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Neutrino Experiments

* The field of neutrino oscillation physics has
progressed from the discovery of neutrino oscillation

to an era of precision measurements of mass splitting
and mixing angles.

* Areliable model of neutrino inelastic cross sections
at low energies is essential for precise neutrino
oscillations experiments. At the far detectors, one
compares the observed neutrino cross sections to the

expected neutrino cross section. Relevant range of
Interest is 0.3-10 GeV.



Modeling neutrino cross sections

* The cross sections for various final state (in a nuclear target) need
to be known, since neutrino detectors have different response for
protons, slow protons, nuclear fragments, neutrons and pions (the
energy of the neutrino is inferred from the energy of the
reconstructed final state).

 Therefore, modeling both cross sections and final state interactions
is important.

* Having both a near detector and far detector helps, but the
neutrino spectrum in the near and far detectors are different.
Some experiments such as large water Cerenkov detectors (e.g.
T2K) do not have a near detector, and compare their data to the
“Predicted” cross sections without oscillations.



Vector Structure Functions and Form
Factors

* If the isospin of the initial and final states are
known, one can express the vector structure
functions (or form factors) in neutrino scattering
in terms of the corresponding structure functions
in electron scattering (in nuclear targets)

* In addition, nuclear effects need to be modeled
because neutrino detectors use massive nuclear
targets (e.g. Water (T2K) , Iron (MINOS) ,
Scintillator (NOVA), liquid Argon (future)



Do electron scattering measure
everything that is needed?

* Neutrino scattering have a vector and axial-vector
components, as well as axial-vector interference.

Only the vector part can be measured in electron
scattering.

* For free quarks at high Q%, V=A. At low Q?, axial
current is only partially conserved. For QE and
resonance production, there are Bubble chamber
experiments (H and D) that give some
information on the axial form factors.



Neutrino Reaction Final States

1. Quasielastic scattering (W<1.07)

2. Delta production region 1.06<W<1.4
3. Higher resonances region 1.4<W<1.9
4
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nelastic Scattering W>1.9

. Coherent processes on nuclear target such as
coherent pion production (W<0.938).

Studies of interest to neutrino physicists are
basically studies in nuclear physics. What
happens in nuclei.



Modeling Neutrino Inelastic Scattering

Resonance region, quasielastic and coherent processes are modeled separately

* Vector Structure Function F2 on H and D is well modeled at all Q2 by the
Bodek-Yang Model, which uses modified GR98 PDFs. These are obtained from
fits to F2 (electron/muon) for all DIS data, including photo-production data.

* Asimple fit to EMC effect/Nuclear shadowing is used. Need: W and Q?
dependence of nuclear effects (EMC effect/Shadowing) (From electron
scattering)

* Need: (from electron/muon scattering) is a good parameterization of R that
works down to Q2=0 (on nuclear targets).

* Fragmentation functions to model final state (from electron/muon scattering)
* Model FSl in nuclear targets (based on electron/muon scattering)

* In addition, we need additional corrections because Axial not equal to Vector
at small Q%. (not provided by electron scattering — use available neutrino data
and wait for more neutrino data)



Sensitivity to R within Bodek-Yang Model

The neutrino (antineutrino) differential cross section,
is given by:

T = ([ g+ g
2Mz\2
(Crrp)Rel- ) @

The integrated cross sections extracted from the above
equation can be approximately expressed in terms of (on
average) the fraction antiquarks f; = Q/(Q+@Q) in the nu-
cleon, and (on average) the ratio of longitudinal to trans-
verse cross sections R as follows: In QPM F2=(Q+Qbar), xF3=(Q-Qbar)

2
o) ~ EXZQ+ Q- fy) + 35— <R], (49
and
ooN) =~ M Q1 Q)21 - ) + fa - 1R], (50)
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With (R) = 0.2 and (f;) = 0.1725, we obtain (0;/0,) =
0.487, which is the world’s experimental average value in
the 30-50 GeV energy range. The above expressions are
used to estimate the systematic error in the cross section
originating from uncertainties in R and f; (as shown in

Table 3)' Want to know R to +- 0.025 to reduce error to 1%
source change | change | change change
(error) in o, in oz in 03 /o,
R +0.10 -2.0% -4.0% -2.1%
fa +10% | -1.4% | +2.8% +4.28
P (K2ziaty | +03 | +1% +2% +1.0%
N +3% +3% +3% 0
Total +4.0% | £6.1% +4.8%

<----R

<-----Sea antiquarks
<----Axial sea

--PDF normalization
quark versus gluon

Error in R leads to large error in the antineutrino cross sections from the inelastic part.
Above does not include error from EMC effect/shadowing, or axial valence. Or
resonances and QE components of F2.
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What do people Use for R in DIS region ?

e K2K, T2K use Callen Gross F2=2xF1 which is
equivalent to R=Q?/v? (not too good)-> Too small.
R is larger because of gluons at small x and
because of target mass effects are large x.

* Bodek-Yang uses R1998, and no Nuclear
Dependence on R K. Abe et al, Phys. Lett. B452, 194 (1999)

Plus another factor to make R go to zero at Q?=0
QQ

Q*+1

X Ruwortd(z, Q% = 0.35)

Roector (T, Q% < 0.35) = 3.207 x




Measurements of Fy and R= o /or
on Nuclear Targets in the Nucleon Resonance Region

University of Virginia
August 2010

Vahe Mamyan

Yerevan, Armenia

A Dissertation Presented to the Graduate Faculty
of University of Virginia in Candidacy for the Degree of

Doctor of Philosophy

E04-001 +(E02-109, E06-009) -- L/T experiment.

First results, not published yet
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R1998 is a lower than data ( by 0.1 to 0.2) at high Q2
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Most of cross section is at small Q2, R1998 is too small here also (0.1 to 0.3)
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How R AvsR D

For W2 >2 GeV2
R_Cu-R_D =-0.066+-0.007
R_C -R_D=-0.047+-0.006
R_Cu-R_C=-0.020+-0.007
So R_D is even higher than R_Cu
Means F2A/F2D is not equal to F1A/F1D.

F1Cu/F1Cu = F2Cu/F2Cu * (1-0.066)

Extractions of EMC ratio assumed that RA=RD. These results need to be updated
When final RA-RD results are published.



Q2 = 0.500 - 2.500 (GeV?)
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What’s next about R

 Complete the analysis of lower Q2 data (which is of more of
interest to neutrino experiments)

* Extract fits to R for H, D and nuclear targets that extend
down below Q2=0.9 for use by the neutrino community and
for re-analysis of EMC data on the EMC effect/nuclear
shadowing.

* Need to parametrize EMC effect in Resonance region and
structure function in resonance region. (see next slides)

Next slide Studies of EMC effect/shadowing

Structure functions in Resonance Region on nuclear
targets



Ebeam = 5.150,6= 23.0,Q’=1.81-3.14
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EMC effect
—— Model

W2 = 0.00- 1.15
W2= 1.15- 1.96
W2 = 1.96- 2.56
W2= 256-3.24
W2= 3.24- 3.61
W2 = 3.61-4.00
W2 = 4.00-5.20

Studies on ratio
F2A/F2D in
resonance region
are important.

Does ratio follow
DIS curve in Xsi,
or X (averaged
over mass of
resonance).

What happens in
the region of the

Delta?

What happens in
the QE region?
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Quasielastic Scattering Requires more study for neutrino
experiments — Electron scattering provides important
information

Neutrino Quasielastic Scattering
on Nuclear Targets

Resolving the axial mass anomaly

Eur.Phys.).C71:1726,2011
arXiv:1106.0340 [hep-ph]

Arie Bodek and Howard Budd
University of Rochester
M. Eric Christy

Hampton University
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QE Cross Section on '%C
Axial Mass anomaly: v+ N — p + u.

e x1 0'39 (T. Katori)

= 16

o 1;;_ * MiniBooNE —

© 10; I | ;.* |

6 * NOMAD -
4 Fermi Gas (M,=1.35 GeV)
r = — Fermi Gas (M,=1.03 GeV)
0: 1 I 1 PR S S BT | 1 1 1 1 P R R | 1 1 1 IR S R T 1
10 1 10 E%ERFG (Gev)

Total QE cross sections at low and high energy inconsistent

Low energy cross sections on nuclear targets are 20% high, consistent with: M,=1.35
CURVES: INDEPENDENT NUCLEON MODEL
High energy experiments on nuclear targets are consistent with: M,=1.03
(= free nucleon value) 2> difference in high energy cross section is 30%.
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What do we learn from electron
scattering data on nuclear targets.

T. W. Donnelly and I. Sick, Phys. Rev. C60, 065502 (1999)

1. Model of Independent nucleon with Fermi
motion and free nucleon form factors works for
the longitudinal part of the QE cross sections

2. The transverse part of the QE cross sections
shows an excess which is Q% dependent

3. This was known for over a decade.

A. Bodek 24



Electron QE scattering: Longitudinal Response Function

Longitudinal response function in QE electron scattering
(assume free nucleon form factors, and remove their
contribution). What is left is the response function (Fermi

momentum, or spectral function)
It is universal for A>12. and does not depend on momentum

transfer. This is expected for independent nucleons.
INDEPENDENT NUCLEON MODEL WORKS (WITH FREE NUCLEON

Q* =0.09 GeV2 FORM FACTORS)
Q2=0.14 GeV2
Q2- 0.33 GeV2 1 | .
< S
~ q =93 = 3- momentum : {J‘ \ 1‘ ™ No pion
= _ transfer | XA TRT % 3 Product 1
- - LT :.-".l l‘. > '.':; roauc On,
“ 04}f BT A 1o Delta is
Donnely ahd Sick N ' 3 mostly
Phys. Rev. C60, 065502 (1999) & 4 ¥ 4 transverse
£
i) ./ ‘ : :" ‘
| gl &
' [F g 1
QE peak 0.5 1.2 1
LA T e o
Above QE peak | Between QE peak and Delta
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Donnely and Sick  Phys. Rev. €60, 065502 (1999)

Response functions (assume free nucleon form factors, and remove their Q2 dependence)

Longitudinal agrees with the Transverse is enhanced by
independent nucleon model| a O’ dependent factor R;
1.0 1= [ ! —r T | () p==r pr—p— I— —— '.r?r"
084 = 36 Longitudinal B Y S { . :'
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2.0

1.5

1.0

0.5

0.0

R;= Ratio of Integrated

A A. Bodek

I I I S B I | T I I 1
Carlson et al. PRC Transverse to
; Integral over i(y) y : :
L 65:024003 (2002) | Longitudinal response
. : Weak dependence on A for A>12 functions (same as
- 4 { ratio of transverse to
L AN ] independent
! Y o )
I | nucleons).
~  { Q>=0.14GeV2 ® ® X
. 2 3 o <
_ Q2 =0.09 GeV2 pacidc oy
Carslon et al. extracted R;
i 1 for Carbon and Calcium at:
~ Use difference between 1.2 . il —
- + 300MeV/c & Q% =0.09 GeV2
and 0.5 as sys. error |
- NSRRI, o H 100MeV/c <= Q2=0.14 GeV2 -
T Use —> | ——- #I<05 .
I B | . . |, ]|Toget Ry athigherQ*we
2 5 10 20 50 use another method.
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Transverse Enhancement Carbon 12

Ratio to Free Nucleons

2.4
R | ® Carlson et al. @=009Gev2
2.2 Q2=0.14 GeV2
PRC 65:024003 (2002) Q2- 0.33 GeV2
2
Another method: Use Bosted-Mamyan fit
/ to electron scattering e-A data)
1.8 F
1.6 } —Parametrization
1.4 There is no transverse
enhancement at high Q?
1.2 )
Rr =1 +AQ2€_Q /B
1 Q? GeV2
0 0.5 1 1.5 2 2.5

Use Carlson integrated excess : Ratio R; (ratio to universal response function)

Correct It for for high side tail A. Bodek 28




Extracting transverse enhancement at higher Q?
(> 0.3 GeV?) from e-A data

In electron scattering, the QE cross section is dominated by
Longitudinal part at low Q? and Transverse part at high Q2.

Therefore, at low Q? we need to separate L and T to get the
Trans. Enhancement (since the cross section is mostly
longitudinal). QE and A(1232) production are well separated at
low Q2. Pauli blocking mostly cancels in ratio of T and L.

At high Q?, L is small, so it cannot be used as a normalization.
Here Trans. Enhancement is the ratio of the measured cross
section to the prediction of the independent nucleon model -
Here we need to separate QE from A(1232) production (with
Fermi motion). At high Q?, Pauli blocking is negligible.

A. Bodek 29



In order to do the radiative corrections to e-A data, we do a fit to electron scattering

data from many experiments over a large range of energies and Q2.

The fit includes the following three components

he longitudinal QE contribution calculated for inde-

QE 1 1
L tudinal F ] 1 ]
ongitudina endent nucleons (smeared by ermi1 motion 1n car-

on)
- — |The transverse QE contribution calculated for inde-
QEtransverse endent nucleons (smeared by Fermi motion in car-
on)

— |A transverse enhancement contribution

— T'he contribution of pion production from the A reso-
nance (smeared by Fermi motion in carbon)

— The contribution of higher resonances and inelastic
scattering (smeared by Fermi motion in carbon)

calculation includes Pauli Blocking.

Fit developed by Peter Bosted and tuned by Vahe Mamyan for E04-001 It uses fits to all
experimental data on H and D, (by Bosted and Christy) As input for fitting the data on

nuclear targets. For QE super-scaling model of Sick, Donnelly, Maieron (nucl-th/
0109032) is used.

A. Bodek
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TE

Inelastic
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Bosted-Mamyan fit Extracting Transverse enhancement at Q%>0.3 GeV?2

_ QEtransverse + TE

to R; (since some of the transverse
excess may be produced with final state
pions)

5

In order to fit the data on nuclear Rr = OF 1 omeveree
targets we find that a TE component is Srafim 1 : .
needed. reliminary E04=001, E = 4,629, 0 = 10.66
20000
We take the TE component from the fit, ‘giaooo | @ = 0.68 (Gev/cY - L‘;“'
Integrate up to W2=1.5, and PR 01'978 aalcate
extract Ry(Q?)= ((QF,., +TE)/QEre  Bisom s -
S [ ~= QE tronsverse
Assign a conservative systematic error % 4000 f~ =+ QE Longitudinal
3
Yy
84

vg. r

.g. ,

(In future we plan to improve it with
updated L-T separated data from
E04-001)

Primary purpose of this preliminary fit
was as input to radiative corrections. 2000

A spinoff of the fit is the TE component %04 06 0.

versus Q2 A. Bodek W"(G e‘;i)



Preliminary EO4—001, E = 1,204, © = 28.011
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Transverse Enhancement has been attributed to
IVI e SO n EXC h a n ge C u r re ntS Transverse Enhancement Carbon 12

MEC enhance only the transverse part of the QE cross section.

® Carlson et al.

* band from Jlab
JUPITER fit

—Parametrization

Ratio to Free Nucleons

MEC do not enhance the longitudinal part, or the axial part. . l |

By Conserved Vector Current (CVC), the transverse enhancement observed in electron
scattering experiments should be seen in neutrino scattering.

THEREFORE: We parametrize the observed transverse enhancement in electron scattering
as an enhancement in the magnetic form factors GMp and GMn for bound nucleons
(magnetic scattering is transverse). (This is simple to implement in current neutrino MCs )

And predict neutrino QE diff and total cross sections using the independent nucleon
model with free nucleon form factors (except for Gmp and Gmn which are enhanced).

Greleen(Q) = Gapp(Q?) x V1 + AQ2e~Q*/B do/dQ%v+n —p + W,

Gruclear(02) = Gun(Q?) x V14 AQ2e~Q*/B, Integrated over v

We do not need a detailed specific model of MEC. -- Just CVC, so this is valid even if TE is
not MEC (e.g. it can be any nuclear physics correction to the transverse cross section)
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Mores studies of QE scattering needed to improve
modeling of QE in neutrino interactions

e This analysis integrates over the transverse enhancement. Which
averages over v. Therefore, it does not model the final state.

e Extraction of the TE as a function of both Q2 and v is the next step.

QE scattering in neutrino reactions is defined as events with no final
state pions.

* High momentum components with two nucleons in the final state
from Short Range Correlations (SRC) are not currently modeled.

* Final states consisting of more than one nucleon in the final state
(from MEC or from SRC, or Isobar excitation) are not currently

modeled.

 Multi nucleons final states from FSR are modeled, but models need
to be checked against data.

* Jlab experiments which measure both cross sections and final states
on nuclear targets are of interest.



Conclusions

e There is a lot of interest in the neutrino

community in electron scattering results on
nuclear targets.

* Results need to be presented in a simple way
such that they can be incorporated into
existing neutrino MCs

* The studies are basically nuclear physics
studies, and therefore of interest to the
nuclear physics community.



