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One of the major inputs in predicting the
neutrino event rates in the neutrino oscilla-
tion experiments is

"neutrino nucleus reaction cCross sec-
tions”.

Major contributions to the v — A cross sec-
tions in the few GeV region(< 3GeV) are
from the following processes

1. Quasielastic Reaction
v (k) + N(p) — I~ (k') + N'(p)

v (k) + N(p) — v (k") + N'(p")

2. Pion Production through Baryon Res-
onances i) Incoherent Pion Production

vi(k) + N(p) = 17 (k') + N*(p")
N*(p') > N' 4=
i) Coherent Pion Production

(k) +2 X(p) = " (K) + 7T +4 X
3. Deep Inelastic Reaction

v(k) + N(p) — 17 (k") + X ()



All the neutrino event generators use some
nuclear model to estimate o but is limited
only to Q. E. reactions

For example in the case of Charged Current
Reaction

Common Theoretical Inputs to all v Event
Generators:

o Llewellyn Smith free nucleon QE x-section
e Rein and Sehgal Resonance x-section
e Standard DIS formula for high W, Q2.

Inputs which are different for various v
Event Generators:

e Treatment of Nuclear Effects

e Joining of Resonance and DIS

e Treatment of FSI



Neutrino Event Generators

NUANCE

In nuance q.e. scattering comprises both
C.C. and n.c. neutrino interactions with
nucleons.

e Relativistic Fermi gas model of Smith and
Moniz.

NUANCE v2: Dipole form factors, M, =
0.84, M4 = 1.0GeV

NUANCE v3: Non-dipole form factors, «
absorption model tuned on w data and M4 =
1.03GeV.



Resonance Processes
Rein and Sehgal model is used.

Nuclear medium effects have not been taken
for Resonance Production

An ad hoc suppression of pion production:

20% for I3=i% Resonance Excitations
10% for I3=+3 Resonance Excitations
Coherent Processes

Rein and Sehgal model is used.

Nuclear Medium Effects on = Production is
included through effective m-Nucleus Scat-
tering

Deep Inelastic Scattering

e Parton Distribution Function of Albright
and Jarlskog e Nuclear Medium Effects e
W > 2GeV



The relative importance of various processes

depend upon the energy range of the neu-
trinos.

For example, in the case of MiniBooNE ex-
periment, the relative contributions for the
various processes are:

12,
vt CopN

C. C. Q. E. Events 40%, C. C. Res. Prod.
Events 25%

N. C. E. E. Events 7%, N. C. Y Events
7%



NEUGEN
Dipole Form Factors, M4 = 1.032GeV

e Relativistic Fermi gas model of Gaisser
and O’'Connell

NEUT
Dipole Form Factors, M4 = 1.1GeV

e Fermi gas model of Smith and Moniz
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— Nuclear Effects are Important
Nulnt - Workshops

e Q. E. Scattering

e Resonance Reaction

e D.I. S.

Not Included Satisfactorily in Monte Carlo
Event Generators

Nuclear Effects should be properly in-
corporated in Neutrino Event Generators
for predicting Event Rates



Nuclear Effects in the following processes

e Charged Current Quasielastic Scatter-
ing

(k) +7 X(p) = 17 (k) +541 Y (@)
e \Weak Pion Production

Incoherent Pion Production

v(k) +4 X(p) = 1I=(K) +1 Y (@) + =

Coherent Pion Production

y(k) +4 X(p) > 1" (k) + 7T +4 X
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Quasielastic Charged Current Reaction

The basic rve-neutron reaction taking place
in AX nucleus is

v(k) + n(p) = 17 (k") + p(®")

Matrix Element

G
T =X cosfe 1, J*

V2

lp = (k) (1 — v5)ulk)

a(p)[FY <q2w;
Vi 2N uv 4V
+F5 (¢°)io M

J,U
+ FY (¢*)7Y*vs]u(p).

FY (¢?), FY (¢?) and FY (q?)
are isovector form factors.

FY(0) = 1.0, FY (0) = 3.7059, Dipole mass
M, = 0.84GeV, M4 = 1.05GeV; F4(0) =
—1.26.



In a nucleus, the neutrino scatters from a
neutron moving in the finite nucleus of neu-
tron density pn(7r), with a local occupation
number nn,(p,r).

Scattering Cross Section in LDA

do 3 do
] = [ [
dS2edEe Nucleus dS2edEe FreeNucleon
pn(r) = 2 [ dpn o —s3nn(p.1)

Ep — Ep(lp+q])

pn < kg, and

Pp(=Ipn+al) > kg,

kg, = [37T29n(7°)]%

kr, = [3n20p(r)]



To incorporate these modifications, the ¢
function d[go+ En— Ep] is modified to §[go+

En(p) — Ep(P+ ¢) — Q] and

dp (b 1) My, M,
n ?
2m)3 PV R,

5[‘]0 + En — Ep]

is replaced by —(1/7)ImUn(qo, §),

Un(qo,q) is the Lindhard function corre-
sponding to the particle hole(ph) excitation

2G 2 cos2 0. [Tmaz P
o(By) = — - C/ TQdT/  pPdpy %
Tr

™ min p"mt

1 1
d(cosf Ly JHY %
|-, dCcost) L
ImUN[EVl T El T Q)q_]



In the nucleus the strength of the elec-
troweak coupling may change from their
free nucleon values due to the presence of
strongly interacting nucleons.

C.V.C. forbids any change in the charge
coupling

Magnetic and Axial Vector Couplings are
likely to change from their free nucleon val-
ues.

Quenching of Axial Current is a well estab-
lished phenomena

These changes are calculated by con-
sidering the interaction of ph excita-
tions in the nuclear medium in Ran-
dom Phase Approximation (RPA).



The ph-ph interaction is shown by
the wavy line and is described by the
7 and p exchanges modulated by the
effect of short range correlations.

Many body Feynman diagrams (drawn in the limit
My — oo) accounting for the medium polarization
effects

The weak nucleon vertex described, in nonrelativis-
tic limit, have terms like Fyd74 and iF>%3774 which

generate spin-isospin transitions in nuclei.

T hese channels produce different RPA
responses in the longitudinal and transvers
channels when the diagrams are summed
over.



iFx%3 474 couples to the transverse excita-
tions, the term F4o7 couples to the trans-
verse as well as longitudinal channels.

F38ijImUy — F3 |didj + (8;5 — didy)|

The RPA response of this term after sum-
ming the higher order diagrams gives a term
which now modified as

JI — Jd, = JIF3UN

d;d; n d;5 — didj
1-UNnV; 1 -UnWe
where V; and V; are the longitudinal and

transverse part of the nucleon-nucleon po-
tential calculated with « and p exchanges.

2 2 A2 — 2\ 2
vl<q>:?j12l_qq 2(” m”) +g'],

Us

2
f2 q2 /\102 - 3 /
V = C +
t(Q) 727 _q2 | g P 2 g

Nr = 1.3GeV, Cp =2, N\p = 2.5GeV.
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Ratio of the total cross section to the free neutrino
nucleon cross section for the reactions (a) v, +n —
p~ —+ p in iron nuclei. without RPA (solid line), with
RPA (dotted line) and Fermi gas model (dashed
line)

% reduction in the total cross section o
E,(MeV) FGM with RPA

300 25 45
500 14 30
1000 10 20
1500 10 18

2000 10 17
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Neutrino quasielastic total cross section per nucleon(10~38¢cm?)
for v, +n — p 4+ pu~ reaction in °°Fe. The data

are from LSND(Ellipse), Bonnetti et al.(squares),

SKAT collab.(Triangle Down), Pohl et al.(Circle)

and Belikov et al.(Triangle Up).
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d7 (10-40.em" ) vs py(MeV) at E = 0.75GeV and E =

1.0GeV. without RPA(dotted line), with RPA(dashed-
dotted line), free case(solid line) and FGM (dashed

line).

% reduction in the differential cross section j—;
FE, = 0.75GeV
1(MeV) without RPA with RPA
(further reduction)

600 3 18
720 36 50

FE, =1.0GeV
900 3 23

960 10 40



15 | | | | | | | | | | | | | | | | | | | | | | | |

0 -
T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
-0.5 -0.25 0 0.25 0.5 0.75 1

3o -(10738cm?) vs cost; at E = 0.75GeV and E =

1.0GeV without RPA(dotted line), with RPA(dashed-
dotted line), free case(solid line) and FGM (dashed
line)

% reduction in the differential cross section dc‘if’;el

Ez/ = 0.75GeV

cos0;(6;) without RPA with RPA
(further reduction)

0.9(25) 14 35
0.996(5) 48 37

E, = 1.0GeV
0.9(25) 5 30

0.996(5) 35 35



T = | 4 I ! 1
0 500 1000 1500 2000 2500 3000

< 92> (10740&m ) vs p; averaged over MiniBooNE

spectrum. without RPA(dotted line), with RPA(dashed-
dotted line), free case(solid line) and FGM (dashed
line)

% reduction in the differential cross section < 92 >

pi(MeV) without RPA with RPA
(further reduction)
500 9 7
800 10 12
1200 13 16

1500 16 18
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iz -(10738em?) vs coso; averaged over MiniBooNE

spectrum. without RPA(dotted line), with RPA(dashed-
dotted line), free case(solid line) and FGM (dashed
line).

% reduction in the differential cross section

< Toostr >
cosf;(6;) without RPA with RPA
(further reduction)
0.90(25) 8 20

0.996(5) 25 28




Inelastic Scattering Cross Section

In the intermediate energy region, the dominant
contribution comes from the A resonance due to
very strong P wave pion nucleon coupling leading
to A resonance.

Matrix Element for the neutrino excitation through
C. C.reaction

v(k) +p(p) = 17 (K) + AT ()
(k) +n(p) = 1" (K) + AT (p")
is
T = % cosb. 1, (Vk4 AH)
Matrix elements:

Vi, 2
< ATT|VHp >= V3% (D) (C3 (g )(go"% q°v*)

Vo2 V(o2
+‘C£;V([q2—) (6q - — ™) + (q )(go‘”q p —q“p")
V2
+C]V_([Z )q q )75U(p)
Al 2
< AT AHp >= V3P (p") (C 54 )(go‘“/l q*y")
Ci(4?)

+ (g**q-p" — q“p'")

M?2
A2
+ A + B0 ) utr)



= =20y, and
5 4 MA 3
2.05
Cg(qz) = pr M‘Q/ = 0.54GeV?

The axial vector form factor C£(q?)
is related to Cs?(¢?) using PCAC

and is given by

Ay 2 A, 2y M?
Ce(a7) = Cs7(¢7)—— -
2 _

2

A 2y _ A a;q° @ -
Ciz34,5(q¢") = C(0) [1 t b; —q2] (1 MA2>
C5(0) = 0,03(0) = ~0.3,C4(0) =
1.2, a4 = ag = —1.21,

by = bg = 2GeV?2, M, = 1.28GeV.



Energy spectrum of the outgoing lep-
tons

P 1 1 ¥ r)
dEdS2; 83 MM'E, (W — M2 + _rzgw)

LuyJuV

where W = /(p + ¢)? and M’ is mass of A,
Ly =50, = L), +iL},
= kuk;, + kjky — guk - k' + i€uapk®k"”
JW = T gt v
PHY — Z ¢H¢_V

spins

and is given by:

PH =

p/ + Ml 5 2p/up/u 1p/u,71/ _ P”jﬁ’u 1 5
5 (9 3 +3 — 37"
2M’' 3 M~ 3 M’ 3

The decay width I is taken to be an energy depen-
dent P-wave decay width given by

1 (fana\* M, 5
r(w) = em|"OQW — M — mg,
w) = o (222) PlacPo me)

OV = m2 = M) — 4m2 1
2W

|Qem| =



In the nuclear medium the decay width I is modified

1 (fﬂ'NA)z M|qcm|3

6T Mo W
F(kp, Ean,kp)©(W — M — m;)

F(kpr,Ea,kpa) is the Pauli correction factor given by

F =

AN — NN and ANN — NNN

through which A’s disappear in the nuclear medium
without producing a pion.

Ma — Ma + Re> A and |= — |= — Im2_A.

Rex A = 402 MeV
PO

a B g
—Im3> a = Cq (ﬁ) + Ca2 (£> + Cas (£>
PO PO PO
The cross section for =+ production in the nucleus:
// dr dk/ 1
o =
83 E,E; MM’

& —Im¥a

(W — M’ — ReX p)2 + (& — ImZ )2

[pp(r> + épnm] L™

Expressions of Re> A and Im2 aA: Oset et al. Nucl.
Phys. A468 (1987) 631; Garcia Recio et al., Nucl.
Phys. A526(1991)685

Pion Absorption Code Oset and Strottman, Phys.
Rev. C42 (1990) 2454.
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Total cross section (10738¢m?) for the reaction
v+ N — A +1 in 12C without(solid line) and with
nuclear medium effects(dashed line) and when pion
absorption is also taken into account(dotted line).

% reduction in the total scattering cross section
o with NE with NE and PA

500 23 8
1000 11 11
1500 9 10

3000 8 8
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Total cross section o(10738¢m?) for the reaction
v+ N — A +1" in 12C(dotted line), 1°*O(dashed
line) and ®°Fe(solid line) with nuclear medium and
pion absorption effects.
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d2(107404m5) vs p at E = 0.75GeV and E = 1.0GeV

for the reaction y;+ N — A +1~ in 12C without(solid
line) and with nuclear medium effects(dashed line)
and when pion absorption is also taken into ac-
count(dotted line).

% reduction in the differential cross section %

dp
E, = 0.75GeV

pi(MeV) with NE  with NE and PA
(further reduction)
200 15 11
300 17 10
E, = 1.0GeV
500 14 11

600 20 8
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dd09(10_380m2 VS cosh; at £ = 0.75GeV and E =
cosb,

1.0GeV for the reaction v;+N — A+1~ in 12C with-
out(solid line) and with nuclear medium effects(dashed
line) and when pion absorption is also taken into ac-
count(dotted line).

% reduction in the differential cross section dc‘f)‘;el

cos0,(6;) with NE  with NE and PA
(further reduction)

E, = 0.75GeV

0.9(25) 9 10
0.996(5) 7 10
Eu = 1GeV

0.9(25) 9 10

0.996(5) 9 10




Coherent Weak Pion Production

The coherent pion production is the

process in which the nucleus remains

In the ground state. We calculate

the coherent pion production induced
by charged current interaction i.e.

v+4 X =1 +rt +4 X

The calculations are done in a lo-
cal density approximation using A

dominance:

Matrix Element

T = %aw)wu — s )ulk)

(Jcl;irect + Jsxchange)F(q - pﬂ)



G fﬂ'NA T 175 (o) s
s = \/5\/—% Cos ¢ - tJZw (p) A AOM\U (p)

G 2 _
Jsxchange = \/5\/—2 COS chnjjA Z ws(p’)thU)\A)\MWS(p)

F(q - p7r) = /d3r(pp(r) + %pn(r))ei(q_p“)'r

Using these expressions the follow-
ing form of the double differential
Ccross section for pion production is

obtained

do
pr|R T|?
d2-dSdE; 8(27r)5E| R IT]



Pion Absorption

The approximate representation for
the scattering wave function in Eikonal

approximation

p(r) = exp |ipr-r— - [ V(z,y,2)d?
v J—00

Since the pion self energy lMN(r) is re-
lated to the equivalent pion optical

potential V(r) as

MN(r) = 2E;V(r)

Y(r) = exp |ipr - r—i/_z Nir )dz’]

00 2|pr|

vl = |px|/Ex.



Using these expressions in impact pa-

rameter representation,

F(q_kw) — F(q_kw)
F(q—pr) = /dedze_i(p“t'b)
oo 1 o
z/z 2|pw||_|(b,z )dz]
x e a=2x)2) (b, 2)G A (5, p(r))

X exrp

F(q - pr) = 27 [ bdbdzJo(px'b)

oo 1 / /
_z/Z 2|p7r||_l(b,z)dz]

x /(@22 (b, )G A (s, p(1))

Xerp
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%(10—38_&”;;) VS qo at E = 1.0GeV for the

coherent reaction v, +3°0 — 1= 4+ 0 4+ nt
without(black line) and with nuclear medium
effects(red line) and when pion absorption is also
taken into account(red line).

% reduction in the differential cross section j—gl
E, = 1.0GeV
qgo(MeV) without RPA with RPA
(further reduction)
300 62 37

400 27 77
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0.9 0.925 0.95 0.975 1
6

dcﬁ@(lO‘%cmz) VS cosf; at E = 1.0GeV

% reduction in the differential cross section dc‘f)‘;@l

the coherent reaction v; 430 - 1=+ O+ =T

for

E, =1.0GeV
cos0;(6;) with PA with PA
(further reduction)
0.94(20) 30 58

1.00(0) 38 63
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Total cross section(10738¢m?) at for the coherent
reaction v, 4+3° O — 1= 4+3° O 4+ =T without(black
line) and with nuclear medium effects(red line) and
when pion absorption is also taken into
account(red line).

% reduction in the total scattering cross section
o with NE with NE and PA

(further reduction)

600 46 58
1000 35 60
1500 27 58

2000 24 56




COHERENT
Neutral Current Pion Production Cross Section
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