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Motivation 

§  How well do we understand nuclear structure on the quark-gluon scale? 

    < ~10-15 m  

§  Understanding parton* distributions via F2
Fe from DIS data. 

§  Confronting fitting with data: F2
Fe  from charged lepton and neutrino 

scattering experiments. 

§  How do data from charged lepton probes compare with neutrino probes ? 
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Charged Lepton vs. Neutrino 
Scattering 
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Charged Leptons: 
e+/-,µ+/- 
q => EM coupling => γ, Z	


Vector coupling (parity conserved) 
Mono-energetic beam; fixed Ebeam € 
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*only detecting the 
scattered lepton 

Neutrinos: 
ν, ν-bar	


q => EW coupling => W+/-, Z (charged,neutral) current, respectively   
Vector + Axial coupling (parity not necessarily conserved) 
Beam is not mono-energetic; spectrum of Ebeam 

Parity Violation  



Nuclear Ratios 
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BCDMS 
EMC 
SLAC 

EMC 

Anti- 
shadowing 

shadowing 

Fermi 
motion 

See something quite different -definitely not unity.  

Charged lepton 
data 



EMC Effect Reproduced 
(Many Times!) 

EMC effect is simply the fact the ratio of 
DIS cross sections is not one 

PLB 123 (1983) 275. 
Simple Parton Counting Expects One 

MANY Explanations 
SLAC E139  

Phys. Rev. D 49 (1994) 4348. 
Precise large-x data 
Nuclei from A=4 to 197 

Conclusions from SLAC data 
Nearly Q2-independent 
Universal x-dependence (shape) 
Magnitude varies with A  
Recent Jefferson Lab results consistent 

with this; PRL 103 (2009) 202301. 
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Neutrino Nucl. Ratio Data 
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Phys. Rev. D 77, 054013 (2008) 
Phys. Rev. D 80, 094004 (2009) 
Phys. Rev. Lett. 106, 122301 (2011) 
 
Nuclear PDF fits done on charged lepton data. 
(nCTEQ): predicts ~5% difference. 
 
A-dependent PDFs then used to extract ratios. 
 
NuTeV Fe data, deuteron constructed using  
PDFs. 
 
ν-A dependence different from e/µ-A  
 
*How about looking at the Fe data, itself?  
(next slide) 
 
	

 HKN07: Phys. Rev. C 76, 065207 (2007) 

KP: Phys. Rev. D 76, 094023 (2007) 
 



Looking at the Fe Data itself 

●  The neutrino data assume a model deuteron (little to no neutrino-
deuteron scattering data available). 

●  Can FFe
2 show if there is a difference between the charged lepton 

and neutrino data?   

●  There are abundant Fe data, from both charged lepton and 
neutrino, covering a wide range of x.  
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Theory Predictions 

9 

Phys. Lett. B 587, 52 (2004) 
58 J. Qiu, I. Vitev / Physics Letters B 587 (2004) 52–61

Fig. 3. The predicted nuclear modification for isoscalar-corrected 12C, 56Fe and 208Pb to the neutrino–nucleus DIS stricture functions
FA
2 (xB ,Q2) (top) and xBFA

3 (xB ,Q2) (bottom) versus Bjorken xB (left) and Q2 (right). The bands correspond to ξ2 = 0.09–0.12 GeV2 [6].

The latest global QCD fits include ν(ν̄) − A DIS data without nuclear correction other than isospin [21]. Such
analysis would tend to artificially eliminate most of the higher twist contributions discussed here due to a trade
off between the power corrections in a limited range of Q2 and the shape of the fitted input distributions at Q2

0,
especially within the error bars of current data. An effective way to verify the importance of the nuclear enhanced
power corrections for neutrino–nucleus deeply inelastic scattering is via the QCD sum rules, in particular, the
Gross–Llewellyn Smith (GLS) sum rule [8]

(18)SGLS =
1∫

0

dxB
1
2xB

(
xBF νA

3 + xBF ν̄A
3

)
.

At tree level Eq. (18) counts the number of valance quarks in a nucleon, SGLS = 3. Since valence quark number
conservation is enforced in the extraction of twist-2 nucleon/nucleus PDFs, the adjustments of input parton
distributions can alter their shape but not the numerical contributions to the GLS sum rule.
The effect of scaling violations can modify SGLS, and at O(αs ) [9]

(19)∆GLS ≡ 1
3
(3− SGLS) = αs (Q

2)

π
+ G

Q2 +O
(
Q−4).

Loop contributions to the GLS sum rule are known toO(α3s ) [27]. Although power corrections can also modify the
shape of nucleon structure functions, recent precision DIS data on both hydrogen and deuterium targets from JLab
[28] indicate that effects from higher twist to the lower moments of structure functions are very small atQ2 as low
as 0.5 GeV2, which confirms the Bloom–Gilman duality [29]. A recent phenomenological study [30] also suggests
that power corrections to the proton F2(xB,Q2) have different sign in the small- and large-xB regions and largely
cancel in the QCD sum rules.
On the other hand, the coherence between different nucleons inside a large nucleus is only relevant for xB ! xN .

The suppression of structure functions at small Bjorken xB in Fig. 3, caused by the nuclear enhanced dynamical
power corrections, cannot be canceled in the moments and further reduces the numerical value of SGLS. Fig. 4
shows a calculation of ∆GLS from Eqs. (10) and (11) for 56Fe. While the effect of charm mass is seen to be small
relative to αs/π , for Q2 ∼ 1 GeV2 nuclear enhanced higher twists may contribute as much as ∼ 10% to ∆GLS.

•  Predict sizeable effect in 
shadowing region. 

 
•  Nuclear corrections taken into 

account. 
 
•  Nucleon binding and Fermi motion 

not enough. Off-shell effects.      
(Nucl. Phys. A 765 126). 

 
•  Nuclear medium effect important. 

Meson cloud contributions      
(Phys. Rev. C 84 054610). 

 
•  Some predict that charged lepton 

and neutrino data similar and 
matter of analysis technique  

     (PRL 110 212301). 
 



Theory Predictions 
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Figure 10: Our prediction for the ratio of F2 structure functions
F2A[neutrino]/(18/5)F2A[muon], measured in Ref. [49], at Q2 = 20 GeV2.

weak-mixing angle by using the Llewellyn-Smith relation [51]:

R ν[ν]
N =

σ(νµ[νµ] + N → νµ[νµ] + X)

σ(νµ[νµ] + N → µ−[µ+] + X)
= ρ2

0

(

1

2
− sin2 θW +

5

9
sin4 θW (1 + r[−1])

)

,(40)

written in terms of NC and CC (anti-)neutrino-nucleon cross sections. Here,

ρ0 =
M2

W

cos2 θW M2
Z

, r =
σ(νµ + N → µ+ + X)

σ(νµ + N → µ− + X)
∼

1

2
. (41)

However, actual targets such as the iron target of the NuTeV experiment are not

always isoscalar, having a significant neutron excess. In addition, as we have stressed

here, nuclear effects due to multi-scattering could be very important. These nuclear

effects should also modify the CC and NC structure functions, and therefore a detailed

study of these effects on the extraction of the weak-mixing angle is essential. In order

to reduce the uncertainties related to sea quarks, Paschos and Wolfenstein [52] showed

that one can extract sin2 θW from the relationship

R
−

N =
σ(νµ + N → νµ + X) − σ(νµ + N → νµ + X)

σ(νµ + N → µ− + X) − σ(νµ + N → µ+ + X)
= ρ2

0

(

1

2
− sin2 θW

)

. (42)

25

•  Prediction for difference 
between charged lepton 
and neutrino scattering 
data due to nuclear 
effects. 

•  Based in good part on 
data analysis; Phys. 
Rev. Lett. 86 2742 
(2001)    

Q2 =20 [GeV2] 



Analysis 

●  Apply DIS cuts; Q2 > 2, W2 > 4 [GeV2]. 

●  Set FFe
2 data to a common Q2 (average bin-centering).   

●  For cases of data being SF ratio FFe
2/Fd

2 (charged lepton); use 
reliable Fd

2 parameterization (NMC) to multiply and extract FFe
2. 

●  Plot (and compare) data with fits (ratios)  

●  Current algebra of applying 8/15 to neutrino data to account for 
quark charges. 

●  Data are isoscalar corrected. 
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*This work done with M. E. Christy and C. Keppel; Draft in progress 



World FFe
2 Data 

http://hepdata.cedar.ac.uk/review/f2/ 
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Neutrino Expt’s: 
CCFR, CDHSW, NuTeV 
 
Charged Lepton (e/µ ) 
BCDMS, EMC, E140,  
E139 
slac/stanford.edu/exp/e139/   
NMC  
Nucl. Phys. B 441 3 (1995)  
Nucl. Phys. B 481 3 (1996) 

Q
2 [ 

G
eV

2 ] 

x 



18/5 Rule 

Accounts for quark charge coupling 
present in charged lepton scattering but 
not in neutrino scattering. 
 
Holds at leading order.  

F2
νN (x) ≤ 18

5 F2
eN (x)

Perkins  
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Isoscalar Corrections 
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-  Phenomenologically different for charged 
lepton and neutrino scattering. 

-  Large at small x for neutrino, and large x for 
charged leptons. 

-  Neutrinos prefer to couple to u or d via W+/-, 
charged leptons couple to either and have to 
account for quark charge. 

 
  



Isoscalar Corrections 
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σ = Z σp + (A-Z) σn   

 σiso = A/2*(σp + σn ) fAISO =   =  
Α/2Ζ *	

  (1 + σn /σp ) 

  1 + (A/Z-1)*σn /σp  

Assuming unmodified free nucleon cross sections, the isoscalar 
correction for a target with atomic number A and Z protons is:  

56Fe :  A/Z = 56/26  = 2.154        f =  0.965 

For  σn/σp = 3 For  σn/σp = 3*1.3 

f =  0.959 

(30% ratio uncertainty) 

How well do we know σn/σp? 
*For neutrinos:  



Charged Lepton 
Uncertainties for Fn

2/Fp
2 
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[Accardi, et al., 
PRD 84(11)014008] 

→ Data is from BONuS 
 
→ Yellow area is nuclear  
corrections uncertainty band  
from CJ PDFs. 
 
→  x~0.6 uncertaintiy < 8% 
 
Assuming same uncertainty  
and for neutrino n/p ~ 3 
 
 → 56Fe isoscalar correction  
 known much better than 1% 
(for charged lepton) 
  Much smaller correction for  

x < 0.6 

Normalization point 

PRL 108 199902 (2012)   



x x 

4 < Q2 < 8 [GeV2] 6 < Q2 < 10 [GeV2] 

FFe
2 Data and Fits 

•  “CJ12min fit” Phys.Rev. D 87 094012 (2013) 
•  “MaGHiC”  Intl. Journ. Mod. Phys. E 23 1430013 (2014) 
•  Difference between Charged lepton and neutrino data at x < ~0.15 
•  Neutrino data seems to be in agreement with CJ -CJ has no nuclear effects 

taken in to account.  
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x x 

4 < Q2 < 8 [GeV2] 6 < Q2 < 10 [GeV2] 

FFe
2 Data and Fits (cont’d) 

•  Remarkable agreement at x > 0.3. 
•  “IC” curves provided by I. Cloet. Valence quark picture; anti-quark and gluon 

contributions not taken into account. 
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MaGHiC Fit 

•  S. Malace, D. Gaskell, D, Higinbotham, I. Cloet; ”  Intl. Journ. 
Mod. Phys. E 23 1430013 (2014) 

•  EMC Ratio, Charged Lepton Data Fit on wide range of nuclei: 
3He – 207Pb. 

•  Heavier and lighter nuclear ratios that go to even lower x than 
Fe; continued turnover in charged lepton fit not artifact or 
extrapolation. 
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Recent Minerνa Result 
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measurements of ðdσA=dxÞ=ðdσCH=dxÞ show a suppres-
sion of the ratio compared to simulation at low x and an
enhancement at high x, both of which increase with the size
of the nucleus.
Low x bins are expected to show shadowing, which

lowers the cross section for heavier nuclei [12,40,41].
Shadowing in these data may be larger than predicted
for several reasons. First, our data are at low Q2 in the
nonperturbative range (80% of events below 1.0 GeV2 and
60% below 0.5 GeV2), while the model is tuned to data
at much higher Q2, where shadowing is well measured.
Second, shadowing in the model is assumed to be the same
for C and Pb and equal to measurements from Fe [31].
Finally, the shadowing model used for comparison is based
on charged lepton data, which do not have axial-vector
contributions. The array of nuclear models available to
modern neutrino experiments give similar results for these
cross section ratios, none of which is confirmed by the data.
Higher x bins contain mostly (> 63%) quasielastic

events, whose rates may be enhanced by meson-exchange
currents [42–48], which are not in the simulation. The
excess observed here may be related to the excess in
MINOS Fe data at low inelasticity compared to a simu-
lation with nuclear corrections based on lighter nuclei
similar to GENIE’s [49,50]. The failure of nuclear scaling
models in this region has profound implications for
neutrino oscillation experiments that utilize quasielastic
events. For example, T2K [51,52] must apply a nuclear

model to relate the rate in the carbon of a near detector to
oxygen in the far detector. LBNE [53] must extrapolate
existing data on C, Fe, and Pb to Ar. Until better models
exist that cover the relevant kinematic domain, oscillation
experiments must incorporate the discrepancies measured
here in evaluating systematic uncertainties. More theoreti-
cal work is needed to correctly model nuclear effects in
neutrino interactions, from the quasielastic to the deep
inelastic regime.
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FIG. 2. Ratios of the charged-current inclusive νμ cross section
per nucleon as a function of Eν (left) and as a function of
reconstructed x (right) for C/CH (top), Fe/CH (middle), and Pb/
CH (bottom). Error bars on the data (simulation) show the
statistical (systematic) uncertainties. The χ2 calculation includes
correlations among all bins shown. Events with x greater than 1.5
are not shown.

PRL 112, 231801 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
13 JUNE 2014

231801-5

PRL 112 231801 (2015)  

•  Low Energy Data 

•  See A-dependence, enhancement at 
lowest x-bin 

•  Data at low Q2 (< 1 GeV2) 

•  High Energy Data will be important! 



x x 

8 < Q2 < 12 [GeV2] 18 < Q2 < 30 [GeV2] 

FFe
2 Scaling with Q2 

•  Trend seems to remain. Study in progress; looking at higher Q2. 
•  nCTEQ predicted different shadowing between neutrino and charged 

lepton scattering.  
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Data/Fit 

•  Data / CJ (CC neutrino). 
•  See discrepancy 

between neutrino and 
charged lepton data;      
(->~15%) 

•  More than predicted by 
nCTEQ; (~5%) 

•  NuTeV/CJ ~ 1 
     Both EMC & NMC  
    data/CJ drops down        
     as x -> 0.  
•  Systematics ~ few %. 
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at
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Q2 =8 [GeV2] 



Comparing with Prediction 
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•  Seem to be beyond systematics (not shown). NuTeV’s </~ 9% in regions of 
shadowing and anti-shadowing. 

•  Deuteron seems to make difference. nCTEQ predicted ~5% (absence of 
nuclear effects Fe/d ~1 ); seeing ->~15%. 

x 

4 < Q2 < 8 [GeV2] 

FF
e 2 



Possible Explanations 

•  Strangeness contribution? Can glean by comparing CJ CC and CJ e-. 
 
•  Radiative Corrections? Not same for charged lepton and neutrinos and do 

not seem to be large enough. 
   
•  Isoscalar Corrections? Too small to account for this (~1-few %) 
 
•  Fit/Theory predictions? Many proposed explanations (earlier slide). 

Deuteron seems to make difference.  

•  Need more low x (DIS) data! 
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Summary 

●  Lepton scattering provides an opportunity to study nuclear structure. 

●  Structure Functions give fundamental information of the partonic structure of 
nucleons and nuclei.  

●  Charged lepton and neutrino data have shown some surprises. 

●  Studied Structure Function F2, in Iron, by comparing data from charged lepton and 
neutrino probes.  

●  Observe that there seems to be different behavior between these 2 types of data in 
the shadowing region, perhaps more than expected.   

●  Minerνa high energy (low x) data will be important.   
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F2
Fe From MaGHiC 

•  MaGHiC integrates over Q2. 
•  F2allm utilizes F2

n/F2
p parameterization, which is Q2 dependent.  



Lepton Scattering on a 
Nucleus 

28 



Inclusive* Lepton Scattering 
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dΩdE' =σMott

1
y
F2 (x,Q

2)+ 2
M
F1(x,Q

2)tan2 (θ / 2)
!

"
#

$

%
&

q = l − "l
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F2 (x) = 2xF1(x) = x eq
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*only detecting the 
scattered lepton 

*using natural units: h-bar = c = 1 

F1(x,Q
2 ) =MW1(ν,Q

2 )
F2 (x,Q

2 ) =νW2 (ν,Q
2 )

d 2σ
dΩdE' =

α 2

Q4

!E
E
LµνW

µν



F2 For Charged Leptons 
and Neutrinos 
F2
ep(x) = x 4

9 u(x)+u(x)[ ]+ 1
9 d(x)+ d (x)+ s(x)+ s (x)!" #${ }

Isospin invariance in strong reactions: 

F2
eN (x) = x 5

18 u(x)+u(x)+ d(x)+ d (x)!" #$+ 1
9 s(x)+ s (x)[ ]{ }

F2
ν p(x) = 2x d(x)+u(x)[ ], F2

νn (x) = 2x u(x)+ d (x)!" #$

u(x)n = d(x), d(x)n = u(x)

νµd→ µ−u, νµu→ µ−d

νµu→ µ+d, νµd → µ+du

F2
νN (x) = x u(x)+ d(x)+u(x)+ d (x)!" #$

Neutrino charged couplings: 

Equate for charged leptons and neutrinos: 

F2
νN (x) ≤ 18

5 F2
eN (x)

Perkins  


