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Introducing	Physics	Faculty	at	
ODU		www.odu.edu/physics
• Six	Nuclear	Experiment
• Six	Nuclear/Particle	Theory	
• Four	Accelerator	Physics
• Three	Atomic	and	
Condensed	Matter	Theory

• Four	Atomic,	Molecular	and	
Optical	Experiment

• One	Materials	Science
è Graduate	student	
applications		welcome!
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Outline
• The	Challenge	of	Imaging
• Elastic	and	Deep	Inelastic	Scattering
• Two		Solutions	to	the	Challenge:

• Deep	Virtual	Exclusive	Scattering:	
• Spatial	Imaging

• Semi-Inclusive	Deep	Inelastic	Scattering	
• Momentum	Imaging	(A.	Deshpande)

• The	Future
• JLab	@	12	GeV
• Ultra-peripheral	Collisions	at	LHC
• Electron	Ion	Collider	(My	Lecture	#3)
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The	Challenge

• The	construction	of	an	image	implies	that	the	object	
being	observed	is	unaffected	by	the	measurement

• The	proton	rms charge	radius	~	10–15 m	(1	fm)
• To	image	something	this	small	requires	that	it	absorb	
momenta	of	the	order	
pc	>	ħc/(1 fm)	=	200	MeV

• But	the	proton	mass	Mc2 =	938	MeV
• Imaging	the	proton	requires	disturbing	the	proton

• Is	it	even	physically	sensible	to	talk	about	imaging	the	proton?
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Elastic	Electron	Scattering	on	the	
proton,	1950s	– 2010s

• Wave	equation	☐Aµ = jµ
• Interaction 

• An electron makes a transition from 
momentum state k to k’:

• Current jµ(q) generates a vector 
potential Aµ(x) ~ e–iq•xjµ(q)/q2

• This vector potential then interacts with 
the current density Jµ(x) of the proton.

k k’

p p’

dxA(x) ⋅ J(x)∫
qµ = k − k '( )µ
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R.	Hofstadter,	et	al.,	Phys Rev	1956
• Nobel	Prize,	
1961

r2
Ch
= 0.7± 0.1 fm
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2014	PDG	review:		
• (e,e’)	(Mainz…): rrms=	0.879(8)	fm
• H	Atomic	levels: rrms =	0.877(5)	fm
• µp`Hydrogen’: rrms =	0.8409(4)	fm
• More	recent	updates….new	experiments	

coming
APCTP-2018 6



The	Proton	is	not	an	Elementary	Particle:

• Anomalous	Magnetic	Moment	
• 𝜇 = #ℏ

%&
1 + 𝜅

• Otto	Stern	(1933):		𝜅p =	1.5	± 0.2
• 2014	PDG	review:	 kp= 1.792847356(023)

• Charge	and	Current	Densities	
• General	EM	current	for	a	Dirac	spin-1/2	nucleon	to	make	a	
transition	from	a	state	(p,s)	to	(pʼ,sʼ)	with	q	=	pʼ-p (Q2=-q2>0):	

• Macroscopic	Limits
• F1(0)	=	1 F2(0)	=	k

• GM(Q2) = F1(Q2) +F2(Q2)
• GE(Q2) = F1(Q2) –[Q2/(4M2)] F2(Q2)

J µ (q) =U(p ', s ') γ µF1(Q
2 )−

γ µ,γν"# $%qν
4M

F2 (Q
2 )

"

#
&
&

$

%
'
'
U(p, s) k k’

p p’
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Elastic	Electron	Scattering	Today

JLab

• Ratios	to	`Dipole’	GD =[1+Q2/L2]–2,		L2 =	0.71	GeV2

• Extensive	
new	low-Q2

data	(Mainz,	
MIT,	JLab)

•
Experiments	
at	JLab	12	
GeV	(2016+)	
looking	for	
zero	crossing	
in	GE.
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Form	Factors	and	Densities
• Naively,	GE(Q2)	is	the	Fourier	transform	of	the	charge	density.		
But	this	only	works	for	Q2<<Mp

2

• Consider	H(e,e)p	in	the	`Breit’	Frame:		qµ
Breit = [0,	(Q2)1/2]

P=–q/2,	 P’=+q/2 (zero	energy	transfer)
• At	each	|q|=[Q2]1/2,	GE(Q2)	samples	the	charge	distribution	of	a	
differently	boosted	proton.	

Lorentz	contracted	protons:
–q/2

+q/2

q	>	Mc

g
–q/2

+q/2

q	<	Mc

g
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Lepton	Scattering	II.		DIS
Deep	Inelastic	Scattering:	e	+	p	à e’	+	X

Q2	=	–q2	=	(k-kʼ)2 xBj =	Q2/(2p×q) y	=	q•p/k•p

k k’

p
X

ds =

2

=

k

p

k

p

k’

q

k

p

dσ
dxBjdQ

2 →
4πα 2

xBjQ
4 1− y+

y2

2
&

'
(

)

*
+ 2xBjq f

2pdf f (xBj , lnQ
2 )&' )*

f
∑

k

p

xp
pdff
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The	proton	is	made	of	charged	spin-
1/2	constituents

• M.	Breidenbach et	al PRL	23 (1969)	935	
Friedman,	Kendal,	Taylor,	Nobel	Prize	1990

• Universal	behavior	of	the	cross	section	as	a	function	of	
single	variable	w = 1/x	=	2q•P/Q2

C.	Hyde	— Lecture	1

q=6° q=10°
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Factorization:	e	+	p	à e’	+	X
• Adding	up	all	possible	
final	states	of	mesons	+	
1	baryon,	
mesons+2baryons	+	1	
anti-baryon…

• Mathematically	
behaves	the	same	as	if	
the	virtual	photon	was	
absorbed	on	a	free	
quark	

• Plus	corrections	of	
order	1/Q2…
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Protons	are	made	of	
Quarks	and	Gluons,	
described	by	QCD.

• Scaling	violations:
As	Q2 increases:

19. Structure functions 21

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.
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Figure 19.8: The proton structure function F p
2 measured in electromagnetic scattering of electrons and

positrons on protons (collider experiments H1 and ZEUS for Q2 ≥ 2 GeV2), in the kinematic domain of the
HERA data (see Fig. 19.10 for data at smaller x and Q2), and for electrons (SLAC) and muons (BCDMS,
E665, NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown. The data
are plotted as a function of Q2 in bins of fixed x. Some points have been slightly offset in Q2 for clarity.
The H1+ZEUS combined binning in x is used in this plot; all other data are rebinned to the x values of
these data. For the purpose of plotting, F p

2 has been multiplied by 2ix , where ix is the number of the x bin,
ranging from ix = 1 (x = 0.85) to ix = 24 (x = 0.00005). References: H1 and ZEUS—F.D. Aaron et al.,
JHEP 1001, 109 (2010); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given in [78]) ;
E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys. B483, 3
(1997); SLAC—L.W. Whitlow et al., Phys. Lett. B282, 475 (1992).
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q→ q+ g
g→ q+ q

k

p
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How	to	Image	the	Proton?
• A	relativistic	proton	moving	in	the	+z-direction.
• Illuminate	it	with	a	photon	moving	in	–z-direction.

§ Photon-quark	scattering	samples	the	proton	at	equal	light-cone	times	x+
=	ct + z

§ Astronomy,	the	farther	we	look	in	distance		(+z),	the	farther	back	in	time	
we	are	observing	(–t).

• Quantize	at	equal	light-cone	times	x+,		(Dirac’s	Front-form	dynamics).
• Hamiltonian	=	`P– ‘,																		M2 = P2 è M2 =	2P+P– – P^
• Proton	has	definite	P+	=	(E+Pz)/√2,		
• Proton	is	spatially		localized	in	transverse	plane	(Soper 1972)
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(1+2)-Dimensional	Proton	structure:	
Transverse	

impact	parameter	space	|	momentum	space
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[P+,0^]
(xi P+,	bi	)

P–=	M2/2P+

Partonic Fluctuations

(xi P+,	k^i )
[P+,0^]

P–=M2/2P+

Virtual	`Energy’



Bethe-Heitler	(BH)	and	Virtual	Compton	Scattering	(VCS)

• VCS	=	”Pump-Probe”	experiment	on	Proton
• BH-VCS	interference

• Access	to	amplitude	and	phase	of	VCS	amplitude

e pà e p g

p’=p-Dp

k k'

q' = +

+

Bethe-Heitler (BH)

VCSq

D

18	June	2018 GPDs:	JLab->EIC,	C.Hyde 16

Δμ =	(p’-p)μ
t	=	(p’–p)2 =	Δ2



• Symmetrized	Bjorken	variable:

• D =	(q-q’),	Fourier	conjugate	to	impact	parameter	b	of	active	parton

(x+x)P+ (x-x)P+

GPDg(x,ξ,t=D2)

+
P-Δ/2

GPDf(x,ξ,t=D2)
P+Δ/2

GPDf(x,ξ,t=D2)

(x+x)P+ (x-x)P+ +

€ 

ξ =
−(q + $ q )2

2(q + $ q ) ⋅P Δ2<<Q2
' → ' ' ' 

xB
2 − xB

(1–x)P+(1+x)P+

e pàe p g

P+Δ/2 P-Δ/2

q q’
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Deeply	Virtual	Compton	Scattering
Generalized	Parton	Distributions
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xB =
Q2

2p ⋅q

QCD	Scaling	limit,	Q2 large



epàep𝛾:		Factorization	doubts	delayed	
publication	~	1	year

• Real	photon	has	strongly-
interacting	substructure:

• Vector	Meson	Dominance	
• Total	cross	section	
𝜸+pà	X	described	by	
𝜸àρ,𝜔,𝜙…	followed	by	
strong	interactions

• DIS:	Large	Q2	suppresses	hadronic	content	of	photon	(small	size	𝑞𝑞/)
• What	about	real-photon	in	DVCS	final	state?

• Proofs	of	factorization	for	DVCS	and	epà	ep+meson	came	soon
• How	large	does	Q2		have	to	be?
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Gauge-Invariant Decomposition of Nucleon Spin

Xiangdong Ji*
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
and Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195

(Received 20 March 1996)
I introduce a gauge-invariant decomposition of the nucleon spin into quark helicity, quark orbital,

and gluon contributions. The total quark (and hence the quark orbital) contribution is shown to
be measurable through virtual Compton scattering in a special kinematic region where single quark
scattering dominates. This deeply virtual Compton scattering has much potential to unravel the quark
and gluon structure of the nucleon. [S0031-9007(96)02221-1]

PACS numbers: 13.88.+e, 12.38.Aw, 13.60.Hb, 14.20.Dh

The spin structure of the nucleon reflects interest-
ing nonperturbative physics in quantum chromodynamics
(QCD). From the recent data on polarized deep-inelastic
scattering [1], one finds that about s20 6 15d% of the nu-
cleon spin is carried by quark spin or helicity [2]. Natural
questions are then where is the remainder of the nucleon
spin? How can it be measured or calculated? This Letter
attempts to provide answers to them.
Intuitively, the candidates for the “missing” spin are

the quark and gluon orbital angular momenta and gluon
helicity. In QCD, they can be identified with matrix
elements of certain quark-gluon operators in the nucleon
state [3]. The problem, however, is that these operators
take free-field expressions and are not gauge invariant in
an interacting gauge theory. Hence it is doubtful that
their matrix elements have any experimental significance,
although they can be calculated in theory, for instance, on
a lattice, with a fixed gauge.
In this Letter I show that there exists a gauge-invariant

decomposition of the QCD angular momentum operator
into quark and gluon contributions. The quark part can
be separated further into the usual quark helicity plus the
gauge-invariant orbital contribution. There exists, how-
ever, no gauge-invariant separation of the gluon part into
helicity and orbital contributions, although high-energy
scattering favors such a separation in the lightlike gauge
and infinite momentum frame. The gauge-invariant quark
and gluon contributions to the nucleon spin are shown
to asymptotically approach ratio 16:3nf , where nf is the
number of active fermion flavors. This result is inciden-
tally the same as what Hoodbhoy, Tang, and I have derived
previously in a gauge noninvariant formulation [4]. The
gauge-invariant expression for the angular momentum op-
erator allows one to calculate meaningfully fractions of the
nucleon spin carried by quarks and gluons. Furthermore,
it allows them to be measured in deeply virtual Compton
scattering (DVCS) in which the virtual photon momentum
approaches the Bjorken limit. DVCS gives an access to a
new class of nucleon observables—the off-forward parton
distributions—which are a generalization of ordinary par-
ton distributions and elastic form factors.

The angular momentum operator in QCD is defined
according to the generators of Lorentz transformation,

Ji ≠ 1
2 eijk

Z
d3x M0jk , (1)

where M0ij is the angular momentum density, expressible
in terms of the energy-momentum tensor Tmn through

Mamn ≠ Tanxm 2 Tamxn . (2)
T mn has the Belinfante-improved form and is symmetric,
gauge invariant, and conserved [5]. It can be separated
into gauge-invariant quark and gluon contributions,

Tmn ≠ Tmn
q 1 Tmn

g , (3)
where the quark part is

Tmn
q ≠ 1

2 fcgsmi
!

Dndc 1 cgsmi
√
Dndcg , (4)

and the gluon part is
T mn

g ≠ 1
4 gmnF2 2 FmaFn

a , (5)
where smnd denotes symmetrization with respect to m, n
indices. I will ignore the issues of regularization, gauge
fixing, and trace anomaly [6], as they do not affect the
following discussion.
For the above equations, one sees that $J can be written

as a gauge-invariant sum, $JQCD ≠ $Jq 1 $Jg, where

Ji
q,g ≠ 1

2 eijk
Z

d3xsT0k
q,gxj 2 T0j

q,gxkd . (6)

In pure gauge theory, $Jg by itself is a conserved angular
momentum charge, generating spin quantum numbers for
glueballs. It is clear that $Jq and $Jg are interaction depen-
dent and thus differ from the corresponding expressions
in free-field theory.
To understand the physical content of the gauge invari-

ant $Jq and $Jg, one can reexpress them using QCD equations
of motion and superpotentials [3,5]. After some algebra,
one finds

$Jq ≠
Z

d3x cyf $gg5 1 $x 3 s2i $Ddgc ,

$Jg ≠
Z

d3xf$x 3 s $E 3 $Bdg
(7)

where color indices are implicit.
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Abstract 

I outline a perturbative QCD approach to the analysis of the deeply virtual Compton scattering process y*p -+ yp’ in the 
limit of vanishing momentum transfer t = (p’ - p) *. The DVCS amplitude in this limit exhibits a scaling behavior described 
by two-argument distributions F( x, y) which specify the fractions of the initial momentum p and the momentum transfer 
r 3 p’ - p carried by the constituents of the nucleon. The kernel R( x, y; 5,~) governing the evolution of the non-forward 
distributions F(x, y) has a remarkable property: it produces the GLAPD evolution kernel P( x/t) when integrated over y 
and reduces to the Brodsky-Lepage evolution kernel V(y,7) after the x-integration. This property is used to construct the 
solution of the one-loop evolution equation for the flavor non-singlet part of the non-forward quark distribution. 

1. Introduction 

Recently, X. Ji [ 1 ] suggested to use the deeply virtual Compton scattering (DVCS) to get information 
about some parton distribution functions inaccessible in standard inclusive measurements. He considers the 
non-forward light-cone matrix elements 

(P - r/2 14(-hn/2){1,ys}y’Lq(hn/2) I p + r/2), (1) 

which appear in the lowest-order pQCD contribution to the DVCS amplitude (r is the momentum transfer 
and 12 a light-like 4-vector) and parameterizes them using the functions H(x, r*, r . n), etc., with x being the 
Fourier conjugate variable to A. He observes that, in the r --+ 0 limit, the matrix element (1) defines the usual 
(forward) distribution functions like f(x), gl (x) and proposes that the DVCS process can be used to get 
information about such functions. Since the kinematics of the DVCS requires that r # 0, the r2 zz t -+ 0 limit 
can be accessed only by extrapolating the small-t data to t = 0. The limit r + 0 looks even more tricky since 
(r . n) = 0 formally corresponds to vanishing of the Bjorken variable XBj. Anyway, as emphasized by Ji [ 11, the 
DVCS amplitude has a scaling behavior in the region of small t and fixed XBj which makes it a very interesting 
object on its own ground. 

’ Also Laboratory of Theoretical Physics, JINR, Dubna, Russian Federation. 
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HERA-H1:	Sample	VCS- and	BH-dominated	
events

e+

p

e+

e+

e+

g

g

`Bethe-Heitler’

`VCS’

epàegX
X	is	ultra-forward	(leftß)	
No	visible	energy:
dominated	by	exclusive
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HERA	DVCS,	fits	by	D.Müller et	al.,	2012
good DVCS fits at good DVCS fits at LOLO, , NLONLO, and , and NNLONNLO with flexible GPD ansatz with flexible GPD ansatz 

3

• DVCS	fits	at	LO,	NLO,	NNLO
• Flexible	GPD	ansatz
• Dominated	by	Hglue
a) Spatial	imaging
b) Q2-Dependence:		Validation	of	

QCD	factorization
c) Longitudinal	momentum	fraction	

x	=	Q2/(W2–M2)
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