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Objectives of ANL-Osaka Model:

"Analyze the data of meson production on
the nucleon in the nucleon resonance region

"Apply the model to predict electroweak
meson production from nuclei



Total cross sections of mp reaction
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Complications in resonance region:

is comparable to



Resonances in yN reactions
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"First step: Focus on the A(1232) region (1996-2005)

Objectives:
1. Determine electroweak N -> A(1232) form factors

2. Perform consistent many-body calculations of
electroweak m production on nuclei
—
Construct energy independent Hamiltonian
from Lagrangian of quantum field theory
using Osaka unitary transformation method

M. Kobayashi, T.Sato, H.Ohtsubo, Prog. Theor. Phys. 98 927 (1997)



Model Hamiltonians with N, t and A

H=H, +H, +H,

H ,= VNN,NN+VNA,NN+VNA,NA

4

Hi= Vinon t hA,nN

+V

TtN, VN + hA,vN

Determined by
1tN -> TN
NN-> NN, tNN

Determined by
YyN-> 1N
N(e,e’rt) N



SL Model
(Sato, Lee, PR C 54, 2660 (1996):C63,055201 (2001))

H 1= VT[N,T[N + hA,T[N Determined by
niN -> TN
yN-> 1N
N(e,e’mt) N
HVinyn [T hA,yN
™N
A 4 \
Meson-exchange <A[JeM|N>

|

Determined by data




Solve
Tab(E) = Vab+ 2 Vach(E) ch(E)
C

a,b, c= nN, yN

only A
v \
E ", bare N*,*’
= -
e 1
S u
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Procedures:
"Fit TN -> 1t N phase shifts data

I,

A->1tN is determined

5Fity N->1t N, N(e,e’ )N data
I

A ->y N form factors are determined



Structure functions of p(e, e’ °) p
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Pion electroproduction Structure functions
(data CLAS from C. Smith,2004)
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A ->vy N Form factor

Bare




Meson cloud effect in
v N 2 A(1232) form factors

G,,(Q?) for y N = A (1232) transition
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hadron models give G,,(Q?)
close to “Bare” form factor.



Extend SL Model to include J¢¢ and JNC

" Charged current
JEC=(VI+iV2) - (Al+i A?)

sNeutral current

M= (1-2sin%6 W)Jem = Visoscalar ~ A3
Objective:

Extract N — A axial form factors from
*N(v, WL 1) reactions

"Parity-iolating asymmetry of inclusive N(e,e’)



Procedures:

" Charged current
JEC=(VI+iV2) - (AL+iA2)

T

determined in (e, €’ m)

*Non-resonant axial current (Al,A?, A3)
are derived from effective Lagrangians

>

Adjust G#\ ,(Q?) =<A| (A' +iA?) N> to fit N(v, u t) data

Sato, Uno, Lee, PR C67,065201 (2003)
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e GAYA(Q2)= <N |AL+iA%| A> is determined

o —
Bare <N |AC |A> { _ G./G,
O 1 1 1
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O’ [(GeVic)]



Neutral current
JNCE = (1 -2sin“0 W) Jem - |soscalar

/

determined in (e, e’ m)

A3

I

v

Test A*and G* ,(Q?) by Parity-violating inclusive N(e,e’)




Experimental test (2011) of SL prediction(2005)

Electron data : parity violation asymmetry
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Hamiltonian for many-body calculations
of electroweak pion production on nuclei
In A(1232) region has been constructed

2
Predict v-nucleus reactions




H=H,+H +H,+

Hamiltonian with N, t and A

JCC _|_JNC

H ,= VNN,NN+VNA,NN+VNA,NA

4

H,=

Vinn T hA,nN

+V

TtN, VN + hA,vN

» Determined by VN -> pmt N

Determined by
~ | 1tN -> niN
NN-> NN, tNN

Determined by

* yN-> niN
N(e,e’rt) N



Many-body (microscopic) approach

Hamiltonians with N, tand A

Multiple scattering theory Projection operator method
v \ 4
Impulse approximation A-hole Model of t-A scattering

Well tested



A-Hole model calculation of 2C(m, 1t’)X

A L

110° Medium effects =0

0 50 100 150

\_
T

Medium effects: scattering, absorption




A-hole model calculation of “He (rt*, p)NN
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predict

=Inclusive %C(v, ) X

Szczerbinska, Sato, Kubodera, Lee et al., PLB 649 132 (2007)

=Coherent *2C(v, p,mt%)2C

Nakamura, Sato, Lee,Szczerbinska, Kubodera, PR C81,035502 (2010)




Inclusive A(v,)X

Szczerbinska, Sato, Kubodera, Lee et al., PLB 649 132 (2007)

"Impulse approximation: T =2 t(i)

\
=Objectives: Luu_--J

a. Examine Fermi Gas Model
b. Make prediction using Spectral function




WH = 3 <A |[JH|INX><XN7t [JV]| A>
X

do _ P G% cos 02 L0 WH
dFEed )y Py 82




W~ / dp dF dp0(pr — |P|) 0| —pr) <= Fermi Gas
x AN ()] jur |N(P))nN—em < SL

x A" (TN G IN(P))iN—em

* Fermi Gas to Spectral Function Benhar et al. NPA 579 493 (1994)

3 . . o
/ 45 0(pr — 7)) — [ dFdE P(5,E)

4T py \

Include correlations




Nuclear Effect for 17 in A-region
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Nuclear correlation and final state interaction
must be included in calculating the nuclear
effects in analyzing experimental data

Same formulafor e+¥2C->e’ + m+ X

Test the model by the available data



Prediction

ve+12C — e+ X (E, =1GeV)

— —
o 18
L} L)

& o/dQdE (10 ¥ cm2GeV sr)
O,

A7\ o/dQdE (nb/GeV sr)

Compare with data

e +12C - e+ X (E.=1.1GeV)

400 T T
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[Data: Sealock et al. PRL 62 1350 (1989)]

Dip region : need to include two-body mechanisms which are beyond

*

the impulse approximation calculations



Coherent A(v,un®)A reactions

Nakamura, Sato, Lee,Szczerbinska, Kubodera, PR C81,035502 (2010)

Main motivation:

Remove n° which could fake
v, ->V, oscillation events



A-hole Model

<A| J |T[, A>=3 < ¢A |J'N’A(i) GA_h(E) hA,nN (J)ln ¢A>

-/

|Ppq A><A Dy |

Gpp (E)=
E_MA - TA_ VA_ H A-1" 2 pauli zfprd
Fit m-A data " 2o =V (r)+V (1) Sa- Ly

Pion absorption.
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A-hole model prediction of 2C(y,nt® )*2C
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"ln agreement with the data
"Medium effects on A is large
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Current effort:

Extend SL model to include higher mass
nucleon resonances (N°) to predict
v-nucleus reactions

I
Starting point :

Hamiltonian with excited nucleons



Hamiltonian with excited nucleons
(Matsuyama, Sato, Lee, Phys. Rept, 2007

Hi\ = hN*, v T Vs, M’

N* : Confined quark-gluon core
MB ::yN, N, 27t-N, 1N, KA, KX, oN
(m4, £N, oN)
=

ANL-Osaka Model has been developed

Kamano, Nakamura, Lee, Sato, PRC 88 (2013)



ANL-Osaka Model

Solve

Kamano, Nakamura, Lee, Sato, PRC 88 (2013)

T,.(E)=V,+ Z V,G.E)T,(E)

a,b, c= yN, ntiN,21t-N, KA, K2

16 bare N”




Analysis Database

Waves # of data Waves # of data

Pion-induced
reactions
(purely strong
reactions)

do/dQY P R a Sum

Photo-
production
reactions

7N — 7N PWA Sy 56 x 2 Dq3 52 x 2 TP —np 294 - 294
531 56 X 2 D15 52 X 2
Prpo 56x2 Dyg 50x2 gop 5 KON 544 262 - - 806
P13 52 X 2 D3y 31 x 2 Tp — KOZO 215 - 9285
Poo2x2 b 39X 2 ay, s kbRt 552 312 - - 864
Ps3 56 x 2 Fi7 23 x 2
s 22 s 1605 644 - 4 2249
37 35
SAID g
Sum 1288
~ [ ] [ ]
28,000 data points to fit
do /dS) )y T P G HFEF O O Cp Co Ty 1.0 Ly Lo sum
vp — 7p 8290 1680 353 557 28 24 - - - - - - - - 10860
vp — TTn 5384 1014 661 221 75 123 - - - - - - - - 478
Yp — np 1076 197 50 - - - - - - - - - - - 1323
vp — KTA 611 118 69 410 - - - - 66 66 89 &9 - - 1518
vp— KT2Y 2049 116 - 320 - - - - - - 52 52 - - 3489
Sum 18310 3043 1133 1508 103 147 - - 66 66 141 141 - -|24668




Partial wave amplitudes of pi N scattering
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Imaginary part
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| Vector current (Q2=0) for K

| Production is well-tested by data



(parameters had been fitted to 7N — 7 N)
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)
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More detailed results from ANL-Osaka Model
will be presented in the Workshop on Hadron
physics at J-PARC



Current effort:
Extend ANL-Osaka model to include

" Charged current
JEC=(VI+iV2) - (Al+i A?)
="Neutral current
JNC = (1-2sin%0 ;) jem - v
I

Task:

Construct axial current (A, A%, A3) for
a. N

b. channels : N, 2rt-N, NN, KA, K2

A3

isoscalar



First attemp:
PCAC-based calculation of forward angle cross
Sections of v N -> 1N, 2mt-N, nN, KA, KZ

Objectives:
" Examine the importance of each channel

* Compare with Rein-Sehgal model



Formalism

Cross section for viN= X (X =xaN, anN, nN, KA, KY')

6>0 dE('ZQe = QGiE,? ('QWTSTH%+ Wgcos2giﬁ%r%>
0230 szgz[%—fwﬁﬁrw%Jrq% %gq.Jy]
CVC & PCAC (q- Ty ={q-V)—{q-A) =ifrm2(7)
LSZ & smoothness (X|&|N) = \/T?ﬁN_,X(O) ~ \/gﬁzv—)x(m%)
_2f7

Finally Fo=wWy = ——T0:nx O,n=x 1S from our DCC model
™



Results

CC v-proton / CC y-neutron
10 T T T T T T T

0.01 717tN

0.001 -

1 | 1 | 1
12 14 16 138 2
W (GeV)

e N dominates for W< 1.5 GeV

0.001 L

0.01}

CC v-neutron / CC y-proton

nN
KA[\
12 14 16 18

W (GeV)

* N becomes comparable to 7N for W= 1.5 GeV

* Smaller contribution from N and KY 0O(1071) - O(10?)

* Agreement with SL (no PCAC) in A region
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Comparison with Rein-Sehgal model

0

VetN->€ +p+n Ve+N->€ +n+m

'DCC —— —
RS —— |

1.2

'DCC ——
RS ——

1.4 1.6 1.8 2
W (GeV)

* RS has Lower A peak

* RS overestimates cross section at higher energies




Full DCC model for vN = zN, N, nN, KA, KX

In progress

Vector current V:

yo = MB analysis has been done
yn = 7mN, nn  analysis is ongoing

isospin separation necessary for calculating v-interaction

(electromagnetic form factors for VNN* couplings)

obtainable from (e,e’ ) data analysis ( will be done soon)



Full DCC model for vN = xN, N, nN, KA, KX

In progress
Axial current A :
A A
non-resonant mechanisms LLLL P LLLL .o
A PCAC =
resonant mechanisms LLL v .

(axial form factors of ANN*)

experimental information is necessary to fix this



Summary

= A dynamical model for A(1232) is ready for
analyzing the nuclear effects on experiments
measuring neutrino properties

" The ANL-Osaka model is being extended
to include N™ in the analysis of experiments
measuring neutrino properties



