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Outline

e Experimental information on nuclear effects in structure functions and parton
distributions.

e Interpretation of data. Sketch of major mechanisms of nuclear effects in DIS.

e Phenomenology of nuclear DIS and development of a quantitative model of nuclear
structure functions.
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Structure Functions

Inclusive lepton scattering e (k) + A(p) — e~ (k') + undetected states is described in
leading order in one-photon-exchange approximation:
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Experimental evidence of nuclear effects in PDFs

e Data on nuclear effects in DIS are available in the form of the ratio R(A/B) = F§'/F.

e Targets:
Variaty of nuclear targets from the deuteron 2D to lead 2°%Pb

e Experiments:
— Muon beam at CERN (EMC, BCDMS, NMC) and FNAL (E665).

— Electron beam at SLAC (E139, E140), HERA (HERMES) and recently at JLab.

e Kinematics and statistics:
Data covers the region 10~* < z < 0.9 and 0 < Q? < 150 GeV?. There available about
600 data points with Q2 > 1 GeVZ.
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Data on R show a weak Q2 dependence that
suggests scaling origin of (at least a part of)
nuclear effects. Characteristic nuclear effects
were observed for different kinematical regions
of x.

e Nuclear shadowing at small values of Bjorken
x (x < 0.05).

e Antishadowing at 0.1 < x < 0.25.

e A well with a minimum at  ~ 0.6 = 0.75
(EMC effect).

e Enhancement at large = > 0.75+ 0.8 (Fermi
motion region).
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Drell-Yan reaction

Drell-Yan production of lepton pairs B +T — u*u~ + anything is also determined by
parton distributions

undeteeted

d’c

H+ dede

477042 2 B _T
=902 K> e.lq, (z5)q, (z7)

+ 4, (zp)q, (z71)]

TS ndetested T = e e =20V = v

(Q)? is invariant mass squared of the lepton pair, q; the longitudinal momentum of the
lepton pair, s the center-of-mass energy squared.
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E772 data
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FIG. 3. Ratios of the Drell-Yan dimuon yield per nucleon,
Ya/Y 2y, for positive xr. The curves shown for Fe/’H are pre-
dictions of various models of the EMC effect. Also shown are
the DIS data for Sn/?H from the EMC (Ref. 4).
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on Drell-Yan ratios

In E772 experiment s = 1600 GeV?Z. At
rr > 0.2 process is dominated by ¢®¢”
annihillation. The ratio of DY yields
for different targets is proportional to the
corresponding ratio of antiquark distributions.
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Other data

Events with « > 1 (kinematically not allowed for free nucleon) were observed by BCDMS
(12C) and recently in neutrino DIS by CCFR (°SFe).

Direct measurements of nuclear effects in neutrino cross sections were done by BEBC
(*®Ne/D) and CDHSW (°Fe/p) (large stat. and syst. uncertainties).

High-energy cross section data are available from recent measurements by NOMAD (12C),
CCFR-NuTeV (°°Fe), CHORUS (?“®Pb). These data can be a good source of additional
information on both the nucleon and the nuclear PDFs.

The measurements of nuclear effects in neutrino scattering are planned at MINERVA
experiment (FNAL) (C, Fe, Pb targets).

— Typeset by Foil TEX — 8



Sergey Kulagin HUGS 2007

Why Nuclear Effects Survive in DIS ?

The analysis of characteristic space-time scales involved into DIS helps to approach nuclear
physics of the process. Typical regions in configuration space which contribute to DIS
hadronic tensor:

o t?— 22~ Q2 DIS proceeds near the light cone.
o t~z~L=(Mzx)"! DIS can proceed at the distances not small in hadronic scale
(in the target rest frame) = the reason for nuclear effects to survive even at high Q2.

L has to be compared with average distance between bound nucleons
d = (3/47p)"/32 ~ 1.2Fm (p is the nucleon number density in central region of heavy
nuclei). One should distinguish two different regions:

e [.<d=- Nuclear DIS =~ incoherent sum of contributions from bound nucleons.
e L >d=  Coherent effects of interactions with a few nucleons are important.
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Nuclear DIS in impulse approximation (1A)

Fermi Motion and Nuclear Binding corrections

In incoherent scattering approximation the nuclear SFs can be
written as a convolution of (bound) nucleon SFs and nuclear
spectral function: 5

R .Y = [ dpPate) (14 22) N @2 0%). N

— Q2 I __ Q2 . € ) ¥
T U T g 1+(tp)/M A (Aj)

Similar equations also hold in IA for Fr, F;. Fermi motion and binding effect is driven by
nuclear spectral function (p = (M + ¢, p)

Z\wn )I28(e + Ep(A — 1) — Ey(A)).

Spectral function describes probability to find a bound nucleon with momentum p and
energy po = M + €.
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Nuclear spectral function

Mean-field picture

Nucleus in a first approximation can be viewed as a system of protons and neutrons bound
to a self-consistent potential (mean field model, MF). Nucleons occupy the MF energy
levels according to Fermi statistics and thus distributed over momentum (Fermi motion)
and energy states. MF nuclear spectral function

where sum is taken over occupied levels with ¢, the wave function and n) the occupation
number of the level A\ (Ar the Fermi level). MF model is a reasonable approximation

if nucleon separation energy and momenta are not high (in nuclear ground state scale,
] < 50 MeV and k& < 300 MeV/c).

Fermi gas model as limit of MF spectrum (can be used for large nuclei)

Pumre(e,p) = 0(pr — |p|)é(e =V — p*/2M)
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Nuclear spectral function

Nucleon short-range correlation effects

As the separation energy || becomes higher, the MF approximation becomes less accurate.
High-energy and high-momentum component of nuclear spectrum can not be described in
the MF model. These effects are driven by short-range NN correlations in nuclear ground

state. ( )2
+Da_
Pcor(gap) ~ nrel(p) <5 (5 + P Pa-2 + EA—2 - EA)>
A—2

2M

The full spectral function can be approximated by a sum of the MF and correlation parts

P =Paap + Peor.  Pee)

——

—

|
|
(
~Eye  ~F/2m JE]
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Note that characteristic nuclear momentum and energy are small comapared to the nucleon

mass M. Expand F3¥(z') in series in a small parameter (¢ + p.)/M and integrate term by
term
(e) )

A w 1N N/
TF5(x) = Fy' (x) — MQUFQ (z) + 602

22PN (2)

Consider R(z) = 5F5'(z)/F3' (z). The slope at z < 0.5 is controlled by 2 FN'(z) while
the rise at large z > 0.7 is due to z2FN" ().

e Fermi gas momentum distribution

Fermi motion and bi ndind effect

13t e o ; qualitatively explains the trend of data
Bound Fermi s at x > 0.7 but fails to quantitatively
| &tr unctlon .............. :- i .
12 % BCDMS —&— i explaln data.
SLAC-E139 —FH&— : o _ o
e Binding correction is important and

IFS

brings the calculation closer to data in
the dip region.

A
I:2

eHowever, even more sophisticated

calculations with realistic nuclear

T spectral function fail to quantitatively

01 02 03 04 05 06 07 08 09  explain the slope of the ratio F3'/Fp
X and the dip position.
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Effects beyond IA
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Nucleon off-shell effect

Bound nucleons are off-mass-shell p* = (M + €)? — p? < M?. In off-shell region nucleon
structure functions depend on additional variable Fy(z, Q%) = Fy(z, Q% p?).

A few model calculations exist for off-shell effect in DIS structure functions (Melnitchouk-
Schreiber—Thomas, Gross—Liuti, Kulagin—Piller—Weise).

We follow phenomenological approach and extract off-shell dependence from data on the
ratio of nuclear structure functions (S.K. & R.Petti, NPA765(2006)126). The virtuality
parameter v = (k% — M?)/M? (average virtuality (v) ~ —0.15 for iron) is small. Expand
In v:

FY(a,p%) = B (2) (1 + v 3£ (2))

Off-shell correction <= modification of nucleon parton distributions in nuclear environment.
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Missing nucleon light-cone momentum in IA

In impulse approximation the nuclear PDFs are actually the convolutions of the nucleon
light-cone momentum distribution fx,4(y) and the nucleon PDFs

¢4 (z) = / dydz fn/a(y)g” () 6(z — yz)

fnyaly) = /d4p Ple, p) (1 1 p_Z) 5 <y € +pz)

M M
Nucleon distribution:

=- Normalization: [ dy fn/a(y) = A the number of bound nucleons.
() )
M 3M?

Because of binding e <0 = (y)5 ~ 0.95 = bound nucleons do not carry all the nuclear
momentum (in a frame in which nucleus moves with a large momentum).
Who balances the missing momentum?

—=> Average nucleon light cone momentum: (y), =1+
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Nuclear pion effect

Leptons can scatter on nuclear meson field which mediate interaction between bound
nucleons. This process generate a pion correction to nuclear sea quark distribution

dy x A
5q7r/A(x7 QZ) — _fW/A(y)qW(_a QZ) g{%ﬁ%q T
z Y Yy X " -
_>>—a—

e Contribution from nuclear pions (mesons) is important to balance nuclear light-cone
momentum (y) _+ (y)y = 1.

e The nuclear pion distribution function is localized in a region of y < pp/M ~ 0.3. For
this reason the pion correction to nuclear (anti)quark distributions is localized at = < 0.3.

e The magnitude of the correction is driven by average number of “pions”
ny = [ dy fz/a(y). By order of magnitude n,/A ~ 0.1 for a heavy nucleus like *°Fe.

e Nuclear pion correction effectively leads to enhancement of nuclear sea quark distribution
and does not affect the valence quark distribution (for isoscalar nuclear target).
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Coherent nuclear corrections

Two different mechanisms of DIS:

() QE scattering off bound
quark. This process dominates at
intermediate and large values of
x and the structure functions are
determined by quark wave functions.

1 t2

|
L \
|

Nuclear effects arise because of
averaging with nucleon distributions
In a nucleus.
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(I1) Conversion v* — qq. Then qq state
propagates in a target. This process dominates
at small = since life time of g state grows as
1/(Mz). The structure functions are determined

by quark scattering amplitudes.
t1 o

|
|
|
| |

Nuclear effects arise due to interaction of
intermediate states during propagation in matter.

Relative correction to a single scattering term
0R = 6F; |Ff = dolpit=c Joy
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Phenomenology of nuclear DIS

Motivation: The development of a quantitative model providing predictions of nuclear cross
sections (structure functions) and corresponding uncertainties to be used in the analyses of
present and future lepton scattering data from nuclear targets.

Approach: Take into account major nuclear mechanisms such as FMB, off-shell, nuclear
pion and shadowing corrections. Parameterize off-shell correction function and effective

scattering amplitude responsible for shadowing and extract these quantaties from data (for
more detail see S.K. & R.Petti, NPA765(2006)126).
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Phenomenological parameters

Off-shell corrections to the nucleon structure functions and effective scattering amplitude
of hadronic component of virtual photon off the nucleon are treated phenomenologically.

Off-shell correction function ¢ fs(z) = Cn(x — 21)(x — x0)(h — ).

From preliminary studies we observe that h is fully correlated with zg, i.e. h =14 xg. The
nuclear valence number normalization helps to fix x1 = 0.05. C'y and z are fit parameters.

Effective amplitude ar = or(i + «a)/2

_ 4 0p — 01
oT — 01
1+ Q%/Q3
Parameters g = 27mb and o« = —0.2 were fixed in order to match the VMD model at low

Q). Parameter o1 = 0 (preferred by preliminary fits and fixed in final fit). Q3 is adjustable
parameter controlling transition between low and high () regions.
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Analysis

We use the data from electron and muon DIS in the form of ratios Ro(A/B) = F§'/FP
for a variaty of targets. The data are available for A/D and A/2C ratios.

We perform a fit and minimize x% = Y, . (R —R)2 /a2 (R5™) with o the experimental
uncertainty. In the fit we use data with Q2 > 1 GeV? (overall about 560 points). Then we
validate the predictions with the data not used in the analysis (data of Q% < 1 GeV? and
data on D/p ratio of structure functions.
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Results

e \Very good agreement with data
(both for z and Q? dependence) for
entire kinematical region

x?/d.o.f = 459/556

e Phenomenological  parameters
from global fit (statistical -+
syst./theoretical uncertainties)

Cny=81+£0.3%+0.5
xo =0.448 = 0.005 £ 0.007

Q% =1.4340.06 + 0.2 GeV?
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Off-shell function

27
e The function df(x) provides a measure of e
modification of quark distributions in bound
nucleon. !
] 05
e The off-shell effect results in the \
: o N\
enhancement of the structure function for V
r1 < x < xo and depletion for £ < x; and 05
~ 0 01 02 03 04 05 06 07 08 09 1
Tr > Xg. L 2
o
e The phenomenological function §f(x) 15
suggests the increase in the radius of the 1E
bound nucleon valence region (in Fe by .
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Effective cross section

_ 9 9 Phehorﬁerio!bgiéél crosssecﬁon —
e The monopole form ¢ = 0'0/(1 + @ /QO) : Effective LT cross section -
provides a good fit to existing data on 0F 0 >~_
nuclear shadowing for Q% < 20 GeV? (ratio |

FQ(SH)/FQ(C) from NMC)

e This does not necessarily mean that o
vanish as 1/Q?% at high Q. Effective cross | |
section at high () can be calculated from the e N

normalization condition of the valence quark

distribution § Nof ~shell 4 §vshad — 1 10
Q2, GeV?

Cross section, mb
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Ratios Ry(x, A/B) = F§'/F8
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Fe/D & 93Cu/D 97Au/D & 2°"Pb/D
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Q? dependence of R
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Significant Q? dependence observed at z < 0.05
(the Q* dependence of shadowing effect) and
for & > 0.7 (the Q* dependence of target mass
correction)
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Deuteron structure functions

Comparison of E665 and NMC D/p data to our
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Summary

e Exciting nuclear effects were measured in electron and muon DIS experiments.

e A few nuclear mechanisms produce substantial corrections to nuclear structure functions.
However, data are not explained by standard approaches.

e Phenomenological analysis of data indicates the presence of substantial modification of
bound nucleon quark distribution.

e | discussed approach in which this modification is associated with off-shell effect. By
performing phenomenological analysis of data this correction was extracted from data and
a model was developed that quantitatively describes data with very good accuracy.

e This approach was verified by confronting calculations with data not used in the analysis
and by predicting nuclear effects in neutrino scattering.
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