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Plan

ë Quark and gluon content of nucleons

* measured but not understood

ë QCD factorization for exclusive reactions

* Success in DVCS at JLab, HERMES, HERA → JLab 12

ë GPD properties → Nucleon femtography

→ from GPDs to GDAs and TDA

ë EIC program



Parton distributions

ë Extract quark and gluon content of nucleon
14 19. Structure functions

x
3−10 2−10 1−10 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

c

s

u

NNPDF3.0 (NNLO)
)2=10 GeV2µxf(x,

 

x
3−10 2−10 1−10 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

u

s

c

b

)2 GeV4=102µxf(x,

 

x
3−10 2−10 1−10 1

0.1−

0

0.1

0.2

0.3

0.4

g

vu

vd
d

c

su

NNPDFpol1.1 (NLO)
)2=10 GeV2µxf(x,

 

x
3−10 2−10 1−10 1

0.1−

0

0.1

0.2

0.3

0.4

g

vu

vd

d

u
s

cb

)2 GeV4=102µxf(x,

 

c)

a) b)

d)

Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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PDF = Fourier Transform of matrix elements

〈N(p, λ)|ψ̄(−z/2)α[−z/2; z/2]ψ(z/2)β|N(p, λ)〉
∣∣∣∣
z+=0, zT=0

ON THE LIGHT CONE z2 = 0



Polarized Parton distributions

ë Extract how much quark and gluon remember the spin

of the nucleon

14 19. Structure functions

x
3−10 2−10 1−10 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

c

s

u

NNPDF3.0 (NNLO)
)2=10 GeV2µxf(x,

 

x
3−10 2−10 1−10 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

u

s

c

b

)2 GeV4=102µxf(x,

 

x
3−10 2−10 1−10 1

0.1−

0

0.1

0.2

0.3

0.4

g

vu

vd
d

c

su

NNPDFpol1.1 (NLO)
)2=10 GeV2µxf(x,

 

x
3−10 2−10 1−10 1

0.1−

0

0.1

0.2

0.3

0.4

g

vu

vd

d

u
s

cb

)2 GeV4=102µxf(x,

 

c)

a) b)

d)

Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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ë understand µ2 dependence but not initial value



Parton distributions in nuclei

ë Partons in a bound nucleon are different than in a free one

15

Figure 8: Results of the nCTEQ15 fit. On the left we show nuclear modification factors defined as ratios of proton
PDFs bound in lead to the corresponding free proton PDFs, and on the right we show the actual bound proton

PDFs for lead. In both cases the scale is equal to Q = 10 GeV.

1. DIS data sets

The data from the deep-inelastic scattering experi-
ments are by far the most numerous and provide the
dominant contribution to the total �2. These experi-
ments are performed on a variety of nuclei which allow us
to constrain the A dependence of our parameters. Most
of the data are extracted as a ratio of F2 structure func-
tions R = FA1

2 /FA2
2 for two di↵erent targets A1 and A2.

Note that in the present study we do not fit data from
the very high x region x & 0.7 since they do not pass
our kinematic cuts. As already mentioned the high x re-
gion is theoretically challenging due to a host of e↵ects
(higher twist, target mass corrections, large x resumma-
tion, deuteron wave-function, nuclear o↵-shell e↵ects).
Some of these e↵ects in the large x and low Q2 area have
been investigated extensively in the proton case by the
CTEQ-CJ collaboration [82, 83]. The nuclear case is even
more challenging due to enhanced higher twist and Fermi

motion e↵ects which lead to a steep rise of the structure
function ratios in the limit x ! 1. For these reasons we
avoid fitting the high x region for the time being.

The comparison of our fit to the DIS F2 ratio data is
shown in Figs. 10 and 11 as a function of x. Note, in
these figures the data for di↵erent Q2 are combined into
a single plot as the scaling violations (discussed later)
occur on a logarithmic scale and largely cancel out in the
ratios.

Fig. 10 shows the ratio FA
2 (x, Q2)/FD

2 (x, Q2) for a va-
riety of experiments. The overall agreement of the fit
with the data is excellent for a majority of the nuclei.
The discrepancy which can be seen for the EMC data
taken on tin (Sn/D) is the same discrepancy we have
pointed out in Sec. IVA 2 when we investigated the �2 of
the individual experiments. As already mentioned, this
problem has been also encountered in previous analyses
[11, 14] and we are unable to reconcile it with our fit.

Similarly, Fig. 11 shows the structure function ratio

ratio of PDF for nucleon in lead / free nucleon

ë not really understood !



New tools

GPDs, TMDs, GDAs ....

ë from now on ... very biased examples !



QCD factorization in Exclusive processes

DVCS Meson Production
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ë Factorisation between a hard part (perturbatively calculable) and a soft

part (non-perturbative) Generalized Parton Distribution demonstrated for

Q2 →∞, xB = Q2

Q2+W2 fixed and t� fixed

D. Muller et al. , Ji, Radyushkin, Collins et al. , ’94, ’96,’98

B.Pire, CPhT, Polytechnique EPS-2011 02/26



Generalised Parton Distributions

Non-Local operators (as in DIS) and non diagonal matrix elements
= soft part of the amplitude for exclusive reactions
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GPD = Fourier Transform of matrix elements

〈N(p′, λ′)|ψ̄(−z/2)α[−z/2; z/2]ψ(z/2)β|N(p, λ)〉
∣∣∣∣
z+=0, zT=0

ON THE LIGHT CONE z2 = 0

p′ − p = ∆ ∆2 = t ∆+ = −ξ(p+ p′)+ x− x′ = 2ξ

B.Pire, CPhT, Polytechnique EPS-2011 03/26



Impact picture Representation

t dependence of GPDs maps transverse position bT of quarks.

Fourier transform GPD at zero skewedness

q(x, bT ) = (2π)−2 ∫ d2∆T e
i∆T .bTH(x, ξ = 0, t) probability

Generalize at ξ 6= 0→ Quantum femtophotography.

The t−dependence of dVCS localizes transversally

the quark or the gluon in the proton

(a)
x

1+!

1"!

!
!

1+!
1"!

"!x+!

b
b

b 

Femtophotography of quark or gluon

in the proton



Impact picture Representation

Parton imaging with an EIC 

Preliminary work done in collaboration with : 
 

E. C. Aschenauer, M. Diehl, S. Fazio, D. Müller and K. Kumerički 
 

in preparation for the EIC White Paper 

B.Pire, CPhT, Polytechnique EPS-2011 05/26



Other tools for QCD understanding of hadrons

�⇤� vs DVCS

!!
p"

P" !
1"" cos #

2 $11%

of light cone momentum carried by & i(p) with respect to the
pion pair.

B. Factorization at large Q2 and small W2

Let us briefly review how '*'�&& factorizes in the
kinematical regime we are interested in. First, we require Q2

to be large compared with the scale (2)1 GeV2 of soft
interactions, thus providing a hard scale for the process. Sec-
ondly, we ask W2 to be small compared with this large scale
Q2. In this regime the dynamics of the process is conve-
niently represented in the Breit frame, obtained by boosting
from the '*' center of mass along the z axis. The spacetime
cartoon of the process one can derive from power counting
and factorization arguments is shown in Fig. 2.
In the Breit frame the real photon moves fast in the nega-

tive z direction and is scattered into an energetic hadronic
system moving in the positive z direction. The hard part of
this process takes place at the level of elementary constitu-
ents, and the minimal number of quarks and gluons compat-
ible with conservation laws $color, etc.% are produced. At
Born level one simply has '*'�qq̄ , but through a quark
box the photons can also couple to two gluons. Each quark
or gluon carries a fraction z or 1#z of the large light-cone
momentum component P". Subsequently the soft part of the
reaction, i.e., hadronization into a pion pair, takes place.

At leading order in *S the amplitude is given by the dia-
gram of Fig. 3$a% and the one where the two photon vertices
are interchanged. One calculates, for the hadronic tensor +4,,

T-.!i! d4xe#iq•x/&$p %&$p!%"TJem
- $x %Jem

. $0 %"00

!#gT
-.1

q

eq
2

2 !
0

1
dz

2z#1
z$1#z % 2q

&&$z ,! ,W2%, $12%

where gT
-. denotes the metric tensor in transverse space

(gT
11!#1). The sum on the right-hand side runs over all

quarks flavors, eq is the charge of quark q in units of the
positron charge e, and eJem

- (x) is the electromagnetic cur-
rent. While the expression of the hard subprocess '*'
�qq̄ is explicit in Eq. $12%, the soft part of '*'�&& is
parametrized by the generalized distribution amplitude

2q
&&$z ,! ,W2%!! dx#

2&
e#iz$P"x#%

$/&$p %&$p!%"q̄$x#%'"q$0 %"00

$13%

for each quark flavor q. We work in light cone gauge A"

!0, otherwise the usual path ordered exponential of gluon
potentials appears between the quark fields. 2q depends on
the light-cone fraction z of the quark with respect to the pion
pair, on the kinematical variables ! and W2 of the pions, and
on a factorization scale. The latter dependence, not displayed
in Eq. $13%, will be discussed in Sec. III B.
In Eq. $12% a scaling behavior for our process is manifest:

at fixed ! and W2 the '*' amplitude is independent of Q2,
up to logarithmic scaling violations from radiative correc-
tions to the hard scattering and from the evolution of the
two-pion distribution amplitude. This scaling property is
central to all processes where a factorization theorem holds,
and it is the basic signature one looks for when testing
whether the asymptotic analysis developed here applies to an
experimental situation at finite Q2. There will of course be
power corrections in (/Q and W/Q to this leading mecha-
nism. Examples are the hadronic component of the real pho-
ton, and the effect in the hard scattering of the transverse
momentum of the produced parton pair. We note that the
crossed channel, i.e., virtual Compton scattering, has been

FIG. 2. Spacetime diagram of '*'�&& in the Breit frame.

FIG. 3. $a% Factorization of the process '*'�&& in the region Q2%W2, (2. The hard scattering is shown at Born level, with a second
diagram being obtained by interchanging the two photon vertices. The blob denotes the two-pion GDA. $b% Crossing relates this process to
deep virtual Compton scattering, '*&�'& . The blob now denotes the $skewed% quark distribution in the pion.

EXCLUSIVE PRODUCTION OF PION PAIRS IN '*' . . . PHYSICAL REVIEW D 62 073014

073014-3

s - t crossing

Generalized Distribution Amplitude $ Generalized Parton distribution

Muller et al, Fortsch.Phys. 42,101 ; Diehl et al, Phys Rev Lett 81, 1782

GDA = Fourier Transform of matrix elements

〈A(p1)B(p2)|ψ̄(−z/2)α[−z/2; z/2]ψ(z/2)β|0〉
∣∣∣∣
z+=0, zT=0

ON THE LIGHT CONE z2 = 0



3 quark operators : DA → TDA

In backward meson electroproduction, one may factorize a

non-perturbative part describing baryon to meson transition.

L.L.Frankfurt et al, PRD60(1999)

BP, L. Szymanowski, PRD 71 ; PLB 622 (2005)

TDA

DA!1

!3

k1 k3

Mh

P (p1)

P !(p2)"#(q)

$(p$)

Kinematics (light-cone vectors p, n)

p1 = (1 + ξ)p+ M2

1+ξ
n

pπ = (1− ξ)p+ m2−∆2
T

1−ξ n+ ∆T

u = (p1 − pπ)2 � Q2 ∼ O(W2)

skewness parameter : ξ = Q2

2W2−Q2

B.Pire, CPhT, Polytechnique PHOTON -2011 13/26



Factorization

The perturbative part describes the γ∗qqq → qqq transition.

The non-perturbative part describes the proton-meson transition.

〈π(pπ)| εijkuiα(z1 n)ujβ(z2 n)dkγ(z3 n) |p(p, s)〉
∣∣∣∣
n2=0

πp

x2x1 x3

Recall nucleon DA describing valence content of nucleon

〈0| εijkuiα(z1 n)ujβ(z2 n)dkγ(z3 n) |p(p, s)〉
∣∣∣∣
n2=0

B.Pire, CPhT, Polytechnique PHOTON-2011 14/26



TDA modeling

example from BP, L.Szymanowski, Kirill Semenov-Tian-Shansky, PRD82 (2010)

ë generalize nucleon exchange to a well-defined QCD description

ë 8 leading twist TDAs for N → π

ë difficult to access experimentally

ë lattice calculations ?



less biased

ë Gluon saturation at small x and dense QCD approaches

ë Transverse momentum dependent (TMDs) structure

and fragmentation functions

* new phenomenology of semi inclusive processes

ë Obvious progresses in lattice QCD calculations

ë EIC program
H. E. Montgomery                                11    QCD Evolution 2016 
  

DS/2 = Quark contribution to Proton Spin 
  LQ    = Quark Orbital Ang. Mom 
 Dg     = Gluon contribution to Proton Spin 
  LG    = Gluon Orbital Ang. Mom  

Precision in DS and Dg Î  A clear idea 
of the magnitude of LQ+LG 

Nucleon Spin 



EIC

H. E. Montgomery                                15    QCD Evolution 2016 
  

Electron Ion Collider Design Parameters 

Electron Nucleus(p, d, … ) Collider 
 
 
Collider Energy 20 – ~100 GeV  
High Luminosity Æ 1033 - 1034 cm2s-1 
Low x regime x Æ 0.0001 
High polarizations   70% 
Ion beams up to U or PB 

CONCLUSION : We need new permanent positions



Thank you !


