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Open Questions in ν Physics

• what are the masses of neutrinos?

• what is the mass hierarchy?

• more precisely measure remaining oscil-

lation pars:

- what are the precise values of ∆m2
12, θ12,

|∆m2
23| and θ23

- is θ13 non-zero?

• is CP violated in the sector?

•• if we want to address these questions,

first need to understand how νs interact

with matter ... to estimate signal, back-

grounds



Various Nuclei being used or planned to be used in
the different detectors

Nuclei Detector Experiments

12
C Scintillator,Mineral Oil NOνA,MiniBooNE,

K2K,MINERVA

16
O Water Cerenkov T2K,SK-III,

UNO,Hyper-K,K2K,
MEMPHYS

40
Ar Liquid Argon TPC ICARUS

56
Fe Iron Calorimeter MINOS, INO, MINERVA

208
Pb Emulsion OPERA,MINERVA



to see maximum osc effects
need to have low ν energy

Energy Region of Interest

Eν < 3 GeV

At:

1. K2K

2. MiniBooNE

3. T2K

4. β-Beam

5. Atmospheric
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All the neutrino event generators use some

nuclear model to estimate σ but inclusion

of nuclear effects is mainly limited to Quasi

Elastic reactions

Common Theoretical Inputs to all ν Event

Generators:

• Llewellyn Smith free nucleon QE x-section

• Rein and Sehgal Resonance x-section

• Standard DIS formula for high W, Q2.

Inputs which are different for various ν

Event Generators:

√
Treatment of Nuclear Effects√
Joining of Resonance and DIS√
Treatment of FSI
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Quasielastic Charged Current Reaction

The basic νe-neutron reaction taking place

in AX nucleus is

νl(k) + n(p) → l−(k′) + p(p′)

The double differential cross section σ0(Ee, |~k′|)

σ0(Ee, |~k′|) = GF
2 cos2 θc

|~k′|2

8πEνeEe

MnMp

EnEp

Σ̄Σ|T |2δ[q0 + En −Ep]

Matrix Element

T =
GF√

2
cos θc lµ J

µ

lµ = ū(k′)γµ(1 − γ5)u(k)

Jµ = ū(p′)
[

FV1 (q2)γµ + FV2 (q2)iσµν
qν

2M

FVA (q2)γµγ5 + FVP (q2)qµγ5
]

u(p)



FV1 (q2), FV2 (q2), FVA (q2) and FVP (q2)

are isovector form factors.

FV1 (0) = 1.0, FV2 (0) = 3.7059, Dipole mass

Mv = 0.84GeV , FA(0) = −1.26.

F V
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p
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Deviations from the dipole behaviour have

been discussed recently
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Local Density Approximation

The neutrino scatters from a neutron mov-

ing in the finite nucleus of neutron den-

sity ρn(r), with a local occupation number

nn(p, r), and σ is given by

σNucleus =

∫

ρn(r)d
3r[σFreeNucleon]

ρn(r) = 2
∫

dpn
1

(2π)3
nn(p, r)

σ(Ee, |~k′|) =
∫

2drdp 1
(2π)3

nn(p, r)σ0(Ee, k
′)

σ0(Ee, |~k′|) = GF
2 cos2 θc

|~k′|2

8πEνeEe

MnMp

EnEp

Σ̄Σ|T |2δ[q0 + En −Ep]



We take into account:

(i) Pauli blocking and Fermi motion of the

nucleons

(ii) Q-value of the reaction

(iii) Coulomb distortion of the charged lep-

tons in an effective momentum approxima-

tion

(iv) Medium polarization effects in an Ran-

dom Phase Approximation(RPA) which in-

cludes the particle hole and ∆-hole degrees

of freedom



Thus, in presence of nuclear medium ef-

fects σ(Eν) is given by

σFF (MEMA)(Eν) = −2GF
2 cos2 θc

π

∫ rmax

rmin
r2dr

× ∫ pe
max

pemin
pe

2dpe
∫ 1
−1 d(cosθ)

× 1
EνeEe

LµνJ
µν
RPAImUN

FF (MEMA).

where

ImUFFN = F(Z,Ee)ImUN [Eνe − Ee −Q, ~q]

ImUMEMA
N = ImUN [Eνe −Ee −Q− Vc(r), ~q]



Results

Intermediate Energy ν-A Reaction
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dσ
dQ2 vs Q2 in 10−38 cm2

GeV 2 in νe +16 O scattering
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σ vs Eνe in 10−38cm2 in νe +16 O scattering

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E(GeV)

0

1

2

3

4

5

6

7

8

9

10

cr
os

s 
se

ct
io

n(
10

^-
38

)c
m

^2

SM FGM
Local FGM
with RPA
LS FGM

Total Cross Section in Oxygen

Electron Neutrino



σ vs Eν̄e in 10−38cm2 in ν̄e +16 O scattering
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dσ
dQ2 vs Q2 in 10−38 cm2

GeV 2 in νe +16 O scattering

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Q^2(GeV^2)

3

4

5

6

7

8

9

10

11

BBBA05
Bosted
BBA03
Dipole

Q^2 Distribution   M_A=1.1GeV
ELECTRON NEUTRINO  E=500MeV

Q2(GeV2) BBBA05 BBA03 Bosted
0.05 2.8 1.5 2.9
0.25 3.8 1.4 1.7
0.5 0.34 – 0.68

% reduction in the Q2 distribution as compared to
Dipole



dσ
dQ2 vs Q2 in 10−38 cm2

GeV 2 in νe +16 O scattering
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dσ
dQ2 vs Q2 in 10−38 cm2

GeV 2 in νe +16 O scattering
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dσ
dQ2 vs Q2 in 10−38 cm2

GeV 2 in ν̄e +16 O scattering
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< dσ
dQ2 > vs Q2 in 10−38 cm2

GeV 2 in νe +16 O scattering

averaged over Kamioka 1997 flux given by Honda
et al.
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< dσ
dQ2 > vs Q2 in 10−38 cm2

GeV 2 in νµ +16 O scattering

averaged over Kamioka 1997 flux given by Honda
et al.
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< dσ
dQ2 > vs Q2 in 10−38 cm2

GeV 2 in νµ +12 C scattering

averaged over K2K flux
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< dσ
dpl
> vs pl in 10−40 cm2
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Inelastic Scattering Cross
Section

In the intermediate energy region of about 1GeV
the pion production from nucleons is dominated by

∆ excitation

νl(k) + p(p) → l−(k′) + ∆++(p′)
ց p+ π+

νl(k) + n(p) → l−(k′) + ∆+(p′)
ց n+ π+

ց p+ π0

In this model of ∆ dominance the neutrino induced
charged current one pion production is calculated

using the Lagrangian

L =
GF√

2
lµ(x) J

µ†(x) + h.c., where

lµ(x) = ψ̄(k′) γµ (1 − γ5) ψ(k)

Jµ(x) = cos θc ( V µ(x) + Aµ(x) )

θc being the Cabibbo angle.



In the nucleus, the neutrino interacts with the
nucleon moving inside the nucleus of density ρ(r)

with its corresponding momentum ~p constrained to
be below its Fermi momentum.

The total scattering cross section is given by

σ =
1

(4π)5

∫ rmax

rmin

(Zρp(r) +Nρn(r))d~r

∫ Q2
max

Q2
min

dQ2

∫ +1

−1

d(cosθπq) ×

π|~k′||~kπ|
ME2

νEl

1

E′
p + Eπ

(

1 − |~q|
|~kπ|
cos(θπ)

)|Mfi|2

The transition matrix element Mfi is given by

Mfi =
GFa√

2

fπN∆

mπ
Ψ̄(P)kσπPσλOλαLαu(p)



In nuclear medium the properties of ∆ like its mass
and decay width Γ are modified due to nuclear

effects.

These are mainly due to following processes.

(i) In the nuclear medium ∆s decay mainly through
∆ → Nπ channel. The final nucleons have to be
above the Fermi momentum kF of the nucleon in

the nucleus thus inhibiting the decay. This leads to
a modification in the delta decay width

Γ̃ = Γ × F (kF , E∆, k∆)

(ii) In the nuclear medium there are additional
decay channels open due to two body and three
body absorption processes like ∆N → NN and

∆NN → NNN through which ∆′s disappear in the
nuclear medium without producing a pion while a
two body ∆ absorption process like ∆N → πNN

gives rise to some more pions. Due to these
changes Γ̃ and M∆ modify.
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The experimental points are
σ(CC1π+)=

[σ(CC1π+)
σ(CCQE)

]MiniBooNE × σ(CCQE) MC
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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.

ν +A
Z X → l− + π+ +A

Z X

The calculations are done in a local density
approximation using ∆ dominance:

Matrix Element

A =
GF√

2

[

ū(k′) γµ (1 − γ5) u(k)
]

× [(Jµs + Jµu) F (q − pπ)]



Jµs =
√

3
GF√

2
cos θC

fπN∆

mπ

pπσ

∑

s

Ψ̄s(p′)∆σλOλµΨ
s(p)

Jµu =
√

3
GF√

2
cos θC

fπN∆

mπ

∑

s

Ψ̄s(p′)pπσO
σλ∆λµΨ

s(p)

F (q − pπ) =

∫

d3r

[

ρp(r) +
1

3
ρn(r)

]

ei(q−pπ).r

Using these expressions the following form of the
double differential cross section for pion production

is obtained

[

d5σ

dEπdΩπdΩll′

]

CC

=
1

8

1

(2π)5

M

El
| k′| | kπ|

1

R
¯∑∑

|A|2

R =

[

(Ep′ +El′ − El cos θll′) −
|kπ|
|q| (El′ − El cos θll′) cos θπq

]
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Deep Inelastic Charged Current Neutrino
Nucleus Reaction

The differential cross section for the reaction

νl(ν̄l) +N → l−(l+) +X,

in the rest frame of the nucleon is expressed as,
d2σNν,ν̄
dΩ′dE ′ =

GF
2

(2π)2

|k′|
|k|

(

m2
W

q2−m2
W

)2

L
αβ
ν,ν̄ W

N
αβ ,

Lepton tensor for antineutrino(neutrino) scattering
Lαβ is given by

Lαβ = kαk′β + kβk′α − k.k′gαβ ± iǫαβρσkρk
′
σ ,

WN
αβ =

1

2π

¯∑

sN

∑

X

∑

si

n
∏

i=1

∫

d3p′i
(2π)3

∏

lǫf

(

2M ′
l

2E′
l

)

∏

jǫb

(

1

2ω′
j

)

〈X|Jα|N〉〈X|Jβ|N〉∗(2π)4δ4(p+ q −
n
∑

i=1

p′i) ,



Nuclear effects in neutrino scattering

There are two main nuclear effects:

I. A kinematic effect which arises as the struck
nucleon is not at rest but is moving with a Fermi

momentum in the rest frame of the nucleus,
leading to a Lorentz contraction of the incident

flux.

II. The dynamic effects which arise due to Fermi
motion, Pauli blocking and strong interaction of

the initial nucleon in the nuclear medium.
The expression for the cross section in nuclear

medium:

d2σAν,ν̄
dΩ′dE ′ =

G2
F

(2π)2

|k′|
|k|

(

m2
W

q2−m2
W

)2

L
αβ
ν,ν̄ W

A
αβ

WA
αβ: nuclear hadronic tensor defined in terms of

nuclear hadronic structure functions WiA(x,Q
2)



Theoretical Spectral Function is used to describe
the momentum distribution of nucleons in the

nucleus.

Spectral Function is calculated using the
Lehmann’s repsn. for the rel. nucleon prop.

Nuclear Many Body theory is used to calculate it
for an interacting Fermi sea.

We use the local density approximation to
translate the theoretical formulation from infinite

nuclear matter calculation to finite nucleus.

FA
3 (x,Q2) = 4

∫

d3r

∫

d3p

(2π)3

M

E(p)

∫ µ

−∞
dp0Sh(p

0, p, ρ(r))

(

p0γ − pz

(p0 − pzγ)γ

)

FN
3 (xN , Q

2)
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Conclusions

Summary of NME

A. Quasielastic Scattering

1. NME reduces the total cross section due to
RPA (20-30%) for ν and ν̄.

2. NME increases σ due to quasielastic-like effects
through ∆N → NN (10-15%).

3. NME improves the agreement with MiniBooNE
results of < dσ

dQ2 > for ν̄.

4. NME worsens the agreement with MiniBooNE
results of < dσ

dQ2 > for ν.

B. One Pion Production

1. NME reduces the total cross section for ν and ν̄
(20-25%).

2. NME does not affect Q2 dependence so Q2

disagreement with MiniBooNE results remains.



C. Deep Inelastic Scattering

1. NME on F3(x,Q
2) leads to reduction at large

Q2. Compared to Kulagin results the reduction is
smaller and Q2 dependence is different.

2. NME results on F3(x,Q
2) are in qualitative

agreement with phenomenological analysis of
NuTeV collaboration but not with Hirai et al.

3. NME lead to better agreement with NuTeV and
CCFR results.


