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Basics:	Rosenbluth L/T	Separations
Ø Separate	L	and	T	contributions	to	the	total	cross	section by	performing	a	fit	of	

the	reduced	cross	section	dependence	with	e at	fixed	x	and	Q2

Requirements	for	precise	R= sL/sT :

§ As many e points as possible spanning a
large interval from 0 to 1
à as many (E, E’, q) settings as possible

§ Very good control of point-to-point systematics à
1-2 % on the reduced cross section translates into
10-15 % on FL (or 0.02 to 0.04 on R= sL/sT)
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Deep	inelastic	neutrino	differential	cross	section	are	relatively	well	known.		
The	following	are	systematic	errors	in	the	high	energy	DIS	total	cross	sections
for	W>1.8	GeV	(Bodek-Yang)

How	well	do	we	
know	these	for	
nuclear	targets	in	
the	resonance	
region?

If	DR	in	a	nucleus
Is		0.25	All	these	
errors	go	up	by	x5
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G.A.Miller, Phys.Rev.C64,022201(2001)

Practically no existing data on RA

At low Q2 a model by Miller predicts 
significant A-dependent enhancement 
in FL due to nuclear pions/mesons.
+0.25 increase in R at  Q2=0.3 GeV2
Much smaller for Q2> 1 GeV2

This implies a reduction of 
5% in neutrino and 10%
in antineutrino cross section at 
The region of the Delta (1238).

(In addition to the normalization
Uncertainty in F2).

Ø F2A, RA in this region is input for modeling neutrino interactions
→ Neutrino oscillation experiments Requires good models

for neutrino-A cross sections at low energy

W=1.2

W=1.3

W=1.4
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Experiment   target(s)     W range   Q2 range Status
E94-110           p                RR              0.3 - 4.5       nucl-ex/041002  -- low Q

E99-118           p,d DIS+RR      0.1 - 1.7         PRL98:14301 -- low Q

E00-002           p,d DIS+RR      0.25 - 1.5       Analysis finalized-- low Q
Publication submitted

E02-109              d             RR+QE       0.2 - 2.5     Finalizing cross section analysis -- low Q

E06-009              d              RR+QE       2.0 - 4.0        Cross section, FL finalized  -- high Q
Non-singlet moments  paper drafted.

===================================================================
E04-001 - I       C, Al, Fe/Cu      RR+QE       0.2 - 2.5      Finalizing cross section analysis (Next)
Phase I:  low Q

E04-001 - II      C, Al, Fe/Cu        RR+QE       2.0 - 4.0      Cross section, RA-Rd                                                                                                   
Phase II high Q finalized for most targets (This talk)

RR = Resonance Region

6 GeV L/T separation program in Hall C
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Status of FL deuteron data

→ Multiple new data sets

I.  E00-002 (also proton data) 
II.  E06-009 

→ Generally good agreement 
between data sets, but some 
tension in fit.

fit is Weak-binding approximation 
Smearing fit (proton input from 
Christy-Bosted fit) 

→ additional low Q2 resonance 
region from phase-I (E02-109) 
expected to be finalized Winter
of 2017.

M.E.C, N. Kalantarians, J. Ethier, W. Melnitchouk,
In preparatiion
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u Precision extraction separated structure functions on:
d, Al, C, Fe/Cu

u Search for nuclear effects in FL, R.

u Study quark-hadron duality in separated structure functions 

for neutron and nuclei.

THIS TALK

FL, R on Deuterium and heavier targets
JLab Hall C: E02-109, E04-001, E06-009 



6/27/17 9 A.	Bodek,		NUINT	2017	Toronto

FL
A (RA) in Nuclei (E04-001)

BCDMS
EMC
SLAC

EMC

Anti-
shadowing

shadowing

Fermi
motion

*Well known since the EMC 
experiment that the nuclear 
medium modifies nucleon 
structure functions.

→ However, after 25 years 
the mechanism is still not 
fully understood.

→ Is the effect different in 
F1 and F2?

* The latter   =>    nuclear dependence of R and FL ! 

Need to know if A dependence exists in FL 
for full understanding of EMC effect.

Jupiter Collaboration
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Most existing data at intermediate x from SLAC E140  

(Dasu et.al Phys. Lett. D 49 (1993)

→ Much of systematics drop out 
in cross section ratio

Reduction in errors in RA-RD

RA-Rd found to be 
consistent with zero 
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Re-analysis of L/T separations (P. Solvignon, J. Arrington, D. Gaskell,ArXiv:0906.0512 )
including neglected Coulomb effects for electron entering and exiting nucleus

This is for Q2 = 5 GeV2

=>
RA < Rd ??
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BORN

E0	radiation

E0	radiation

E0	radiation

E’	radiation

Need	to	know	the	Born	cross	
section	precisely	in	the	entire	
triangle	in	order	to	calculate	the	
radiative	correction

E’	radiation

12

Radiative	corrections	are	a	source	of	systematic	error
Must	be	investigated	carefully.
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L/T kinematics (d, C, Al, Cu, Fe)
Phase-I Phase-II

RR+QE       Q2: 0.2 - 2.5 in analysis RR+QE       Q2: 2 – 4  THIS TALK 
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Q2:  2.0
e: 0.91

Q2:  2.0
e: 0.30

Q2:  2.0
e: 0.74

Final E04-001 Phase II 56Fe cross sections 
(no Couloumb corrections)

→  Example scans utilized in L/T 
Separations at Q2 =2 near Delta(1232)

→  Correlated systematics at bottom

→  Red curve represents fit to global 
data set using p, n (d) fits as input.    
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Example E04-001 Phase II L/T Separations 
Note we now use sT

d / s T
A

→  Example L/T Separations for 12C

~300 separations for 12C, 27Al 
About 100 each for 56Fe, 64Cu

→ Statistical + pt-pt systematic in shown 

W2 = 2.31  Q2 = 4

W2 = 1.47  Q2 = 2

W2 = 1.63  Q2 = 2



The	experiment	also		measures	absolute	2xF1,	F2,		FL in	the	Res.	Region	
for	several	nuclear	targets	 C,	Al,	Fe,	Cu		as	well	as	RA-RD

Vahe	Mamyan,	Ph.D.	thesis,	University	of	Virginia

To	the	MRST	pQCD fit	EMC	effect	corrections	and	isoscaler corrections	are	also	added

preliminarypreliminary

Fe

Fe

Fe

Fe

Cu
Cu

Cu Cu

FL

FL

FL

FL

2xF1

2xF1

2xF1

2xF1
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Q2 = 2 GeV2 Results for RA – Rd and sT
d / s T

A 12C

Ø Correlated systematics determined by shifting cross sections and repeating L/T separations
Ø Curve is fit to global cross sections with proton and neutron inputs 

(M. E. Christy, T. Gautam, A. Bodek,  in preparation)
Ø (note that QE has not been subtracted) 
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Q2 = 2 GeV2 Results for RA – Rd and sT
d / s T

A 56Fe

** 27Al and 64Cu coming soon
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Green – Wµn tensor smearing
purple  - Wµn tensor smearing

with off-shell correction (from Q2=0)
Blue – Simple W1 W2 smearing

RC – Rd :Compare to Fermi motion calculation Bodek and Cai
(to be published 2017). Uses effective spectral function (ESF):

simulates Psi scaling includes  SRC

Q2=2	GeV2

Blue – Simple W1 W2 smearing

Green – Wµn tensor smearing

High	momentum	components	affect	R
In	a	nucleus
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12C

Green – Wµn tensor smearing

purple  - Wµn tensor smearing
with off-shell correction (from Q2=0)

Blue – Simple W1 W2 smearing

Conclusion:  Simple Fermi smearing 
does not work:

Low Q2 analysis –coming soon
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RC-RD

Q2=2	GeV2

Blue – Simple W1
W2 smearing
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Future Plans
1. Publish higher Q2 Phase II data. (Q2 =2, 3, 4   GeV2)
2. Study separation of QE and inelastic on RA-Rd 

3.  Finalize low Q2 Phase I  data (Q2: 0.2 to 2.5) near end of 2017.

→  adds additional e points at 2 < Q2 < 3

=>  reduced systematics in higher Q2 data

→  allows study of Q2 dependence for RA-Rd

→ Look for evidence of Miller's nuclear pions

4 Precise measurement of absolute W1 and W2  and ratio to Deuterium.



Extra	Slides
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Are	F2 ,	F1 and	FL (or	R)	modified	differently	by	the	nuclear	medium?

special	thanks	to	
S.	Malace,		Jefferson	Lab,	
V.	Mamyan,,		University	of	Virginia,
I.		Albayrak and	M.	E.	Christy		Hampton	University
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Focus of this talk will be the 6 GeV program in JLab Hall C to separate all unpolarized
structure functions: F1,  F2,  FL

Kinematic coverage: 0.3 < Q2 < 4
W2 < 4  (Resonance Region,  RR)

Targets: proton, deuteron, 12C, 27Al, 56Fe, 64Cu
Electron	scattering
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Neutrino	Vector		quark-hadron	dualityElectron	scattering	continued
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RedLDeuterium W1
Q2=2	GeV2

Red:	Carbon	W1
Q2=2	GeV2
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x

New Hall C data provides 
1st determination of RA-Rd
In resonance region

→ Large # of data points 
Comparable to E140

→ Improved extractions 
at Q2 < 3 in future 
Including phase I data

X = 0.4X = 0.65

Future studies:

- Duality in separated SFs
and EMC effect 

- Moments of nuclar SFs
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Deep	inelastic	neutrino	total	cross	section	are	relatively	well	known.		The	following	are	
systematic	errors	in	the	high	energy	DIS	total	cross	sections	for	W>1.8	GeV	(Bodek-Yang)

We	want	to	achieve	similar	precision	in	the	resonance	region	(RR)			on	H,	D	and		
nuclear	targets,	and	also	low	Q		inelastic,
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Q2 = 2 GeV2 Results for RA – Rd and sT
d / s T

A 12C
Rebinned



Arie Bodek and	Tejin Cai
University	of	Rochester

Fermi	motion	and	off-shell	corrections
to	nucleons	bound	in	nuclei
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Effective	spectral	function

Fermi-Motion	in	Nuclei

Fermi-Motion	in	Deuteron

A.	Bodek,	Phys.	Rev.	D8	(1973)	2331;	A.	Bodek et	al.,	Phys.	Rev.	D	20,	1471	(1979).
- off-shell	corrections	



Impulse	approximation
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Our	studies	indicate:	
(1)		The	tensor	corrections	are	essential	at	all	Q2.
(2)		The	off-shell	corrections	are	large	at	low	Q2,		and	are	smaller	at	higher	Q2.6/27/17 A.	Bodek,		NUINT	2017	Toronto 36



Relations	of	structure	functions	to	QCD	and	quark	distributions:
F2	is	fundamental		(not	2xF1)

Only	F2	(not	F1)		is	related	to	the	sum	of	quark	and	antiquark	distributions.		At	high	
Q2	we	use	the	variable	x.		At	lower	Q2,	we	include	the	target	mass	scaling	variables
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For	neutrino	structure	functions,	Quark-Hadron	duality		(	when	integrated	over	
all	ν)			is	EXACT	for	the	Adler	sum	rule	down	to	Q2=0	

only	for	the	Structure	Function	F2.
F2	is	the	quark	PDF	distribution	

In	quark	language		the	Adler	sum	rule		is		number	of	u	quarks	minus	the	number	
of		d	quarks	in	the	nucleon	is	1.			(2	up		and	1	down).	It	uses	F2.	
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FL	includes:

• The	effects	of	gluon	radiation	(QCD)	which	dominate	at	high	Q2.

• Target	mass	effects	(+	quark	transverse	momentum)	which	dominate		at		high	x
and	intermediate	Q2			(Jlab energy	range).

• Higher	twist	effects	which	dominate	near	Q2=0.

• In	QCD	2XF1	is	derived	from	F2	by	the	subtraction	of	FL.
.

For	a	complete	understanding	of	the	origin	of	the		nuclear	effects	in	
electron		scattering,	we	need	to	study	nuclear	effects	in	all	three	structure	
functions		F2,		R	and	F1	(and	also	in	F3	if	we	include	neutrino	scattering).	
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