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Open Questions in v Physics
e what are the masses of neutrinos?
e What is the mass hierarchy?

e More precisely measure remaining oscil-
lation pars:

- what are the precise values of Am?,, 015,
|Am%3| and 6>3

- is 613 non-zero?
e iS CP violated in the sector?

ee if we want to address these questions,
first need to understand how vs interact
with matter ... to estimate signal, back-
grounds



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

Nuclei Detector Experiments
ol Scintillator,Mineral Qil NOvA,MiniBooNE,
K2K,MINERVA
ol Water Cerenkov T2K,SK-III,
UNO,Hyper-K,K2K,
MEMPHYS
a0 Liquid Argon TPC ICARUS
%ﬁ Iron Calorimeter MINOS, INO, MINERVA

208 Emulsion OPERA ,MINERVA




to see maximum osc effects
need to have low v energy

Energy Region of Interest

E, < 3 GeV

K2K
MiniBooNE
T2K
G-Beam
Atmospheric

Al
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All the neutrino event generators use some
nuclear model to estimate o but inclusion
of nuclear effects is mainly limited to Quasi
Elastic reactions

Common Theoretical Inputs to all v Event
Generators:

e 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:

v, Treatment of Nuclear Effects
v/ Joining of Resonance and DIS
v, Treatment of FSI



E-I ! ||| LI |' I|||||| L] | LIL| ||||||'|| | | IIII | I-
ﬂ:— 8 NELT { MUANCE v2 1
Lep *  REUGEN / MUARICE w2 3
(T * BUANCE v3/NUAKCE v2 :
i NUAKCE w2 of CCGE] enar :
14-_4- ! . o
: FRELIMINARY :
{75 JF* ]
E - |
: X -+.
. i
1- *+I-l_:ﬁ+-l-—l++ ++'+' +- y == |
- '“'-t—#-r- _+_
il - ,_:i_':+: :
neL + #T’ ;
j L
06f- .
u:|||||||||||||||||||||||||||||||||||||||-
T 02 04 06 08 1 12 14 1s

CCGEONLY: E'“l (GEV)



Quasielastic Lepton Production

M. Sajjad Athar et al., AIP CP 981:240-242,2008;PRD75:0930
551 2006;EPJ A24:459-474,2005

J.A. Caballero et al. , nucl-th/0705.1429 (2007)
A. Butkevich, S. Kulagin, nucl-th/0705.1051 (2007)
K.S. Kim, L.E. Wright, nucl-th/0705.0049 (2007)
M. Martini et al., Phys. Rev. C75, 034604 (2007)
E. Hernandez et al. , PL B647, 452 (2007)

J.E. Amaro et al. , PRC 75, 034613 (2007)

C. Giusti et al., nucl-th/0607037 (2006)

O. Benhar et al., nucl-ex/0603029 (2006)

P. Lava et al., PRC 73, 064605 (2006)

R. Bradford et al., hep-ex/0602017 (2006)

K.S. Kuzmin et al., Acta Phys. Polon. B37, 2337
(2006)

J. Nieves et al., Phys. Rev. C73, 025504 (2006)
M.C. Martinez et al., PRC 73, 024607 (2006)

A. Meucci et al., Acta Phys. Polon, B27, 2279
(2006)

N. Jachowicz et al., NP. Proc. Suppl. 155, 260
(2006)

G. Co, ActaPhys.Polon.B37, 2235 (2006)

M. Valverde et al., PL B642, 218 (2006), PL
B638, 325 (2006)



Inelastic Lepton and Pion Production

M. Sajjad Athar et al., NP A782, 179 (2007),
PRD 75, 093003 (2007); PRD 74, 073008 (2006);
PRL 96, 241802 (2006)

H. Nakamura et al., hep-ph/0705.3884 (2007)
E.A. Paschos et al., hep-ph/0704.1991 (2007)

O. Lalakulich, E.A. Paschos et al., Nucl. Proc.
Suppl. 159, 133 (2006), PRD 74,014009 (2006)

O.Benhar, D. Meloni, PRL 97, 192301 (2006)

O. Buss et al., PRC 74, 044610 (2006), Eur.
Phys. J. A29, 189 (2006)

L. Alvarez-Ruso et al., PRC 75, 055501 (2007)

E.A. Paschos, A. Kartavtsev, Nucl. Proc. Suppl.
159, 203 (2006), PRD 74, 054007 (2006)

D. Rein, L.M. Sehgal, hep-ph/0606185 (2006)

B.Z. Kopeliovich, Nucl. Phys. Proc. Suppl. 139,
219 (2006)



Deep-Inelastic Scattering
M. Sajjad Athar et al.,nucl-th/0711.4443(2007)
M. Hirai et al., Phys.Rev.C76:065207,2007.

S. Kulagin, R. Petti, hep-ph/0703033 (2007); NPA765:126-
187,2006.

O. Lalakulich et al., PRC 75, 015202 (2007)
O. Benhar, D. Meloni, hep-ph/0610403 (2006)

K.S. Kuzmin et al., Phys. Atom. Nucl. 69, 1857
(2006)

L. Leitner et al., PRC 73, 065502 (2006), PRC 74,
065502 (2006), Int.J.Mod.Phys. A22, 416 (2007)



Quasielastic Charged Current Reaction

The basic re-neutron reaction taking place
in 4X nucleus is

v (k) + n(p) — 17 (k") + p(p")

The double differential cross section og( Ee, |E’|)
= 2
K| MpMp
87TE]/6E'€ EnEp
S5 |T|%6[q0 + En — Ep)

00(Fe, |K']) = Gp?cos? 6,

Matrix Element

G
T = "X cosbe 1, J*

V2
lp = (K )yu(l — vs)u(k)

_ o d
Jh = a(p) FY(q2)7“+F2V(q2)wW2X4

FX (¢*)7"ys + FF (4%)q"vs| u(p)




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

FY(0) = 1.0, FY (0) = 3.7059, Dipole mass
My = 0.84GeV, F4(0) = —1.26.

Y (¢®) = FY(¢®) — F1'(¢°)
FY (¢®) = F5(q®) — F3(q°)

FY(¢*) = Fa(d®)

P (2 @\ > q° 2
A = (1-405) o - o

2

1
F§’”<q2>=(1— q ) G2 () — G2 ()]

e
where
-2
GP.(g?) = (1 _ q_2)

e\d - MQ
G (®) = (14 wp)Gh(a®), G(a®) = paGh(a?)

2

, 1
G,{ 2 — q— ’nGl{ 2 1y n —
KD = (i) ORI &= T

2\ —2
FA(Q?) = F4(0) (1 = %)



Deviations from the dipole behaviour have
been discussed recently

P. E. Bosted, Phys. Rev. C 51 (1995)
4009.

H. Budd, A. Bodek and J. Arrington, Nucl.
Phys. B (PS) 139 (2005) 90.

R. Bradford, H. Budd, A. Bodek and J. Ar-
rington, Nucl. Phys. B (PS) 159 (2006)
127.

Axial dipole mass

M,y = 1.03GeV World Average

My =1.204 0.12GeV K2K, SciFi, H>O
M4 =1.14+0.11GeV K2K, SciBar, 12C

M4 = 1.234+0.20GeV MiniBooNE, 12¢C



Local Density Approximation

The neutrino scatters from a neutron mov-
ing in the finite nucleus of neutron den-
sity pn(r), with a local occupation number

nn(p,r), and o is given by

_ 3
O Nucleus — /pn(T)d T[UFreeNucleon]

pn(r) = 2 [ dpn g (p.1)

o(Ee, |E,|) — f2drdp(2+)3nn(p, r)og(Fe, k,)
2
F)° Mal,
87TEV6E€ EnEp
S5 |T|%6[q0 + En — Ep)

o0(Ee, |K'|) = Gp?cos? b,



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 A-hole degrees
of freedom



Thus, in presence of nuclear medium ef-
fects o(FE,) is given by

2 ~oc2
FFMEMA)(p Y — ~ 2Gp~ Ccos© bc /Tmax 2
T T

min

X ]femm pe2dpe [11 d(cos0)

pv FF(MEMA
X g L T p ATmU N ).

where

ImUGY = F(Z, Ee)ImUy([Ey, — Ee — Q, ]

IMUNMEMA = ImUN[Ey, — Ee — Q — Ve(r), 4]



Results

Intermediate Energy v-A Reaction



do s Q2 in 1073822 in 1, +16 O scattering

-—- without RPA
— with RPA
—— Gaisser and O’ Connell PRD 34 (1986) 822

dQ? GeV?
Q"2-distribution with Dipole form factor
Electron Neutrino E=500MeV M_A=1.1GeV
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% reduction in the Q? distribution when RPA is
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d 2 . —38 cm? 16 :
d& vsS Q< in 10 % in v +'° O scattering

Q"2 distribution at E=1GeV
Electron Neutrino Dipole F.F. M_A=1.1GeV
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0.1 33
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0.3 18
0.5 6

% reduction in the Q? distribution when RPA is
encorporated



cross section(10"-38)cm”2

o vs E, in 10738¢m? in v, +1° O scattering
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cross section 10°(-38) cm”"2

o vs E5 in 10738cm? in v, +1° O scattering
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Ratio (Nuclear Effects/Free)
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1 1 1 I 1 1 1
Charged Current Quasielastic

Neutrino (v“) - ( Freon-Propane)
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d 2 . 2 1 :
i Vs Q% in 10 3L in v, +1° O scattering

Q"2 Distribution M_A=1.1GeV
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d 2 . —38_cm? 16 :
d& vs Q< in 107>°Z0 in v+ O scattering

Q"2 Distribution M_A=1.1GeV
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do s Q2 in 1073822 in 7, +16 O scattering

d0? GeV2
Q"2 Distribution BBBAO05
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< ddé; > vs Q2 in 1073842 in v, 410 O scattering
averaged over Kamioka 1997 flux given by Honda

et al.
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< 4o~ vs Q2 in 107382 in p, +16 O scattering

dQ> GeV2
averaged over Kamioka 1997 flux given by Honda
et al.
Q"2 distribution averaged over Kam1997 Flux
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< ngQ > vs Q2 in 1073842 in y, +1!2 C scattering
averaged over K2K flux
10 | | | | | | | | | | | | | | | | | | |

o CCQE ]
8k .- Without RPA —
S L — With RPA ]
Q .
(] I -
& : _
S .
o 4 —
NO 7]
S ]
3 2F B
O_ 1 | | | | 1 | | | | 1 | 1 | ‘
0 0.5 , 1 , 15 2

Q (GeV')

Q?%(GeV?) with RPA
0.02 35
0.12 32

0.2 25




d i —40_cm? 12 :
< g > Vs p in 107075 in v, +< C' scattering

averaaed over K2K flux

05 I 11 | I T T 1 | I T 11 | I T 11 | I T 1
% 04— —
S r i
"t 03~ =
O b -
S - i
o — i
Z 0.2 CCQE ]
Q. — _
S ~~ Without RPA .
8 01- | |=WithRPA -
0_ Lol cr o oo b b fyuf
0 500 1000 1500 2000 2500
pu(MeV)
pu(MeV)  with RPA
860 12

980 14




Inelastic Scattering Cross
Section
In the intermediate energy region of about 1GeV

the pion production from nucleons is dominated by
A\ excitation

v(k) +plp) — U (K)+ A1)
Np+ T

v(k) +n(p) — 1K)+ A7)
\\n+ 7wt
\p+

In this model of A dominance the neutrino induced
charged current one pion production is calculated
using the Lagrangian

L= G—\/g l,(xz) J*(z) 4 h.c., where
(z) = (k') v (1 —s) 9(k)
JH(x) = cosb. ( V¥(x) + AF(x) )
0. being the Cabibbo angle.



In the nucleus, the neutrino interacts with the
nucleon moving inside the nucleus of density p(r)
with its corresponding momentum p constrained to
be below its Fermi momentum.

The total scattering cross section is given by

1 oo Q.. +1
o = (47T)5/ (pr(r)—I—an(r))df'/ dQQ/ d(cosOrq) X

o -1
|k || kx| 1

MEZE, E, + Er (1 — @cos(Gﬁ)>

| Fox|

2
| M i

The transition matrix element My, is given by

My; = G2 laat(P) kI Por O Lau(p)

g



In nuclear medium the properties of A like its mass
and decay width I' are modified due to nuclear
effects.

These are mainly due to following processes.

(i) In the nuclear medium As decay mainly through
A — Nm channel. The final nucleons have to be
above the Fermi momentum kg of the nucleon in

the nucleus thus inhibiting the decay. This leads to

a modification in the delta decay width

|= = x F(kF,EA,k‘A)

(ii) In the nuclear medium there are additional
decay channels open due to two body and three
body absorption processes like AN — NN and
ANN — NNN through which A’s disappear in the
nuclear medium without producing a pion while a
two body A absorption process like AN — NN
gives rise to some more pions. Due to these
changes I and Ma modify.
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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.

V44X -1+t 42X

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

Matrix Element

[a(k') " (1 —s) u(k)]
x [(JE 4+ JY) F(q—pa)]

als



GF frna _
JH = /3= cos 2L TN WS(p A0, W
: 75 e pazsj (p) A WVe(p)

Gr frna _
JH = /3= cos " E WS (p)pTO Ay, WS
U \/5 C m. : (p )po' AL (p)

F(q—pr) = /d37" [pp(r) + %pn(r)] RICTS OB,

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

— 5 — k/ k7r - A 2
[dEWdQWdQ”/] ole, 8 (27‘(‘)5 E; | ‘ ‘ R Z Z | |

K
R = [(Epr + F; — E;cos 9”/) — || || (El/ — FEjcos 9”/) COS qu]
q
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Deep Inelastic Charged Current Neutrino
Nucleus Reaction

The differential cross section for the reaction

v(m) + N — 17 () + X,

in the rest frame of the nucleon IS expressed as,

Foy; G2 K] mp, aﬂ N
dVdE — (2m)2 k| \¢—m3, L Waﬁ’

Lepton tensor for antineutrino(neutrino) scattering

L8 is given by
LoB = kok'B + kP — k.k'g™ + B0k k!

d3 2M/

(XIJa|N><X|J5|N>*(2W)454(p +q-> 9,

=1

(

1
2w

)



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:

2
d?o), __ Gi K| mg, af A

d2dE — (2m)? k| \¢2—m?

Wof‘ﬁ: nuclear hadronic tensor defined in terms of
nuclear hadronic structure functions W;4(z, Q?)



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.

A o\ 3 d3p M
(e, @ )_4/“/@@%@)

I —
/ dp05h<p0,p,p<r>>( poy — b )Fé%N,Q?)
NS (po — p=v)Y
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Conclusions

Summary of NME

A. Quasielastic Scattering

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

2. NME increases o due to quasielastic-like effects
through AN — NN (10-15%).

3. NME improves the agreement with MiniBooNE

results of < jc§2 > for v.

4. NME worsens the agreement with MiniBooNE

results of < d‘g@ > for v.

B. One Pion Production

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

2. NME does not affect Q2 dependence so Q?
disagreement with MiniBooNE results remains.



C. Deep Inelastic Scattering

1. NME on F3(x,Q?) leads to reduction at large
Q2. Compared to Kulagin results the reduction is
smaller and Q2 dependence is different.

2. NME results on Fsz(x,Q?) 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.



