Rein & Sehgal = 200 F O Aachen-Padova(83)
- . - 48 Gargamelle(84)
80F ( with lepton mass corr. ) S 175 F
C . . 0 N
70F Dotted  Kartavtsev et al. {:J‘T; F—  Rein and Sehgal
sof Dot dashed AIvarez Ruso = ; Katravisev etal
s - - - S 125 F
50¢ = n
C o -
40 = 100
= b n
30F mE
20f 50 F
10 25 [
0 :

o

15 . 3 X T >
E (GeV) 10 1 10 10E (GeV)






[RF%H

T THFAER LS A O RBORYIEL

Figure by P. de Perio

Inelastic and elastic

Input it @ scattering - 0,,.;, O,
(for scattering o
simulation) g O o )
ON Particle
>0 Production
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ge | moutg 9
Exchange
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Nuclear effects ( Final state interactions of hadrons )
RFHRNTERLz n,Kn Q p n D, BFEOBEEL

NEUT Tl& Cascade model WALV TLVS
RFRNTERLE-RAFZ. ZATOLDODEINL.
BERATYTTRHELT 2N EINEREER.

FAFNRFRDNZHEASIETNTRYIRT

NEUT TIERFICKYBEFESIETILHARALLNTLS.
For low momentum 1t ( < 500MeV/c, A $838 )
A-TR—ILIRE ZFHL, FHEHRITEZAE
(n DEFEERFROERE (LE) DERR)
(L. Salcedo et al., Nucl. Phys. A484(1998) 79)
STEERE. ERD n aELEERE LB,
BEMENBLGEAESITNTGA—FFRAr—)LIE TS,

For the higher momentum = ( > 500MeV/c), K, n, Q, p, n
BZRFD. ZF/EFRABEERBRO T 205
T HhTEEREY




Nuclear effects ( Final state interactions of hadrons )
A SBEEE R R- TS A
single  production M nt (&, [(FEAE D DERIEMNSERL
CNoD & FORELETEBEIFIEREICREL
JEHL, [ RFRENTRFERICT HHERLEERSL

22
o
o

cross section for ©t*+160 (mb)

500
400
300
200

100 |

%” } ... (i) inelastic

-ii) absorption

___‘I.,_,_f_z;,:i_.‘_'._f:.ﬁ.,.»-ﬁ‘ “““ %%“(-iychgge—;;;g;;ge

100 200 300 400 500
momentum of ¥ (MeV/c)

600

Momentum of 7
fromp > et nt°
is ~460<MeV/c.



Nuclear effects ( Final state interactions of hadrons )

RFHEATERLENFZ KATOLD28HT
[(FZBhEERE]/[THERITE] 25 8. RIGTONEINFHIE
FLFDRFEZODNHELETINZERYRT

T IZ2DOWTERELTWWS R | |
JESEEBREL . T AR, TR Figure by P. de Perio

+

® "' | Inelastic and elastic

(for scattering o

simulation) o O -
Particle
Production
Charge | m0outg
Exchange
- 0, oF*)
Absorption
> Oabs
Input m*@ —




Nuclear effects ( Final state interactions of hadrons )

« RFLEE ~ Woods-Saxon Distribution ZFALYTLYAS

Carbon (and other nuclei)

2-parameter Fermi model

Model 1
% p(r>=p{

1+exp(*3°)
c (fm) 2.69
a (fm) 0.40961
W -
Py (fM3) (N/16) / 100.33

Local Fermi Gas model
Fermi surface momentum

(ZFORERFIEICEIESE) | .

NEEICIKET D .
P REVREAEL | |,
pp INSUVWERIEAFLY |,

il
B
Kt

P=(3mp*(Z/A)/3)

3-parameter Fermi model

p(r) :po(

14w (9)°

2.355
0.5224
-0.149

(N/12) / 100.33

1+exp(5)

T /0,

160
e

r (fm)

2 3

4

5

Parameters from Atom. & Nucl. Data Tables 14 479 (1974)



Nuclear effects ( Final state interactions of hadrons )
Low momentum pion ( < 500MeV/c, so-called A region )
(L.L.Salcedo et al. Nucl. Phys. A484(1998) 79)

Calculate interaction probability using Ah model
and & A self-energy

% 7= Local Fermi gas ET /ILDMEDHONTLVS
n DEIARELN>ELHBEHINDS

Pion scattering

T+N->A->mn+N \‘l 2 /
e .

Pion absorption (2 body )
n+N+N->A+N->N+N(2body) (3 body )

”~ ]
~
/
-

T
T+N+N>A+N->N+A->N+N (3 body)

( Note: There are several other diagrams. See reference. ) - (



Nuclear effects ( Final state interactions of hadrons )
RIGHEZR (FHERITE)D n EHER LIV NEF R/ ZEE)IKFHE

Interaction probability Interaction probability
( absorption )

1 DR s 05 1.
0.5 S 1D
0.4 _f | | 0.4 _E ,,,,,,,,
I N k=
02 _f ,,,,,,,, et 02 o
0.1 _f ,,,,, 0.1

0 —: 0
0
>

350

50 300

550 300
N[

N\e\;[c\

2
/)) 200
J 7 . 50 100 15091‘\
Fermi surface momentum MZE (&) ITIKEFELTLVS
BB ERTl& Fermi surface momentum AV/PNEL, INELY g2 RIGHVEFA

200
D, T gy 100 150 (
0 Pr



Nuclear effects ( Final state interactions of hadrons )
SEHEDnDEYHOMNLY (p,>500 MeV/c)

e =N and n*d BELD T—2ZAL\S
R ERELEIERE M REL(RIFER) ZE 2D

| _wp|mn | mn|mN[mp

el el
z'p

tot tot
O free = G;[+p

e Elastic scattering:

e Hadronic Production:

el
T p

el
O
_ 1 _total free
Og =320 44 tot
O-free




Nuclear effects ( Final state interactions of hadrons )

7 Carbon scattering interaction cross-sections

450

o (mb)

400
350
300
250
200
150
100

I.ILLlIIII|IIII|IIII|IIII|IIII|IIII|IIII|II

7t Oxygen scattering differential cross-sections

do

s OO

{mbisr)

Reactive (TunedFSl)
=mmm=: Reactive (OIdFSI)
Quasi-elastic
Absorption
Single CX

n Production

8'[]'[1I 1000 1200 1400
n* Initial Momentum (MeVic)

[ =* O Differential Cross Sections |

1600

20

10

== 213 MeV/c

—=— 268 MeVic
— 353 MeVic

BIat:;

o (mb)

450
400
350
300
250
200
150
100

0 2 Tl s e il

Reactive (TunedFSl)
=mmm=: Reactive (OldFSI)
Quasi-elastic
Absorption
Single CX

n Production

N AN

LI\II|IIII|IIII|IIII|IIII|IIII|IIII|I

T

0 200 400 600 800 1000 1200 1400

n Initial Momentum (MeV/c)

| =* "C Differential Cross Sections |

=a= 194 MeV/c i 1
—=— 265 MeVic I i
331 MeVic '

1600



Nuclear effects ( Final state interactions of hadrons )

7zt Carbon scattering differential cross-sections

150

3—5 (Hb/sr)

100

50

'| Differential Cross Section -1 at 8, = (28 4£5)° I

= Defanult

= Tuned

L 1 1 1 1 1 |
400 600 800
E, (MeV)

I| Differential Cross Section - - at 8, = (28 4£5)° '

|
400 600 800
E, (MeV)

ub/sr)

[—

4e

LLb/sr)

[—

9=

150

100

50

150

100

I| Differential Cross Section - 1" at 6, = (44 2£5)° I

|
800
E, (MeV)

I| Differential Cross Section - - at 8., = (44 2£5)" '

|
800
E, (MeV)



Nuclear effects ( Final state interactions of hadrons )
FER P CTHERLT: n° O RICHEER

1

z
E »
% 08 . No interaction
o
-E . Absorbed

06
©
*2 . Scattered
04

. Charge exchange
02 |
n Production
ﬂﬂ 400 600 800 1000

True =° Momentum (MeV/c)



Nuclear effects ( Final state interactions of hadrons )

n AL FARURS = EE,

Incoming v

ZDIRILF—IIFIC
HhifzEn T,

> BRFNREFERMLBRESNSD

@ Scattered 1t

—>® Scattered p

—>® Ejectedn
® Ejected p

. BTFOREHIT "
n WIRDEERT—4F

fYREr 2,
I
« RFDEBIEL 2 04
2 {RIZDULVTIE nd #REL2E
Zn LA L phase space
THFENDHEIITER

0.8

0.0 +——

0

T T I T T T
100

[1] Rowntree et al. Phys. Rev. C60 (99) 054610
[2] Ritchie, Phys. Rev. C 44, 533

DR DL SRR
200 300 400 500

1t Kinetic Energy (MeV)



http://prc.aps.org/abstract/PRC/v60/i5/e054610
http://prc.aps.org/abstract/PRC/v44/i1/p533_1

Duet experiment ~ Study of & interactions

Two Scintillator detectors
Full active scintillating fiber detector with Nal

Scintillator bars + Lead sheets
High purity = beam in TRIUMF (M11 ) p, =175 ~ 375 MeV/c

' Cherenkov conter Side view
> (3\5cmx35Cm ol PIANO Harpsichord
al x

/AQ\IWHC bar)

s

_TOF counter /

. (one morein the 7‘ / &

A
v

prlmaTy beam line) .
: S « Detectors ™

(PANG,> PR 1.5mm 1cm scint. bars
GEIEBIGEE S scintillating fibers  + 1.3mm lead
' " Nal to detect y from n° sheets




PIAvO experiment

Study = absorption and charge exchange
with the full active fiber tracking detector

1.5mm square ¥ .

scinti. fiber )' N 5 32 fibers

forilayer  1.5MM X 1.5mm square fibers
7 Total 32 layers of fibers
(16 X and 16 Y layers)

Harpsichord

Scintillation bar !
\ +WLS fiber tracker |

- : ! Scintillation
Veto2 : | fiber tracker

S S S A — YOS -
lem! 133cm * 19cm 59cm ' 37cm



m Interaction cross-section ( Absorption + Charge Exchar

w
o
o

Preliminary (K. leki @ Kyoto )

;Hz% ’4 : Wl

N
U
o

N
o
o

—
n
o
IIII|IIII|IIII|IIII|IIII|III
—t—
—

Oapsscx LMbarn]

100 1 o Ashery et al.
A Navon et al.
>0 = Our measurements ( PIAVO )
[ v v vy v v b v vy b v v by v by s by oy
l3’100 150 200 250 300 350 400 450

p_[MeVic]

Want to measure higher momentum region
Want to measure proton momentum / energy after absorption
with this kind of tracking detector.



Comparisons of &t interaction cross-sections
iIn GEANT4 default ( QGSP-BERT )

7t elastic

(K. leki @ Kyoto)

= 300
E [
E [ ——T-C (past exp.)
= 50—
B ----- 1-C (Geantd default)
El:lﬂ:— —=—Ti-H (past exp.)
B ----- I-H (Geantd default) . .
1500 7 Inelastic
n 7 300
100/— 2 B Inel (Geant4 default)
[ E 9501 Inel (past exp.)
A § [ --—-- Abs (Geant4 default)
5‘:'__':; } L ] - —— Abs (past exp.)
T S -}— T CX (Geantd default)
e IR AT N BRI i S Y S RN SO E ~ CX (past exp.) =
05 100 2010 300 400 500 6l @ B
150 R '
E -".l-f .-'"/ .-‘\'-__ 11"-1
100— '
50— !
[|_IIII|IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350 400 450 500

p_[MeVic]



Event display from the PIAvO experiment
Candidate event of © absorption

High dE/dx tracks
~ proton-like tracks

k.
Fa
L\,

-10

-20

_|III|IIII|IIII|IIII|IIII|IIII

| | | | | | | | | | | | | | | | | | | |
20 30 40 50
Z [mm]

beam

Two proton-like tracks were observed.
Unfortunately, they did not contain in the detector.
and we can not measure the energy / momentum of proton:



Nuclear effects ~ Nucleon final state interaction in Neut

Nucleon re-scattering

BFDREFZANTOERELE cascade model T
v2alb—i 3L TULNVS
PEMEEREL. 1-2nhiFEREZEE

( Original ref. S.J.Lindenbaum and R.M.Sternheimer, Phys.Rev. 105 (1957),
Modifications in MECC7 and GCALOR have been taken into account.
N + N % N + N Initially, prepared for the IMB experiment by W. Gajewski )

N+NSN+N — o,
N+NSN+N — N >N+m(+7)

SR S (%&FBODIIH’JEEE TIE ) &
BF (£ LT-F#ciRkEe) DRELAELE EFDRE (L
MECC7 zlsotu GCALOR 1 &IZLTLVS,
(ZH5O CODE (£, EERENSFDINSGA—FFESTIND)

th SR BE D A2 AR EE ( resonance ) M ARIERIZDULNTIE.
FhFEIKRE D E% 1L 2 ( resonance rest frame ) THEAMIIZ
HAHEIIZLTLVS,




Nuclear effects ~ Nucleon Final state interaction in Neut
BRFBRHELOIIaL—a R Target: 160

BRANTERLEEFORIGHER  [BFOELH
o (BHREVEHBEROMT)
No interaction Incident momentum of proton

Black ( dashed ) | 0.5~ 1.0 GeV / ¢ ( uniform )
Elastic scattering

— 100 = r
X oE Red (dotted ) S 400 F
= . : = :

Z sof single 1t production § .l
S 7o0b Green ( dot dashed ) 5 ;
C . < C

© -
S wf two m production 300 E
S s0E 250 F
c = -
o % 200 F
D 0 S e -
O e T L
T T 150:
+ E H i
£ 1 ) 100 |
0 TRV R U RO U Pl AU U PO YOOt S Tl e AT N NS A S S N S SN L

0 500 1000 1500 2000 2500 3000 50 L
momentum of proton ( MeV /c) o I

07720740 B0 B0 100 120 140 160 180
Scattering angle ( deg. )



Nuclear effects ( Final state interactions of 1)

Interactions of n
N+N->N >N+ X X:n, T, N

Interaction cross-section : Use Breit - Wigner formula
T FUN 1ﬂx

2 2 2
ke W-M,) +I; /4

', : Total width of N*

o(k) =

[,y i Partial decay width of N* > n + N

[, : Partial decay width of N* - X

As the intermediate resonance (N¥),
N(1535) and N(1650) are considered.

The direction of the scattered n is isotropic in the resonance rest frame.

® is also simulated in the same manner as .



Formation zone ~ location of the hadronization ™

In determining the location of the interaction,
the simple Woods-Saxon density function is used.

In order to pick up the location of the production point
of hadrons,
Formation Zone is taken into account.
The idea of formation zone:
Hadronization does not occur at the interaction point
Distance from the neutrino interaction point

to the production point of hadron
is proportional to the momentum of hadron.

Actual inte position

nerated position of hadron

Formation Zone (L) is defined as follows:
L=p/p?

p : Momentum of hadron
u?: fitted constant = 0.08 = 0.04 GeV? Ammosov et al.






Gamma ray emission from Oxygen
Za—k)/RISICEYZFRRFEINLTFYIEENS

— DINEN (pInD—D DY) [RF D IR BB 2755,
M MeV DIRILF—EHD,

Rt A

IKFzL a7 E

R H 2%

iy RINE N FESINS,

NC elastic /ity BRI A Z 750N
f%F ) energy threshold (& 1GeV/c Ll E

PEFII L L L EERASDENTELGL

BEhiE v R ANIL, CDEIERICDTHMYIZ?

O_) N

de-excitation vy



Proton decay search in SK p—v+K*

Ir K*=> u*+v with promptytag. ———————————- "
| —visible A A |
e > invisible . |
| Vi |
| K* /u* |
| v © (p,=236MeVic) |
180 —15N g T Hits .
: l/ k—/\;M Tstart
L___y(63Mev) . y
When a proton in oxygen decays, A
6.3MeV de-excitation y is also emitted ‘TZr';' T, t
with probability of ~ 40 %. 4oy (ON/dt=max)
» Search for 1 ring p-like events with p, ~ 236 MeV/c
with 1 decay electron
=

« Additionally, search for the pre-activity
from prompt de-excitation 6.3 MeV y



Gamma ray emission from Oxygen

Recent result from (e,e’p) experiment (PRD72, 053005),
p3/2 and s1/2-hole states were both found to have
smaller spectroscopic strength than
the theoretical predictions
( a shell model calculation ).

Shell model DWIA LDA
(PRD72,053005)
pl/2 0.25 0.16 0.165
(ground state)
pP3/2 (6.32 MeV) 0.41 0.29 0.343
sl1/2 0.25 0.20 0.123




Gamma ray emission from Oxygen

Probability and energy determination of y emission
after the © absorption has been rough.
( flat from 5 to 20 MeV ).
Decided to use the experimental data
(H.D.Engelhardt et al., NPA258, 480 (1976))
Based on the data, E, < 8 MeV after & absorption.

Prompt j-ray transiion yields and 1sotopic yields of the reactions induced by stopped n~ on "Be., '°B and '°0

Target Energy Residual Transiion  Branch J° T Measured Transition Isotopic
nucleus range 1s0tope cnergy yield yield
{keV} (keV) (") {psec) (keV) () {“.)

"Be 300 6000

o 10017000 "La 477 = 0 100 1 478 17404 17
0 300— 8000 '°O* 6131 =0 100 i 24 6133 17+03 17
LN 5270 —» 0 100 3+ 29 5268 05+02 05
YN 23135 0 100 0 8510 2 2314 53406 64
3945 - 2313 96 L 45x107° 1634 48+09
5106 — 0 80 2" 12 5106 07+02
5106 — 2313 20 2" 12 2794 02401
e 6728 - 0 93 3 97 (6728) <02 <02
3 3684 — 0 100 3 15%10 4 3682 19+10 29
3854 = 0 62 3+ I 3853 10403
'2C 4439 - 0 100 2* Shx 1072 4436 40+13 40
'°B M7 =0 100 3t 101 %10 717 13403 13
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Charged current Quasi-elastic scattering
RFZPOFEFNERDIGE

E, >100MeV
— F—IRLCELTIR(EM)TIILZSHRERNFEZS
v,tn—p +p 0P |p,| < Fermi momentum
v, < u E,+E,+Eg=E, +E,
° |p,| > Fermi momentum

e B FIXEFEZAZITIILIEFHELUT TEILITLVS
10,] < Prermi DN2EBBIED XTI VE

o FIFXRFREPICRBEINTILNS
( “binding energy” E; )

e /A1) HEh1E ( Pauli Blocking )
BRIRRBDORFOEFEFToILIEHELYKEL




Charged current Quasi-elastic scattering

( Simple ) Relativistic Fermi Gas model ~ Smith & Moniz

v,th—p +p 8 |p,,| < Fermi surface momentum
vy, AN . § EytE +Eg=E  +E,
© H | p,| > Fermi surface momentum
VAl ~/ N T > d 3
BT HEBEROR () At

Smith and Moniz IC&>TETEIN TS
( Nucl.Phys.B43 605(1972), erratum-ibid.B101 547(1975) )

o MEHPRREDEFISOVTEFEZELSETHETLTHS,
« F&EFFIZ Binding energy & Pauli blocking MZEBE SN TL S,
o BZ5H1\FA=FIE M, (F\(q?) LS,

T)VEEEBE (pre) EREIARILFT— (E;)

o FEMTREKGED TELAT LY
« WAWALRFRIZDOUWTETEAIEE

S BB aAL—arTEHOLNTETLVS



Charged Current Quasi elastic scattering

( Simple ) Relativistic Fermi Gas model ~ Smith & Moniz

q2 ( momentum transfer ) Outgoing lepton momentum

§ Blue Free proton S Blue Free proton

= Purple Bound proton in Oxygen. = Purple Bound proton in Oxygen.
9 o -

- > -

S Area normalized. S Area normalized. f
£ 2/

< < r

o

0 005 01 015 02 025 0.3 0.35 0.4 045 0.5 0 005 01 015 0.2 025 0.3 035 0.4 045 0.5
(GeV/c?)? GeV/c
o2 (EFERIT)D/MSLVEEE TRICHIHEISN S
= EBEEDKEVFELILDES
Pauli Blocking + Binding energy M h &




Charged Current Quasi elastic scattering

( Simple ) Relativistic Fermi Gas model ~ Smith & Moniz
SEELBTEIEDELY Free vs. bound ( Oxygen)

14

1.2

5(10%cm?)

1

0.8

0.6

0.4H

1|/ Black Free

“2If Red  Bound ( Oxygen)
| | | |

..III|IIII|IIII| IIIIIIIIIIIIIIIIIIII |IIII|II
2 3 4 5 6 7 8 9

q? CEEF=Z1T)D/NIUVFEIE TRILHAHIFHIS NS
SEELFTEEE /ST,

( small g2 DM EELETEBEN KRS LV=8,
SEIRIILF—THENDDIS

(=)
o
-




Charged Current Quasi elastic scattering

( Simple ) Relativistic Fermi Gas model ~ Smith & Moniz

MELMTERDEND RFHIKREFHE

Fermi surface momentum & Binding energy

DENELTREIND

1.4
T o Free neutron
G12 - “% 2. 4 (No Pauli blocking)
& O 1.8
8 1 - NE 163— ...........
5 | Green 205MeV/c 2 145 .
08 | Red 225 MeV / ¢ 420
: Blue 245 MeV / c g 1=
06 -|  Purple 265MeV/c S 0.85- 210
j Cyan 285 MeV / ¢ 0-65- k. =225 MeV/c
4T 3‘2‘— 235
02 | Oxygen ~225MeV/c P T L g
i ~ 0 0.1 02 03 04 05 06 0.7 08 0.9
Iron 250 MeV /c QZ (GeV/ey?
0 | |

L L v ey e P P e P e P P Py
0 1 2 3 4 5 6 7 8 9 1
GeV

ERNELETE TR : SREBER /IR DE VDTN IERE



Charged Current Quasi elastic scattering v, I

REERRUHEEROMERR W
BRHILFED EKRFLISFDEDEEL ]

E 1'6- % ANL, D, p
() o BEBC,D,
D 1.4 aBNLH,D,
O e FNALD,
g 1.2 Ziomce o ! *
~ - = NUANCE (%) l |
t v Al , ,
508: i -~ | NUANCE ( simulation )
=  F ! {) % Relativistic Fermi Gas
=09 | i (M,~1.0 GeV/c?)
o] |z @ MiniBooNE, C
) 0.4: %ﬁ # A GGM, C,H,CFBr
0.2f v S A
N X SKAT, CF Br
0 ] M S B A A el .
10 1 10 10°
E, (GeV)

RERICK > TRERMER (FRELBTER) O [Eod2EhAKREN

#%(Z. 20005

FRLRICEIEHNT-E ~ 1GeV FEEDEERT
"onf-HEMERIEKRSH(?)



The K2K experiment “

v_energy spectrum

KK~ HRTHOTOERB=1— ) /IRENEER |
FH—a—k) /I RILF—IL 1.3GeV 8l

REBIO=2—r)/ERETB=HIZ.
KEK [CTHEfRE s 1EL T, 0

K2K near detector

KFzL a8 H 38 OKER)

12 3 4 5
E, (GeV)

F[2/KIZRY)

SUFL—30T7AN— TV h—(Z

Full active 2 FL—3A— oy h— (FITRFIER)

22—y h—(E51H)

7’- d: E 75§§§ E é *L T: o K2K Front Detector

SciFi/Water target

M

ZDIRJLEX—EED
—a—hk)/E—LEEIL )
Eo{fThnTLNEh o1,

!
299999999990

SciBar detector

uon range detector

0 Su P-Kamiokandel




The K2K experiment

K2K BTE AR BT — 2L 21l —Lar BEDHE

Direction of p w.r.t. beam Fully contained 1 ring u-like events
g 3500 - iy NEUT-0000
o Forward deficit
g T T Data M,=1.0 GeV/c? for CCQE
e 0T — NEUT-0000 M,=1.0 GeV/c? for 1p
% 2500 | — NEUT-1211 GRV94, Rein Sehgal coherent p
 yo00 || lightly larger AT I U ERERHMGEY DR
#ofevents Tﬁﬁﬁ&ﬁ“i%f@cﬁ” %L\
1500 in backward MAFEj(g—(g’%)t‘
1000 T—REDZAL—130D
500 —i&h‘ﬂ(ﬁé
TS ~—>—— ( DIS parton distribution function
6 (degree)
NEUT-1211 i . MDH1E
M,=1.1 GeV/c? for CCQE CC Coherent BLEL D]
M,=1.2 GeV/c? for 1nt PINEF5T-)

GRV94 with Bodek-Yang corr.

Coherent w by Marteau et.al. xﬁ/f@,#f[ fﬂé:&‘éfg !



K2K Scintillating Fiber (SciFi) detector

K2K Front Detector
SciFi/Water target

1kt
' Water Cherenkov
Detector

H
v beam 4
il

SciBar detector

Muon chamber

Neutrino interaction target
Water in Aluminum tanks

To Super-Kamiokande ‘

. Angle resolution

. L momentum threshold

(Require n to reach MRD.)
. proton momentum threshold

(Require proton to penetrate

LI

R

o222

: ’:gﬁwy.’}ﬁﬁ?i"

I

I8

@)V 022N s irre

AP OA

U] Eey

! SR
&

——

(70% H,O, 22% Al, 8% CH)

Water filled

Fiber madule

Fiber sheet)

260cm

Vi beam

Image intensifier
Micro-Channal-Plata
CCD camera

aluminum targst

{Honaycomb panal

at least three layers in SciFi.)



Charged current Quasi-elastic scattering

MA =1.20+0.12 GeV SciFi MA fit result
, _ 1800
(x* = 261/235 dof) shape only ¢, One-track events
Most significant errors: 1400~
. Muon momentum scale 0.07 :igg :
. Relative flux and normalization 0.06 goobr— _ _
M, 1n 0.03 4 Fit shape of signal
. relative non-QE fraction 0.03 400
. Nuclear re-scattering 0.03 990 i |
. Statistics only 0.03 0 60% QE el '
0 02 04 06 08 1 12 14 16
R.Gran, E.Jeon, et al., accepted by PRD (hep-ex/0603034) K2K-l one-track Q* (GeVic)
120
+- Two-track QE 350 Two-track non-QE
100 300
8oL + =|= 250 L . :
| sool (mostly single-pion)
60 | —=  Constrains relative size

150

40\ \_‘ o J00l_ L. of non-QE background

2+ 60% QE L i
. 0 Q EZIIE=E=_ 52_' . :':L'_;ﬁ:-:. .

0 0.2 04 06 038 1 1.2 14 1€ O 0.2 04 06 038 1 1.2 , 14 16
K2K-l two-track QE Q° (Gewc)z K2K-I two-track nonQE Q" (GeV/c)




MiniBooNE & SciBooNE experiments

FNAL Booster neutrino beam

SciBooNE ...

8GeV proton

Be target (1.7A) in the

magnetic horn for meson focusing

-
<

v fluxes

=== SciBooNE
= MiniBooNE

O(E,) (VVPOT/GeV/em?)
J—
(=)

N
S

n/K decays into v

in the decay region
v, mode: >99% pure v,
Mean neutrino energy o

e
<
.

st ~0.7GeV |
d magnetic focusing horn ( Al ) MiniBooNE v. flux B “I%
| ————— 7 Y 15 25 3 35 4 45 5
nt ] K* or - / K- are focused 99% is below 2.5 GeV 0 1 2 E. (GeV)
v

( depending on the polarity of the horn current )

—— vor vbeam can be produced



MiniBooNE detector

Experiment started in August 2002. e 800 ton CH, detector

Signal Region i Signal region
Veto Reglon 1280 8inch PMTs
e \/eto region

240 8inch PMTs
e Use Cherenkov light
s s 00 snenes and scintillation I|ght

Typical 1 event




Charged current Quasi-elastic scattering

MiniBooNE
W+
Measure energy and direction of u

+p

w->v, ++ V,

Prompt u~ with delayed e
from the decay of u-.

( 26.5% efficiency, 75.8% purity )

Vu+n->

146,070 v, QE candidate events
observed in 5.58 x 102°POT




Charged current Quasi-elastic scattering
MiniBooNE

Axial vector form factor parameter M,

FA(Q2)=(

1+Q* /M2

Events

W+

Ia n

Need to be determined from the neutrino scattering data.

5000
4500
4000
3500
3000
2500

II|IIII|III_I_[IIII|IIII|IIII|IIII|II

2000

1500 -
4

1000 -

¥  data

total error

shape error
....... M%=1.03 GeV, k=1.000

— RFG model after fit

T. Katori) R e
I|IIII|IIII|IIII|II | | II|II | |

500E7|F
0

Iﬁ5lllh6|| 0.7 lh8lllhdlll1

QéE (GeV))

01 02 03 04

 World avg.
M,=1.02 + 0.17 GeV

e K2K SciFi (*¢0, 02>0.2)

M,=1.20 = 0.12 GeV

e K2K SciBar (:2c, 02>0.2)
M,=1.14 &= 0.11 GeV



SciBooNE detectors ( Data taking: June 2007 to August 2008. )

SciBar (used in K2K experiment )

e Full active tracking detector

15 tons of scintillator ( 14336 bars ) Muon Range Detector

also acts as the interaction target. (|\/| RD)
Cell size :2.5x1.3 x300cm?3 Lo
WLS fiber readout, 64ch MA-PMT * 12 2"-thick steel layers
+ scintillator planes

(alternate x & y )

* Measure p momentum
using range
(upto~1.2GeVic)

( Components are recycled
from past experiment)

Electron Catcher (EC)

« Spaghetti calorimeter

* 2 planes (11 X,)
4 x4 cm?cell x 128

» Identify =% and v,
2m ( Used in CHORUS, HARP and K2K )

e v Interaction target
& tracking detector

e |dentify interactions

e PID(p/mtID)
using dE/dx

\Y%




Charged Current Quasi elastic scattering
ERERERRUELHTHEOTERR

_ x10*
£ 16 Y. Nakajima, Preliminary
o 14 Nuint11

12

10 i {

8- 1 f1 i

6 —*— SciBooNE

ab —=— MiniBooNE

—— NOMAD

= — NEUT {MA: 1.2 GeV)

{] L Lol L Lol

10" 1 10

E. (GeV)

MiniBooNE / SciBooNE EE& &
NOMAD EEXDFER(Z
ARV
MiniBooNE ZEE& (&
M,=1.0GeV/c2 DFE &Y
MELETEmiEL MY KEL

« RFRIR ~ HRELEIEZ/NSKIT HAEICECILT)

o WoEELFTEEIL?



MINQOS experiment

Fermi Lab. A5 Soudan [ZHARHEERICZ 12— /Z$THAD
HEBE 735 km OREHR —1—FJ/IREEER
) N [5FE—LODOIRILE— 120 GeV
FHZa—k) /I RILF—
3.5GeV

1 T | 1 T
MINOS Prgfiminary

« Low energy beam

]
n
o
o

o High energy beam 5000

—— Tuned MC

N
o
o
o

4000
Untuned MC

—
n
o
o

3000

1000 2000

e

51

500 1000

Events in low energy beam/GeV/10"*POT

10d,,0L/A2D/wesq ABiaua ybiy ul sjusag

o

C‘:'IIII|IIII|IIII|IIII|IIII|IIII

0

P T I T T T L
10 15 20
Reconstructed neutrino energy [GeV]




MINOS Near detector

& 980 tons Tracking sampling calorimeters

o BHREDFL—EIDH R YF
EBDOEXIL 2.54 cm
DUFL—EDOMEIE 4.1cm

o WL OTULNS

LD ITR)LXF—IIFREEES

CEAETAIE
EfmrbhMb

0]

120 PLANES 162 PLAMES
“» CALORIMETER
BEAM MU UN
SPECTROMETER
PARTIALLY INSTRUMENTED
REGION
LIPSTREAM ) COWNSTREAMW
(COARSE SAMPLING)

[FIME SAMPLING]

» 4.8m .
« 3.0m .
BEAM 2o
CENTER *5‘@
%,
..-?'

FARTIAL

SCIMTILLATOR

PLANE

‘ COIL HOLE
FULL SCINTILLATOR PLANE

CLLZSES]
AFPROACH
F THIEE 51RIF
TO THE COiL



MINOS EE&

CCQE f&#1 ~ /\v DT 50K ®D ds/dq? 730
=Small g2 THHOTLVELN~FHIET S

Two RES dominated subsamples have very different QE and DIS
background mixes. MC prediction is high in lowest Q* bins for both.

MINOS Preliminary

A Enhanced Selection |

[ar]
o .
= 6 " e —— Data
X
— ____ Area Scaled
= Flux Tuned MC
E % True v -CC QE
4 ) 7
c'ob £ True v,-CCRES |
g
=
L :
i
0
0.0 0.5 1.0 1.5 2.0

Reconstructed Q* (GeV?)

RES Enhanced Selection:
W < 1.3 GeV

rec

E _ >250 MeV

MINOS Preliminary

g . : ;E-;: %—.a.;gdmc 4
OE ", i True v,-CCQE |
& : /’ % True v,-CCRES ]
2

W 2f // i N

0
0.0 0.5 1.0 1.5 2.0 2.5
Reconstructed Q7 (GeV?)

RES to DIS Transition Selection:
1.3< Wrem <2.0GeV



MINOS EE&

CCQE f&fT /\vI TS5 k%5
~ X[FY, small 2 [FT—2H D750,
Low Ehad: Select from VP—CC sample events with Reconstructed
Ehad < 225 MeV.

Select events with muon tracks that stop in ND.
Includes the RES re-weighting function.
Selects QE Interactions with 44% Efficiency and 63% Purity

MINQOS Preliminary

—T T T T T T T T T 1 1.0 T T T T T T
QE-like Sample ® I . ]

PR 2 — Efficiency
- —— Data c 08 1
x 06 Area Scaled | @
— ____ Area Scale . .
5 Flux Tuned MC | UU) i Purity
T | S True v,-CC QE o 06F
2 04 Z True v, -CC RES | = |
g % True v,- 3 oal
Iz o |
o 0.2 2 |
i © 02f
- o :

0.0 - Nesessi 0.0 — — )

0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.5 1.0 1.5

Reconstructed QéE (GeV?) Reconstructed QEE (GeV?)



MINOS EE&

CCQE T M, ZRKETDHEHD

CCQE RHEIE  44% _ +0.18 2
e ’ M, =1.21%571 GeV/c
GLES 63%
M, (GeV) |E, Scale M, (GeV) | K%
Principal: 0 < Q*< 1.2 1.21 +0.18 | 0.996 +0.007 |1.10+0.15 |1.10 +0.02
-0.10 -0.015 -0.16 -0.03
MINOS Preliminary MINOS Preliminary
15 F R 12—
- —— Data ]
___ Area Scaled MC 11F J-.I. J |
. Prior to Fit Ar _|.r|-|||-|-||[ ]- hll
S 10F _i;tea g;t:aled MC ] CE) [ J__' |
K I er Fi l B |
8 I 1.0 - leﬂlj J
g a | g
w5} . [ ___ Area Scaled MC
[ 09| Prior to Fit i
: : ____ Area Scaled
I [ After Fit
O.DI | I012I | |014| | IOiGI | IOiBI | I'IiOI | I1.2 0'%.DI | |012I | IOZ4I | IOIGI | IOiBI | I’IlOI | |1.2 16

Reconstructed Q7 (GeV?)

Reconstructed Q% (GeV?)



NOMAD detector

Neutrino

Beam

Dipole Magnet
Front ®B= 0 4T

Calorimeter

A% ]

\J

TRD

Modules Preshower

y
¥ A
S |
Veto planes Trigger Planes
1 meter Electromagnetic
. e
— Dr|ft Chambers Calorimeter
I cm

Ar(40%)-C7Hﬁ(60%)

Kevlar-epoxy honeycomb (Aramid)

Hadronic
Calorimeter

Drift chamber composition by weight (in %)

Muon
Chambers

Atom prop./weight (%) Protons (%) Neutrons (%)
C 64.30 32.12 32.18
H 5.14 5.09 0.05
0] 22.13 11.07 11.07
N 592 2.96 2.96
Cl 0.30 0.14 0.16
Al 1.71 0.82 0.89
Si 0.27 0.13 0.14
Ar 0.19 0.09 0.10
Cu 0.03 0.01 0.02
Total 99.99 52.43 47.56




NOMAD experiment

o
o

Neutrinos / 1 GeV / 10 p.o.t.

oy 300 T T T T | T T T T T T T T | T T T T
NOMAD fiducial area: 2.6m x 2.6m g i o NOMAD data
B ---- MC (DPMJET) |
§ 220 Background
S i |
Ve/Vy (E\),Gev & i T |
1.0 243 § 200 I $%+
= Isol + .
e 0068 17.2 i 41 f%:
; o 0.010 36.4 100 —:---' + _
10¢ ‘ 00027 27.6 | |
""""20 20 60 80 100 120
Neutrino energy (GeV)
v o __ 41 | —38 2
o4r = [0.92 £ 0.02(stat.) £ 0.06(syst.)] x 10 cm
v o __ 1 41 —38 2
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Charged current quasi-elastic scattering
EHRELMTERE. Mo RELEREZAL - M, DAIE

1

Argonne (1969) _ ' o , Experiment |Target |Cut in Q% [GeV?]| Ma[GeV]
Argonne (1973) .
CERN (077) | * K2K oxygen Q2 > 0.2 1.2 4 0.12
Argonne (1977) .
CERN (1979) e K2K carbon Q%> 0.2 1.14 £ 0.11
BNL (1980) e : !
BNL (1981) e MINOS iron no cut 1.19 = 0.17
Argonne (1982) e
: 2
Fermilab (1983) . ' o { MINOS iron Q@ >0.2 1.26 = 0.17
BNL (1986
( ) MiniBooNE ' |carbon no cut 1.35 £0.17
BNL (1987) e
BNL (1990) —— MiniBooNE ' |carbon Q%> 0.25 1.27 +0.14
Average e
] . i A N . i
085 085 1.05 1.156 1.25
MA [GeV] NOMAD |carbon no cut 1.07 = 0.07

1970~80F R DEER(EIT/BFFZRALITLV) TIE. M,~1.0GeV/c?

1990~2000F K ICA>THLDEERTIL,
BEIRILF—DZ21—k)/EBRTEMDKRECHTID,
EIRILF—DEEE(INOMAD)TIEIM, [F1.1GeV/cFEE




MINERVA EE&

flux (neutrinos / m? / GeV / 1

MINOSH& HH 2R D AITIZ

Ht-th—a—M) /R’

NuMI Low Energy Beam, FTFP

RARHGRZEHRE

|-

neutring

Steel Shield

hadron procllucti
corrected flux

_VM

Scintillator Veto Wall

- E_V"’ 3.5GeV ( Low energy config. )
NuMI beamline
{ MINOS / NO VA exbneriment )

Elevation View
[ w
Side HCAL
.....---"/
Side ECAL | L
.--""‘"-F_ L4
o —
S V-Beam il £ 0
¥5 \’( 4 g B
e % g g ¢ 8 o g
G P % O c % E E L 5
ot < Active Tracker Region £ E .g £ w0 S 9
g gel 22 v | 24
T = 8.3 tons total ] O o
Z Z3
15tons | 30 tons s <
Side ECAL 0.6 tons
Side HCAL 116 tons Magnetr'zed
v
< 5m >(— 2 m=p

The MINERVA detector is comprised of a stack of MODULES of varying composition,
with the MINOS Near Detector acting as a muon spectrometer. It is finely segmented
(~32 k channels) with multiple nuclear targets (C, CH, Fe, Pb, He, H20).



MINERVA EE&

Neutrino beam

20 x10°%° 1.5 <E, < 10 GeV » Absolutely Normalized
c __F
o 18:_ data
E 16 NuWro RFG M,=1.35
£ 1 g1\ NuWro RFG M,=0.99 + TEM
(3] -
- NuWro RFG M,=0.99
% 12:_ uwro A
O 10F GENIE RFG M,=0.99
NE - NuWro SF M,=0.99
s °F
w 6
o~ O —
g 4
2 B
-g F | | h-h::::f.:i-:”'_'“_'""
0% 05 1 15 2
2 2
Q. (GeV?)
NuWro RFG RFG RFG SF
Model +TEM
Ma (GeV/c?) | D99 099  1.35 0.99
Rate y*/d.o.f. | 3.5 2.4 3.7 2.8
Shape x2 /d.o.f.| 4.1 1.7 2.1 :

Anti Neutrino beam

1.5 < E, <10 GeV » Absolutely Normalized

—
9]
X
—
Q
o
©

data

NuWro RFG M ,=1.35

------- NuWro RFG M ,=0.99 + TEM
NuWro RFG M ,=0.99
GENIE RFG M,=0.99

(cm?/GeV?/proton)
=

8
—— NuWro SF M,=0.99
6
S
% 4
B 2
T TR
0 I I
0 0.5 1 1.5 2
2 2
Q. (GeV?)
NuWro RFG RFG RFG ©5F
Model +TEM

My (GeV) 0.99 0.99  1.35 0.99

Rate x2/d.o.f. | 2.64 1.06 290 2.14
Shape x2/d.o.f.| 2.90 0.66  1.73 2.99

Simple relativistic Fermi Gas model M, = 0.99
+ TEM model ( A. Bodek et al. ) gives the best agreement.
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T2K CCQE cross-section measurement

T2K CCQE enhanced sample: p, /cos(, ),

> C 1 S 1000F— T =
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T2K CCQE cross-section measurement

T LI ) lllll T L) LI L |
[ | = ND280 stat+syst
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75 ND280 stat _

g g 25f
# —e— ND280 stat+syst ” - NEUTMC
= N ] = B MimiBoone
= sk NEUT MC — = 2F | —=— NOMAD
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CC quasi-elastic / NC elastic scattering

~RFREZPORTFDEE ~

Simple relativistic Fermi gas model by Smith & Moniz
Flat momentum distribution, Fixed nuclear potential
Spectral function
2-dimensional momentum — potential distribution
( from electron-scattering measurements )
A. Ankowski Phys. Rev. C 86, 024616 (2012)

spectral functions momentum distributions for different nuclel spectral function for oxygen
- =300
107 E — carbon z T . . .
:*q:umﬂjl orygen E“m Probability distribution
L A L — iron g
0% "k —i 8 Removal energy
— Carbon 5 ( Potential )
104
— Oxygen 150 vs Momentum

10‘2— RFG

:lllllllllll T 'l
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il T
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700 800 0

B 00
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CC quasi-elastic / NC elastic scattering

~RFREZPORFDEE ~

Impulse approximation Spectrum function
Ao, sy 1 (do 1A PKE)
_jd dEP(p, E) (dwdﬁzzj | 1cev

d @dQ2 T 4p,p', ﬁ
i3

Spectrum function il

e Spectral Functions P(p,E) for k[GeV.
various nuclei, eg.1°0, 12C, are /
measured at JLAB and &
estimated by Benhar.

* P(p,E) : Probability of removing
a nucleon of momentum p

(I Pk Tl OV R PO MY I B

0.00IIII|IIII|IIII|IIII

from ground state leaving the k: Momentum 00 02 04
residual nucleus with excitation E-' Binding ener k[GeV/c]
energy E. : 9 gy

O.Benhar et al., Phys. Rev. D 72, 053005 (2005).
A. Ankowski Phys. Rev. C 86, 024616 (2012)



CC quasi-elastic / NC elastic scattering

B T T [ L L I LI B | | T T 1 T T L
30 T2K Flux @ ND280 -
- + , .
o5 -H-+¢* Black: Simple RFG -
-+ * Red :Spectral Func. 3
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With spectral function
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2-dimensional momentum — potential distribution
( from electron-scattering measurements )
A. Ankowski Phys. Rev. C 86, 024616 (2012)

direction of u

direction of u

1.5

—

0.5

0

g2 distribution

-
- MINERVA flux averaged g2

| Blue : Simple relativistic
i Fermi Gas
— Red : Spectral Function
| Data : Taken from

the recent paper

3 : 0
9*(GeV/c)?

(M, = 1.2 GeV/c? for these plots)



Charged current multi-nucleon quasi-elastic like scattering

JRF#AZERID CC quasi-elastic scattering D EERFER T,
1) EELETEENAKEDHICHSD
2) BT A EREL AN AL

=M ZRELTHERTRHILIICRZS

[ IZHhBI D Bt DY CC quasi-elastic EL T
HAZTLEL>TLNADTIL? |

RFEZPODE—ZFEDORELZIFTTEAREL
[RFZNTRFINERESNTLODHR

Model by Nieves et al. z
~ Meson-exchange current N ;W v
VNN ->/N"N" DTN
Contains Delta absorption

vNN ->/AN’->|N” N’
N,” N,

N_,_|_NN_;_N




Charged current multi-nucleon quasi-elastic like scattering

1.4

T3. . spectral function @
EXELBTEFE (X RFG KW /INESH o7

— New CCQE ( Spec. func.)
— CCQE + MEC

— Old CCQE ( Simple RFG)

M, CCQE = 1.2 GeV/c?
M, MEC =1.0 GeV/c2

—
o &

o
()

o
)

O
8

o
U

Cross-section ( x 1038 cm?)

P T R R
0.5 1.5

0.” 1.0 2.0 E,(GeV)
d’c/dT dcosh, (x 10°°cm2GeV)

Region 1 %1 1 = = ‘10000

2-nucleon scattering S 0.5 I

(VNN ->IN”N") ; fioe
Region 2 Region 1 ~{4000

Delta absorption -0.5 2000

(vN->1A E, = 800 MeV I

AN ->N” N") b 0.2 0.4 0.6 T,(GeV)






Single pion productions
CC 1r* production

-36

ofE, ) (cm?)
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Single pion productions
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Single pion productions

K2K SciBar ( Scintillator detector )
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Single pion productions

CC 1rn* production
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Single pion productions

o(v, Nop'n'N') [em®/ CH,]
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Single pion productions
NC 17° production

dajdpy (107* cm?/%¢V/ /nucleon)
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Single pion productions

NC 17° production

MiniBooNE Data vs
Rein-Sehgal model (M,=1.2GeV/c?) + NEUT FSI
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Single pion productions

NC 170 production

momentum and direction of «°

2
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Single meson production via resonances

Iso-spin ICBE9 4 CG RETRE-TLYS

Ampl(vp — ppr) = A prt) = V2 ASS,

Ampl(vn — upr®) = ACC(pn®) = %( ASC — ACC),
V2
Ampl{va — unn*) = AC(nat) = =5 ASE + 24€0),

Ampl(vp — vp®) = ANC( prd) — gA”C +3 L ave _ 3 sy,

Ampl(vp — vam*) = ANC(nmt) = i; AN — ‘/j 5= (ANC — /3 §NC),

Ampl(un — ynm®) = ANC(m) = 5 AYC + 5 (ANC + V35X,

V2 e V2

Ampl(vn — vpr~) = AN(pr7) = = — S (AN + V3 SNO),



11. Nuclear effects ( Final state interactions of hadrons )
TP 2> TP Interaction probability

*\2
P(z"ponrx p)— (2 ) L ]quG (q+k)\ —F(q+k)
7Z' 1 9
A propagater G, = (@ -M, +§ iFj
1
Corrected width of A —F(q +k) = —Fx (,u em. + 1, +2)
o 1 (ifP<-1)
Use local density to determine k; Hem=  # (if-1<40<1)
when considering Pauli blocking effect. 1 (iff>1)
0= E.ENem —EW
q-+K|de.n|
E,=q°+k°
Ec.m. = \/qzc.m. +M?
E. = k.2 +M?

W =+/s



11. Nuclear effects ( Final state interactions of hadrons )
Absorption probability

2
14( f
P = c.m.
0)9( ]q

ImZ, (w) = _[CQ (o] p)" +Cy, (p/po)ﬂ +Cas(o! py)" ]

G (q+k)‘ (— —ImZAjp

C(T.)=ax’+bx+c X=T [ u
E.Oset et al. Nucl. Phys. A468 (1987) 631
Co (MeV) | Cpy(MeV) | Cas(MeV) |« 8
-5.19 1.06 -13.46| 0.382 -0.038
b 15.35 -6.64 46.17 | -1.322 0.204
C 2.06 22.66 -20.34 | 1.466 0.613

y=2p



11. Nuclear effects ( Final state interactions of hadrons )

Kinematics of the scattered particles

Use the results of phase shift analysis of n-N scattering

Also, the medium correction is applied to each phase shift.
( R.Seki et al., Phys. Rev. C27 (1983) 2817 )

f:Z Cr Z {[lf‘sz,.‘Z[—l +({+ l)fizT,2!+1]
T 7

x P;(cos 9)"i0"”[flzr,21—1 _fizr,21+1]
X Pi(cos 8)} .

Here, fbr. is an amplitude with orbital
angular momentum /, isospin 7, and total
angular momentum J. Cris the isospin factor
written with Clebsch-Gordan coefficients,

1 1
CT: (lfn E IN’ l Tfn+fN) (ltn _2_ tNI Tfn‘i‘fN) ’

(tn, tn, tn, L are initial and final Z component
of 7, N isospin.)

o is the Pauli matrix and n=((kXxk')/
(lkxk'l), with k, k' being pion initial and
final momenta. We consider 8 resonances, Sii,
Ss1, Pu, P, Py, P, Dy, Dys for this
amplitude. The resonance parameters are
taken from the phase shift analyses of 7—N
scattering.” Pion interaction in oxygen is

for27(P0)=forp s X {1 -

2fhras
T

X C X S i dkQo(k, K)Golk, E)}d :

C=1+(k>+m2)"*/(k*+my)"?,
i if EK+k<Pr,
Qo(k, K)= 0 if |EK—k|>Pr,
[P2—(EK—k))/4EKk  otherwise,

2

k 2
Gyl\(k, E)= (E_——-) —k*—mi+ie,

2M
W
e=1f (13



4. Nuclear effects ~ Final state interaction in Neut

Kinematics of the scattered particles

Use the results of phase shift analysis of n-N scattering

Also, the medium correction is applied to each phase shift.
( R.Seki et al., Phys. Rev. C27 (1983) 2817 )

f:Z Cr Z {[lf"?_T,Z[—l +({+ l)fizT,2!+1]
T 7

x P;(cos 9)"i0"”[flzr,21—1 _fizr,21+1]
X Pi(cos 8)} .

Here, fbr. is an amplitude with orbital
angular momentum /, isospin 7, and total
angular momentum J. Cris the isospin factor
written with Clebsch-Gordan coefficients,

1 1
CT: (lfn E IN’ l Tfn+fN) (ltn _2_ tNI Tfn‘i‘fN) ’

(tn, tn, tn, L are initial and final Z component
of 7, N isospin.)

o is the Pauli matrix and n=((kXxk')/
(lkxk'l), with k, k' being pion initial and
final momenta. We consider 8 resonances, Sii,
Ss1, Pu, P, Py, P, Dy, Dys for this
amplitude. The resonance parameters are
taken from the phase shift analyses of 7—N
scattering.” Pion interaction in oxygen is

for27(P0)=forp s X {1 -

2fhras
T

X C X S i dkQo(k, K)Golk, E)}d :

C=1+(k>+m2)"*/(k*+my)"?,
i if EK+k<Pr
Qo(k, K)= 0 if |EK—k|>Pr,
[P2—(EK—k))/4EKk  otherwise,
2

k 2
Gil(k, E)= (E“ﬁ) —k*—mi+ie,

2



