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One-pion production

2 |  sum ——
R} |
(]
O
5
5
z
Threshold energy 0:3 Gev
elasticity
R MR, GeV R(tOt); GeV R(RI N): R(tOt)
P33(1232)( **; *: 9 ) 1:232 0:114 0:995
P11 (1440)(P,,; P 1:440 0:350(250 450) 0:6(0:6 0:7)
D 13(1520)(D ;5;D%5) 1:520 0:125(110 135) 0:5(0:5 0:6)
‘ S11(1535)(S;;:S%) 1:535 0:150(100 250) 0:4(0:35 0:55) \
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Models In the second resonance region

-

® ReintSehgal model ann. pnys. 1981, widely used in neutrino event

generators; recently update by K.Kuzmin et al (Dubna), K.Hagiwara et al (KEK)

® isobar model with phenomenological form factors oL, E.A. Paschos, PRD71,

PRD74
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Phenomenological description

o N

1 q
.
L—j R: po . . . . .

’ The electromagnetic hadronic vertex is parametrized in terms
of the electromagnetic nucleon-resonance (transition) form fac-
tors Ci(p)(Qz) and Ci(n)(QZ), which in general case do not

N;p

coincide for proton and neutron

The weak hadronic vertex is parametrized in terms of the

weak nucleon-resonance (transition) vector Civ (QZ) and axial
CA(Q?) form factors

Question: How many form factors are for each resonance and how they
L(couplings and Q2 dependences) can determined ? J
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Form factors for P33(1232)XJ " = %Jr)
-

‘ Earlier articles in this notation: Dufner, Tsai, PR 168, 1801; Lewellyn Smith, PR 3 (1972) 261;
Schreiner, von Hippel, NPB58 (1983) 333, Paschos, Sakuda, Yu, PRD 69 (2004) 014013, Singh, Athar,
Ahmad, hep-ph/0507016,

The resonance eld is described by a Rarita-Schwinger spinor (R),

V V

: s (R) C3 C:4
h iV iNi = =3 + 4

JV NI mN(ﬁqg q ) mﬁ(q pg qp)

#
C%\S/ 0) 0 V
+_mﬁ (g pg qp )+ Cgqg sU(N)
A A A #
C C C

h jA iNi = ~3 + =4 + CA . Ce

JA NI mN(ﬁilg q ) mﬁ(q Pg qp) 50 —mﬁqq U(N)
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How the form factors can be determined

-

A q_— o
Axial FF:PCAC i *q CA r(;—%qz TINEERN I S L, g gun:
( ! N)=g? kinematics
f . _ cé
=) CE(Q*=0)= =12 C§=mg 2702

Vector FF:CVC g J =0 =) Cy =0,

comparison with electroproduction cross section (1968 - 1971) CY (0) = 2:05 0:04, and

magnetic multipole dominance leadsto C; (0) = T-CY; CY =0
\%
FF fall down with Q? faster than dipole C3D(O) 1Q 5
1+ AM 2

2
with (1+ 25)2 Dy with My = 0:84 GeV
\%
2001: unambigious evidences from the JLAB for the contribution of the electric
E2 2:5%, of scalar multipoles S2 5%. They are taken into account by extracting

the form factors from the helicity amplitudes OL, Paschos, Piranishvilli, PRD74

o |

Olga Lalakulich, NuFact06, Irvine, California, 29 Aug 2006 -p.erso



Helicity amplitudes for P33(1232)

‘ Helicity amplitudes evaluated from the electroproduction data on proton at W = M g Tiator et al., EPJA 19 \
(2004);  Burkert, Li, IJMP 13 (2004);  Aznauryan (talk at NStar 2005) The relations to CiV are calculated by
our group at arbitrary Q2 and W

“ 3
= em 4 O "(R)iN - 1: —
p — .. C(em) C(em) C(em)
_ j 8] 2
= 500+ Mg N (my + MR) + z (my Q<) + riﬁ my
A - em hR:+ 1jJ “(R)jN: L
1=2 mN(W2 mﬁl) ’ 2] em J y 2
q — o (em ) (em) (em
_ N j & C m 00 C 2 C
= I pwame my (MN MR 252 (P + MR)) + (my Q) + r?],%,
> 1
_ em q ||(S) —
Si- = _rR + —jJem N;:+ —i
1=2 my (W2 m? ) J ) 2
q — - (em) (em) (em)
_ 2N jgj? Cj Cs 2, C
S T WRe®IMe Tmy MR Tz W S ma(my )

LN: M (W2 m?2 2my (p® + MR) J

)
N
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Beyond the magnetic dominance

: : P~
Magnetic dominance for low Q?: A5-, 3A1->
QCD asymptotics for Q2! 1 :

1 . 1 . 1
As=2 gs: A=z gz Si1=2 gz
+ logarithmic corections
NN
A
SI O i AAAp AA A Ao A
> I -
Q - -
O?LD -50 : . ®
S -100 i .,.A...“". A
n -150 ¢ am
& [ .
< 200 ¢ . NP J—
S - w (p)
<00 '250 . /,/ A1/2 N
L S (5) I
1/2
300tk
0 0.5 1 1.5 2 2.5 3
2
Q

helicity amplitudes at W = Mp 1232,
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QCD asymptotics for Q% ! 1 :

\/ 1 . V 1 . \/
C3 os G4 ge Cs
CV = 214Dy .

3 7 1+Q2=AM Z
cY = 1:56=D

(1+Q2=7:3M 2 )*’

V - 0:83=D v
> (1+Q2=0:95M 2 )

CI\/ — Ci(p) — Ci(n)

where Dy = (1+ Q%=M7)?,
MZ = 0:71 GeV?

For Q2 < 3 GeV? these form fac-
tors coincide with the "magnetic dom-
inance” values with 4% accuracy



P33(1232) axial form factors
- . h

From PCAC C& = 1:2; C§ = m§ TTeg7

Other form factors C4', C4' cannot be determined form general principles.

Cyp = Cf&=4; C& = 0isfavoured by Adler's model and gives good agreement with the
experiment.

As Q2 increases, axial form factors also fall down steeper than dipole.

5. = L—— withMa  1:0 GeV
1+
M 2
Summary:

1) axial form factor Cs is determined through PCAC and expressed through the resonance
elastic decay width;

2) vector form factor are determined from electroproduction data, we are able to achieve
the same accuracy as in electroproduction data

The same procedure will be applied to higher resonances
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D13(1520)JP = 3=2 || = 1=2

| N

The formulas for this resonance are similar to that for P33 with the s
changing the place: the are 3 independent vector form factors and

3 independent axial form factors

V V
, o — (R) C3 C4
hD 12iV iNi = =3 + 4
13)V jNi — (@9 q ) m2 (9 pg qp)
H
C%/ 0) 0
T (g pg qp ) Un)
N
A A A #
C C C
hD 12iA iNi = ~3 + =4 + CA . Lo
13JA NI — (@9 q ) mZ (9 pg qp) 50 —mﬁqq 5U(
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D 13(1520) Vector form factors

QCD asymptotics for Q% ! 1 :
1

1. 1
A3:2 Q_ , A1:2 $ y 81:2 w
200
N i AgplP) -ooreeeee
S 150 AP
> S /Z(F’) ..............
O 100 -
(Y) S
[ -\\
S s0f "
é - - **** T
5 ol e e
é ‘ ‘ lllllllllllllll P Y—— N @
< 50 F :.. ------------- o °
é
< -100
‘150 L 1
O 05 1 15 2 25 3 35 4

Helicity amplitudes for proton for W = Mp 1520,
Data points from Aznauryan, talk at NStar 2005

are shown, updated points are coming ...

QCD asymptotics for Q2 ! 1 :

Cs Q%; Cy Q%; Cs Qis
preliminary !
C(p) — _2:98=Dy
3 1+ Q2=8M
C(p) _ 1:17=D
4 - 2_ 2 21
(1+ Q2=17M 2)
C(p) 0:49=Dy
5 - 2 2 2
(1+ Q2=37M2)
C(n) _ 1:15=Dy
3 7 1+Q2%=8M/?
C(n) _ 0:46=D y
4 = 2_ 2)2"
(1+ Q2=17M 2)
(n) — 0:18=D v
5 (1+Q2=37M 2 )"’

where Dy = (1 + Q?=M7)?, M7
0:71 GeV?

CI\/ — Ci(n) Ci(p)
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D 13(1520) Axial form factors
- -

CA 2
From PCAC C{ (Q%) = m{ =% S.QQZ); CA(D13) = £g nrfpisz = 21

The Q2 dependence cannot be determined from experiment because of the lack of the

data.
Instead, we consider two cases: (i) “fast fall-off”, in which the Q? dependence is choosen
the same as for the P33 resonance, and (i) “slow fall-off”, in which the Q2 dependence is

atter and is taken to be the same as for the vector form factors for each resonace.

D13(1520): C& = 1+2(:212==%’§/|2 (“fast fall-off”)
A

_ 2:1=Da
Cs = 1+ Q2=9M 2
with the axial mass common for all the resonances M o = 1:05 GeV

We also do not know C%', C# and take C5 (Q?) = 0, C (Q?) = 0.

(“slow fall-off”) :

o |
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P;1(1440)JF = 1" and S44(1535)J° = 1

2
fFor the spin-1/2 resonances all formulas are simpler _‘
e oy 2 9y
Pujd INT=u(p) fo— e (QF + @)+ =i d
A
A 9
01 5 qu 5 U(p)
where =3[ 5 1
S11jJ iNi = u(p?) %@ +ag) st E i g
(mn + MR)? my + Mg
A g
gl mq u(p)s
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S11(1535) Vector form factors
fQCD asymptotics for Q2 ! 1 : —‘

1. 1 QCD asymptotics for Q2 ! 1 :
A1:2 Q3 ’ 81:2 . Q4 (em) A. (em) A
+logarithmic corrections 9 Qv & © Q8
preliminary! h
120 T A (p) = _187=Dv__ 9, 7:.07|n 1+ -
100 ¢ Y . g = = Q?2=1:2M ¢ h ' 1 Ge
s ettt . . 1 P = 964Dy, 10510 1+ —Q
m8 60 | o & Syp ] 2 (1+ Q2_7M \% )2 1 G
5wl .. - - . o |
& | oA neutron: g = g~ — neglecting
U)\—l 20 - i
& of e S | isoscalar contribution (makes sense within
< a o A _
20 &¥ 1 the accuracy of the data available)
-40 — - - - s T N
0 1 2 3 4 5 6 < o < ol
Q’ ﬁ ks :
Helicity amplit. for proton for W = M g1535 oos- ¢ e i
. L S,,(1535) —0.1~ $°,(1535)
[1] Tiator et al., EPJA 19 (2004); ol e I
0 2 4 0 1 2
[2] Burkert, Li, IIMP 13 (2004); Q*(GeV?) Q*(GeV?)

[3] Aznauryan (talk at NStar 2005)
[4] Armstrong et al., PRD 60 (2000)

Burkert, Li, IIMP 13 (2004)
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P11(1440) Vector form factors

‘ QCD asymptotics for Q% ! 1 :
Al o5 Si=2 o7

= Q3 ’ Q
80
) A1/2 N
60 F. .
N RVVA R ® o O -
S 40+ yg SR o S °
o5 A - 81/2 ..............
O 20F & o ~
» FL ANCR v
S of o aw L
& L SO
= -20 A
7 0°
S -40 -
<
-60 I
-80 : ' - - s
0 1 2 3 4 5 6
2
Q

Helicity amplit. for proton, W = M p 1440
[1] Tiator et al., EPJA 19 (2004);
[2] Burkert, Li, IJIMP 13 (2004);

[3] Aznauryan (talk at NStar 2005)

-

QCD asymptotics for Q2 | 1 :

(em) 1 . 1 .
gl &’ ggm . @1
preliminary!
2:3=D 2
0" = Y 14007 1+ 2
1+ Q?=1:2M ¢ 1 GeV
0:76=D 2
05" = V1 28I 1+ 2
1+ Q2:4OM3 1Ge
neutron: gﬁ”) = ggp) — neglecting

isoscalar contribution (which makes sense

within the accuracy of the data available)

CI\/ — Ci(n) Ci(p)

|
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Axial form factors

Axial form factors are determined from PCAC and elastic resonanceg width
: — M : — f - 0
P11(1440): g5 (Q?) = M 7arn)gh(Q?); gp(0) = . 2 eulf - 5

SMr+my
S11(1535): 65 (Q%) = MG ot (Q%): 9 (0) = Fpiif, = 021

The Q2 dependence for gf‘ is not known, so we again consider “fast fall-off” and “slow

fall-off” cases:

0:51=D
P11(1440):  g'(Q%) =

1+ Q?%=3
0:51=Da (“slow fall-off”)

W -
1+ Q2=4:3M 2 ’

K\/I - (“fast fall-off")
A

07 (Q%) =

0:21=D
+ Q2=3

:21=D -
07 (Q%) = 0 £ 1+ 7:1In 1+ Q ("slow fall-

L 1+ Q2=1:2M 2 1 GeV? J
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S11(1535): g (Q?) = : &2 ("fast fall-off")
A




How to calculate the cross section

The calculations have been done Schreiner, von Hippel, NPB 58 (1973) 333, heglecting lepton,
that is a valid approximation at Q% >> m?. Recent formulas including muon mass Paschos,

O.L., PRD 71 (2005) 074003 we present it in a form close to DIS. The cross section in this form

iIs the same for all the resonanges

d G2 2

W 1
dQ2dw P COs" ¢ mp E2 1(Q m<) mﬁ (Pk)(p O) Zm,; (Q m<)
_W3 2 1 2 2 Wy 2 (Q2 + m2) W 2

K3 +m?) + —m 22 m2 (pk
e Q7K S(pa(Q )+ . oz (K
and the hadronic structure functions are de ned as usual
W = g W1+pp—r\]:]\ll%l2 i pqzvr:]/%+r\:1véqq+—r\:lvﬁ5(pq+pq)

The functional dependence of the structure functions on the form factors vary with
resonance.
W1, W2, W3 give main contribution; W; in terms of C; are given in our paper
W 3 describe the vector-axial interference

W4, W5 contribute to the Xsec proportional to the lepton mass
Olga Lalakulich, NuFact06, Irvine, California, 29 Aug 2006 - 1730



Structure functions

W Q% —V; Q% RW;Mg
My
9y * 4 2 gy ° 2
Vi Q" pa My MyMg >~ 2Pg These are the formulas for the spin-
*my myMg q p 1/2 resonances
9193 52 2
520 pg Mg my myQ
P2m myMg q p (4.25) signs here correspond to P11 and
S11 resonances, respectively
g; * gz ° .
Vy 2my —5QF S5-Q7 gf? (4.26) Formulas for spin-3/2 resonances
are more cumbersome
V AA VA~A
V, amg Bz I ymy omy @27

OL, Paschos, Piranishvili, PRD74 (2006) 014009
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Cross section for

-

120 i

N

>

(0]

o

o 100 |
o

o

S 80}
£

% 60
‘O 40t
©

(/2] 20,
o

0 0.5 1 15 2 2.5

Q% GeVv?
hE i1 1GeV
1.2-38 | ‘ ' SKATnp —=— |
1e-38 |

8e-39 | ;|
6e-39 |

4e-39 +

ds/ dQ2, cm?/GeV?

2e-39 r
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T+

8e-39 FT : Y
ANL case(2)
‘% 6e-39 |
Q
=
©  4e-39
ko
2 e39|
0 02 04 06 08 1
Q% GeV?
hE i1 1GeV
C2(0) 1
case (1): C;’?‘ (QZ) = 2 5
Da 1+ Q
3M 2
CA (0) 1
case (2): C& (Q?) = =22 5
Da 1+ 2Q
M 2

Paschos, OL PRD 71 (2005) 074003



Cross section In Sato+Lee model

1.6 :
Tot
V —_—— e — .
N 100 1.4 } A e A
>
(O]
O
9 1.2 |
oS T
2 10} 2
® 0.8}
o
1t =
Q 06}
+10
!
04} ™
CA(0
SatoxLee: Cg (Q?) = 5 (0) 0.2
DA .
) N
. Q? | Q2 0 e
1+ 01547 exp( 0:166 ———7) O 02 04 06 08 1
2 2
Sato, Lee PRC 67 (2003) 065201 QIGeV7]

Conclusion: ANL data show a steeper Q?+dependence than BNL data
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C
-

ross sectionfor P! o D~

FNAL-15ft np ——=— 140 | " BEBC-86 np BEBC-90np —=— |

. 1le-38 |
1e-38 o | |
2 120 1 . | 1.1<W<1.4 (GeV)
> ! o 1.1<W<1.4 (GeV) S ge3g |
o 8e-39 — 100 | & ] () f
Q o ! Q ‘
N > | N 4
5 6e39 !\ casen) 2 8op | E  6e39 [ || case(l)
ey " & 60 & o) L
O 4e39 ¢ e case(1) S 4e39 1
n ° 40 B n
° - ° %
2e-39 « NN 2e-39 +
- 20} N
; case(2) 22 o | case(2) "I
‘ P s L PR s - SO I S
0 25 3 0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
, Q2% GeVv? Q2 GeV?

The low Q? region still to be determined and understood precisely.
Factors, which decrease the cross section are: 1) Pauli blocking Paschos, Sakuda, Yu PRD 69
(2004) 014013 2) muon mass effects Paschos, O.L., PRD 71 (2005) 074003

For the d =dQ? lepton mass effects are noticable at low Q2 for small neutrino energies.

|
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ot +

-production: P!

P

Taking into account nonzero mass if the nal lepton reduces the cross section in two ways:
1) due to the kinematical restrictions on the phase space available

2) due to the "small” structure functions W4 and Ws

6e-39 W4, W5 and phase space —=" | W, W and phsp
phase space-ofily - P phsp only -
5e-39 ¢ W4, W5-from DIS -+ - 5e-40 [ W, W, from DIS and phsp 1
-~ (o] i \
> P
(]
4e-39 o 4e40
= 3e39 © 3e40 7
% ‘©
2e-39 S 2e40 |
(%))
©
1e-39 le-40
12 | ! ! 0 i | . ) Stiaal
4 6 8 10 12 0 1 2 3 4 5
E, GeV Q?, GeV?

red line: both effects are taken into account
green line: only the reduction of the phase space is taken into account; (W4 = Wsg = 0)
blue line: structure functions in the DIS limit: W4 = 0, W5 = W,=2x

o |
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o

ds/d W, 1038cm?/GeV

Neutrinoproduction at different E

70 . : —
BEBC: nn->mR .
60

E =54 GeV

15+ 50 .
40
30

20
05 r

ds/d W, events/(0.04 GeV)

10

0 1 1 1 1 O
1 1.1 1.2 1.3 1.4 15 1.6 1 1.2 14 1.6 1.8 2

W, GeV W, GeV

AtE < 1 GeV the second resonance region is negligible in neutrino scattering. It
will not be seen in K2K and MiniBOONE.

At E 50 GeV the two peaks are clearly seen. However, BEBC experiment Allasia

et al, NPB 343 (1990) 285 didn't resolve them.

|
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o

-38 2
S integrated: 10 cm

-
A
_|_

p °

0.6

0 "~ ANL82 =
pp = ANL79 -~ o
4 BNL &
- SKAT v
04t A

o
(V)

BNL data points are consistently higher than

those of ANL and SKAT, errorbars are large

for N channel our curve is a little low than
experimental points: either contributions from
higher resonances or a smooth isospin-1/2 in-

coherent background, for example

1=4
n — 40 E : 2
bgr 5 10 TGav 0:28 cm<,
p— 1 “*n
bgr 2 bar

-

-38 2
S integrated: 10 cm

-38 2
S integrated: 10 cm

0.6

04t

0.7

0.6
05
04
03
0.2

0.1

Rl n *

+ ANLS2 — =&
np ANL79 o
BNL &
4 SKAT v

H H v !

ANL —®

W<2.0 GeV

© W<1.6GeV |

|
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Adler sum rule

h i, h i, h i, R
) T g8 T g9 TR W@ ) Wt ) =2

25—
2 =\\\\\\\
e —
2 s DIS
Y
= 1r
E 05 _ ‘*\\\\Q\E\\
=
05 | RES
_1 T
0 0.5 1 1.5 2
QZ, GeV?

Adler sum Rule is satis ed with a 10%accuracy

o |
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Duality for electron scattering: F5"

. . _ 2X .
The use of the Nachtman scaling variable = T+(@+4 x2mZ =Q?)1=2 includes some of
the target mass corrections

As QZ increases, the resonance curves should slide along the DIS curve

15

GRV ——
CTEQ
MRST
=2 2
®q By L e T
vale_n,g,e..----»--:_‘jf_'.'.'-'—'f—"-'-—‘""'
“"total
TS I 1 0.5 1 1 1
0 0.2 04 0.6 0.8 1 0 05 1 1.5 2
2 2
X , GeV
R Q

OL, E.A. Paschos, W. Melnitchouk, hep-ph/0608058 f eN (res) , .~2
i d F2 ( ’Q )
R N (LT
fd FNED (02

Sato, Lee, PRC 72 (2005) 025204 i = (W = 1:6GeV; Q?),

L i = (W = 1:1GeV; Q?) J
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i - 15N (Q?)
Similar results for P33(1232) are in Matsui, 2



Duality neutrino Charge Current reaction

‘ OL, E.A. Paschos, W. Melnitchouk, hep-ph/0608058 \

Duality does NOT work for protons and neutrons separately

F,"* and F,™

3.5

25 |

3}

2 L
"
ko
[\
s
IS
Fovose
vl
E oy .
\
Y
\
. L .
\,
L \
\
\
S

1¢

Resonances:

p
Fires)™ Fires)

DIS:

p
Fiois)<Fiis)

|
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Duality for CC neutrino scattering: F, N

o N

T 1.6 T T T
f GRV —— GRV ——
2 | 02 CTEQ oo 14| CTEQ

1.2 1 \valence

fo5

% zZ
H 1t vale,‘ncﬁa -
0.5
0.2t
0 | \, e 1 0 Il Il 1
0 0.2 0.4 0.6 0.8 1 0 0.5 1 15 2
X Q?, GeV?

OL, E.A. Paschos, W. Melnitchouk, hep-ph/0608058 f =ress .2

o UEEGedd
Similar results for P33(1232) are in Matsui, 12(res=DIS) = Rr :

if FZDIS( ;QZ)d
Sato, Lee, PRC 72 (2005) 025204 = (W = 1:6GeV; Q2),

Analysis for ReintSehgal model is in (= (W= 1:1GeV: Q2).

Graczyk, Juszczak, Sobczyk, hep-ph/0512015 The discrepancy will be eleiminated by in-

cluding other resonances, or background,

or modifying the FF at large Q2.
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Duality for 2xF £N and 2xF,

DIS: 2xF1 = 1+ 4%2#2)(2 Fo, F_ DIS Callan-Gross: 2XF1 = F»

1.6
1.4t T

121 R
R |
L, o8t f
06 | |
0a |
0.2

O 1 1 1
1 0 0.5 1 15 2

nN
2xF4
N
nN

T T 2
05 MRST(CG) ] 18 |
H MRST e ] er
] 1.4 ¢ R ]
%o ] 12 ¢ e
i o I — ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, n

08 /

0.6 /

0.4 r MRST -

0.2 |

oL AT e , 0 , , ,
0 02 04 06 08 1 0 0.5 1 15 2

X Q?, GeV?
target mass corrections are morelgighacant|iivhthisiEas&6, Irvine, California, 29 Aug 2006 -p.aerso

08

0.6

eN

0.4 I

2xF &N

0.2




Summary

-

We present a general formalism for analysing the excitation of resonances by

electrons and neutrinos

We use recent data on helicity amplitudes from JLAB and Mainz accelerator to
determine the electromagnetic and weak vector form form factors including

Q?-dependences

For the isospin-1/2 resonances the form factors fall down not so fast as for the
For P11(1440)and S11(1535) decreasing at small Q? is even slower than dipole.

The contribution of the isospin-1/2 resonances to the cross section grows with the

Increasing energy of the incoming neutrinos.

Quarkzhadron duality for CC neutrino scattering is satis ed in the region
Q%= 02 2GeV2forthe (F,” + F,")=2atleastat 20%level of accuracy,
which is better than for electron scattering. The Adler sum rule is satis ed with a

10%accuracy.
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