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Key questions

Understanding microscopic structure of hadrons beyond single parton distributions: 

Tools - fixed target experiments  at  Jlab, FAIR (PANDA), CERN (COMPASS)  - J-PARC has complementary options

Spinoff of pp collider experiments LHC & RHIC

3D structure,  correlations,  bound state structure with heavy quarks [baryons,  exotics, admixture in light  hadrons]

Understanding dynamics of strong interactions - transition from well understood hard inclusive QCD to 
hard exclusive processes and to soft QCD

color transparency feature of hard coherent interactions as an effective diagnostic tool

Current focus -- understanding dynamics of  the simplest hard two body reactions 

❖

❖ testing multiparton structure of hadrons
J-PARC could nicely complement 

Jlab and PANDA.

Rationals:

Understanding short-range  structure of nuclei - mapping short-range NN correlations, nonnucleonic 
degrees of freedom in correlations - link to dynamics of high density cold  baryon matter - neutron stars.

Mostly fixed target experiments
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 Large Q2 e- A scattering   - Jlab - active program 

Hard (large t)  hadron induced quasielastic reactions off nuclei

very important  complementary 
tool - number of advantages as 
compared to eA

  Tools 



Deep inelastic scattering allowed to  resolve  quarks and gluons in nucleons due to 

✸ well understood  point-like interaction, ✸ large energy & momentum,  ✸ reduction of final state interaction

Large angle two body processes is a good candidate for serving the same function in reactions initiated 
by  hadrons: removing in a controlled way color singlet clusters.

Possible to form an experimental program around studies of large angle (semi) exclusive  reactions 
initiated by protons and pions with a strong potential for discoveries and leading to progress in the 
understanding QCD & nuclei

large angle two body processes with proton/neutrons

color transparency phenomena

branching processes and GPDs

study of the properties of cold dense nuclear matter - 
structure of the short-range correlations

Parallel program (same time frame) with antiproton beams - PANDA - comparison would be very helpful

pion induced reactions with dilepton productions 

Main focus of the talk

Briefly in the end
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So far we do not understand the origin of one of the most 
fundamental hadronic processes in pQCD -large angle 
two body reactions (-t/s=const,  s        )→∞

 π +p → π +p, p +p → p +p,...

Summary: reactions are dominated by quark exchanges with 

Indicates dominance of minimal Fock components of small size
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Large angle two body processes



Most extensive set of 
processes was studied by 
the BNL experiments at 
5.9 and 9.9 GeV/c
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K+ K+ K+K+

p p p p

K+p→K+p

K- K- K- K-

p p p p

K-p→K-p

K- π -

p Σ+

Examples of the simplest 
pQCD diagrams for large 
angle exclusive processes
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dσa+b→c+d

dt
∝

1

sqa+qb+qc+qd−2
Quark counting expectations 

n=8
n=8

n=8

n=8

n=8
n=8

n=10
n=10
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Interesting regularity: 

If quark exchanges dominates we expect  if contribution of the 
wave function in the origin gives dominates

dσπ
+

p→π
+

p

dθc.m.

(θ = 90o)/
dσπ

−

p→π
−

p

dθc.m.

(θ = 90o) ∼ u(x)/d(x) ∼ 2

while at t=0 the cross sections are 1/2:1:1

data ~1.76 (elastic); 2.15 (for ρ-meson production; error 10-15%

data ~1.69 (1 ±15%)

Similar pattern is observed at 9.9 GeV. There is an evidence of the change of the 
pattern at p=20 GeV but errors are too large. Overall it appears likely that these 
processes are dominated by short distances for -t> 5 GeV2.  Clearly new 
experiments are necessary to determine details of the dynamics. J-PARC is in the 
optimal energy range. 
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Baryon final states
Two  of the biggest mysteries are  

Why for ϑcm=90o, Einc ≥ 6 GeV 

Is it due to lack of quark exchanges  in the antiproton case?

d⇥(p̄p⇥ p̄p)
d�c.m.

� 1
50

d⇥(pp⇥ pp)
d�c.m.

What is the origin of oscillations in pp elastic scattering at for ϑcm=90o ? Are they 
present in other reactions?

d�(pp ! pp)

d✓c.m.
/
d�(pn ! pn)

d✓c.m.

very sensitive to the reaction mechanism 
C. Granados & M.Sargsian 2010

Fruitful to study s 
and t channel 
of the same 
amplitude:

Example of discriminative  power of comparing two reactions: 

π- π-

t -channel

p p

PANDA

p + p ➝ π-  π+
_

π-  (π+) p ➝ π-  (π+) p s -ch
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At high energies weakness of  interaction of point-like configurations with 
nucleons - is routinely used for explanation of DIS phenomena at  HERA.

First experimental observation of high energy 
CT for pion interaction (Ashery 2000): π +A 
→”jet”+”jet” +A. Confirmed predictions of pQCD 
(Frankfurt ,Miller, MS93) for A-dependence, distribution 
over energy fraction, u carried by one jet, 
dependence on pt(jet), etc

Recent analysis of D.Ashery (05) D. Ashery, Tel Aviv University

Fit to Gegenbauer Polynomials

Generate Acceptance-Corrected Momentum distributions

Assume dσ
du ∝ φ2

π(u, Q2) in both k⊥ regions

Fit distributions to:

dσ

du
∝ φ2

π(u, Q2) = 36u2(1 − u)2
(

1.0 + a2C
3/2
2 (2u − 1) + a4C

3/2
4 (2u − 1)

)2

For high kt : a2 = a4 = 0 → Asymptotic

For low kt : a2 = 0.30 ± 0.05, a4 = (0.5 ± 0.1) · 10−2 → Transition

Squeezing occurs already  before the leading term (1-z)z dominates!!!  
16

(π wave funct)2

prediction
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Overall, presence of small qq configurations in 
π,ρ,... mesons is now well established

Color transparency phenomena

_
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FIG. 5: (Color online) Three–dimensional rendering of the
transverse charge density in the pion, as obtained from the
dispersion integral Eq.(3) evaluated with the GS form factor
parametrization of Ref. [33]; cf. Figs. 3 and 4.

near threshold becomes important; see Sec. V). What
is more, the dispersion result follows the zero–width ρ
curve down to much smaller distances, being only a few
percent smaller down to b = 0.01 fm. This shows that
there are very strong cancellations between the effective
poles parametrizing the high–mass continuum. As we
just demonstrated, there is considerable uncertainty in
the dispersion result for the density at such small dis-
tances. However, there is the intriguing possibility that
the density might effectively be described by vector me-
son dominance down to distances significantly smaller
than the inverse ρ meson mass, m−1

ρ = 0.25 fm.
In Fig. 5 we show a 3–dimensional rendering of the

transverse charge density, which conveys also the infor-
mation on the supporting area and thus gives an impres-
sion of the true physical shape of the fast–moving pion
as seen by an electromagnetic probe. Our dispersion ap-
proach provides a data–based image of the pion’s trans-
verse structure at small distances with unprecedented
precision. One clearly sees the strong rise of the trans-
verse density toward the center. This remarkable obser-
vation calls for a microscopic explanation in terms of the
pion’s partonic structure.

IV. IMPLICATIONS FOR PION PARTONIC
STRUCTURE

The results of our empirical study of the transverse
charge density have interesting implications for the par-
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FIG. 6: Probability accumulation Eq. (7) in the transverse
density (cf. Figs. 3 and 4). Solid line: Dispersion integral
(GS parametrization). Dashed line: Zero–width ρmeson pole.
The arrow indicates the experimental RMS transverse charge
radius.

tonic structure of the pion in QCD. The transverse charge
density puts constraints on the possible distribution of
transverse sizes of configurations in the pion’s partonic
wave function. A useful quantity to consider is the inte-
gral of the transverse charge density up to a given dis-
tance,

P (b) ≡
∫

d2b Θ(b− b′) ρπ(b
′), (7)

which determines the cumulative probability for configu-
rations contributing to the transverse density at the dis-
tance b. The probability obtained from our dispersion
result for the charge density (cf. Figs. 3 and 4) is shown
in Fig. 6, together with that obtained from a zero–width
ρ meson pole (cf. Eq. 6),

P (b)zero−width = mρbK1(mρb). (8)

The probability reaches 1/2 at b = 0.33 fm, a value some-
what smaller than the root of the mean squared (RMS)

transverse radius, 〈b2〉1/2π = 0.53 fm. This is to be ex-
pected, as large–size configurations are counted with a
higher weight in the average of b2 than than the me-
dian. The RMS transverse radius calculated from our
dispersion integral for the charge density agrees very well
with the value extracted from the slope of the low–t
pion form factor measured in πe scattering experiments,
〈r2〉π = (3/2)〈b2〉π = 0.439± 0.008 fm2 [1, 2], as was al-
ready noted in the discussion of the fit to the timelike
form factor data in Ref. [33].
To understand how the transverse charge density is re-

lated to the partonic structure it is necessary to recall

Three–dimensional rendering of the transverse charge density in the 
pion, as obtained from the dispersion integral ☀ evaluated with the 

Gounaris-Sakurai form factor parametrization of Brush et al.

Consistent with singular structure of the transverse charge density in the 
pion  extracted from the data using dispersion technique
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Pion transverse charge density from timelike form factor data

G. A. Miller,1 M. Strikman,2 and C. Weiss3

1University of Washington, Seattle, WA 98195–1560, USA
2Department of Physics, Pennsylvania State University, University Park, PA 16802, USA

3Theory Center, Jefferson Lab, Newport News, VA 23606, USA
(Dated: November 2, 2010)

The transverse charge density in the pion can be represented as a dispersion integral of the imag-
inary part of the pion form factor in the timelike region. This formulation incorporates information
from e+e− annihilation experiments and allows one to reconstruct the transverse density much
more accurately than from the spacelike pion form factor data alone. We calculate the transverse
density using an empirical parametrization of the timelike pion form factor and estimate that it is
determined to an accuracy of ∼ 10% at a distance b ∼ 0.1 fm, and significantly better at larger
distances. The density is found to be close to that obtained from a zero–width ρ meson pole over a
wide range and shows a pronounced rise at small distances. The resulting two–dimensional image of
the fast–moving pion can be interpreted in terms of its partonic structure in QCD. We argue that
the singular behavior of the charge density at the center requires a substantial presence of pointlike
configurations in the pion’s partonic wave function, which can be probed in other high–momentum
transfer processes.

PACS numbers: 11.55.Fv, 13.40.Gp, 13.60.Hb, 13.66.Bc
Keywords: Pion form factor, dispersion relation, vector mesons, generalized parton distributions

I. INTRODUCTION

Learning to describe the structure and interaction of
hadrons on the basis of QCD is one of the main objectives
of nuclear physics. An essential step in this program is
to understand the structure of the pion, a nearly mass-
less excitation of the QCD vacuum with pseudoscalar
quantum numbers. The pion plays a central role in nu-
clear physics as the carrier of the long–range force be-
tween nucleons and a harbinger of spontaneous symme-
try breaking. The importance of the pion has been rec-
ognized by intense experimental and theoretical activity
aimed at measuring its properties and understanding its
structure. The pion electromagnetic form factor Fπ(t)
was measured at spacelike momentum transfers through
pion–electron scattering [1, 2] and pion electroproduc-
tion on the nucleon [3–6]; new measurements in the re-
gion |t| ∼ few GeV2 are planned with the Jefferson Lab
12 GeV Upgrade [7]. In the timelike region the modu-
lus of the (complex) pion form factor, |Fπ(t)|, was deter-
mined in a series of e+e− experiments [8–12]; see Ref. [13]
for a compilation of the older data.

The concept of transverse densities [14], whose prop-
erties were explored in several recent works [15, 16], pro-
vides a model-independent way to relate the form factors
of hadrons to their fundamental quark/gluon structure in
QCD. Defined as the 2–dimensional Fourier transforms of
the elastic form factors, the transverse densities describe
the distribution of charge and magnetization in the plane
transverse to the direction of motion of a fast hadron; see
Ref. [17] for a review. They are closely related to the par-
ton picture of hadron structure in high–energy processes
and correspond to a reduction of the generalized par-
ton distributions (or GPDs) describing the distribution
of quarks/antiquarks with respect to longitudinal mo-

mentum and transverse position [18, 19]. It is therefore
natural to attempt to interpret the pion form factor data
in terms of the transverse charge density in the pion.
In particular, the density at small transverse distances
b " 1 fm places constraints on the probability of point-
like configurations (or PLCs) in the pion — qq̄ configu-
rations in the partonic wave function of a transverse size
much smaller than the typical hadronic radius [20]. Such
configurations play an important role in high–momentum
transfer reactions involving pions, such as the pion tran-
sition form factor γ∗γ → π0 [21, 22] or pion production in
large–angle scattering processes [23]. They are essential
for the physics of the color transparency phenomenon
predicted by QCD [24, 25], which is studied in high–
energy pion dissociation on nuclear targets [26, 27] and
electromagnetic pion knockout [28, 29] and is closely re-
lated to the existence of factorization theorems for hard
meson production processes. The dynamical origin of
PLCs — whether they are generated through perturba-
tive QCD interactions with large–size configurations or
by non-perturbative mechanisms, remains a subject of
intense study.
The transverse charge density in the pion is defined

as the 2–dimensional Fourier transform of the spacelike
pion form factor,

ρπ(b) =

∞∫
0

dQ

2π
QJ0(Qb) Fπ(t = −Q2), (1)

where Fπ is regarded as a function of the invariant mo-
mentum transfer t. The function ρπ(b) gives the prob-
ability that charge is located at a transverse separa-
tion b from the transverse center of momentum, with∫
d2b ρπ(b) = 1. The definition Eq. (1) may in princi-

ple be used to calculate the charge density directly from
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the spacelike form factor data. In the nucleon case,
where the spacelike form factors can be extracted di-
rectly from the measured eN elastic scattering cross sec-
tion and are known up to rather large momentum trans-
fers, this approach has been quite successful; see Ref. [30]
for an assessment of the uncertainties. In the pion case
the spacelike form factor at momentum transfers above
Q2 > 0.25GeV2 was extracted only indirectly in electro-
production experiments on the nucleonN(e, e′π)N ′, with
substantial model dependence, and is known only poorly
at higher Q2, rendering such a program difficult. How-
ever, for the pion one has another avenue for evaluating
the transverse density, based on a dispersion representa-
tion for the pion form factor. Noting that the singulari-
ties of Fπ(t) as an analytic function of t are confined to a
cut along the positive real axis starting at t = 4m2

π, the
form factor can be expressed as [31]

Fπ(t) =

∞∫

4m2
π

dt′

t′ − t+ i0

ImFπ(t′)

π
. (2)

The asymptotic behavior expected from perturbative
QCD, Fπ(t) ∼ αs(t)/|t| for t → ∞, allows the use of
an unsubtracted dispersion relation [44]. Substitution of
Eq. (2) in Eq. (1) leads to the result [32]

ρπ(b) =

∞∫

4m2
π

dt

2π
K0(

√
tb)

ImFπ(t+ i0)

π
. (3)

This representation of the charge density as a dispersion
integral over the imaginary part (or spectral function) of
the timelike pion form factor has an interesting “filter-
ing” property. The exponential drop–off of the modified
Bessel function K0 at large arguments causes the inte-
grand of Eq. (3) to decrease exponentially at large t and
ensures that only values

√
t ∼ 1/b in the spectral func-

tion are effectively sampled at a given distance b. In
the nucleon case the timelike form factor is measurable
only at t > 4m2

N and Eq. (3) is not useful for calcu-
lating the transverse density from data (it is, however,
very useful for theoretical analysis; for example, the chi-
ral large–distance component of the nucleon charge den-
sity at b ∼ m−1

π can be obtained from the calculable
strength of the two–pion cut in the nucleon form factor
near threshold [32]). In the pion case the physical region
for the timelike form factor starts at t = 4m2

π, covering
the entire range of the dispersion integral, and Eq. (3)
becomes a practical method for calculating the charge
density at all values of b. High–quality e+e− annihila-
tion data exist for values of t up to ∼ 1GeV2, so that we
hope to be able to determine ρπ(b) accurately for values
of b at least down to values of b ∼ 1GeV−1 = 0.2 fm.
The imaginary part of the pion form factor ImFπ(t)

entering in the dispersion representation Eq. (3) is not
measured directly in annihilation experiments. The
e+e− → π+π− cross section is proportional to |Fπ(t)|2,

and model–dependent input is generally needed to de-
termine the phase. In the region of the ρ meson reso-
nance this problem was studied extensively long ago and
is under good theoretical control. The phase of the first
higher resonance ρ′ is strongly constrained by the dis-
persion integrals (sum rules) for the pion charge and the
measured charge radius. At larger values of t arguments
based on perturbative QCD and local duality provide
some guidance. Combined with the filtering property of
the dispersion integral Eq. (3), these constraints strongly
reduce the model dependence in the transverse density at
b >∼ 0.1 fm. Our estimates below show that the this way
of constructing ρπ(b) gives substantially more accurate
results than use of the spacelike pion form factor data
alone.
In this article we calculate the transverse charge den-

sity in the pion in the dispersion representation Eq. (3)
using an empirical parametrization of the timelike pion
form factor based on e+e− annihilation and spacelike
form factor data [33]. We find that the density is deter-
mined to an accuracy of ∼ 10% at transverse distances
b ∼ 0.1 fm, and substantially better at larger values. We
thus obtain a precise two–dimensional image of the fast–
moving pion, which can be interpreted in terms of its
partonic structure in QCD. In particular, the density
exhibits a pronounced rise at small b, as was observed
earlier — although with much lower precision — in an
analysis based on the spacelike pion form factor [16]. Us-
ing experimental information on the quark density in the
pion, we argue that such singular behavior of the charge
density cannot be explained by large–size, x → 1 config-
urations in the pion’s partonic wave function and must
therefore be attributed to PLCs. Our result thus places
constraints on the probability of PLCs in the pion, which
can be probed in other high momentum–transfer pro-
cesses involving pions.
The plan of this paper is as follows. In Sec. II we briefly

describe the main features of the pion form factor in
the timelike region and the elements of the parametriza-
tion of Ref. [33]. In Sec. III we calculate the transverse
charge density and investigate its uncertainties at small
distances. The implications for the pion’s partonic struc-
ture and the presence of PLCs are discussed in Sec. IV.
Section V discusses the possible role of chiral dynamics
in the pion transverse density at large distances. A sum-
mary and suggestions for further studies are presented in
Sec. VI.

II. TIMELIKE FORM FACTOR
PARAMETRIZATION

In the energy region
√
t <∼ 1GeV the measured pion

form factor |Fπ(t)|2 is dominated by the ρ meson res-
onance, with clearly visible effects of ρ–ω mixing (see
Ref. [33] for a summary of the data). Theoretical sup-
port for ρ dominance at the amplitude level comes from
the observation that the 2π channel accounts for most of

☀

dispersion representation of transverse density

New evidence for PLCs in pion from e.m. form factors - Miller, MS, Weiss (2010)

Contribution of small 
transverse size quark-

antiquark component in pion
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At high energies A(p,2p)(A-1), A(π,πp)(A-1) reactions were suggested by 
A.Mueller and S.Brodsky in 82 to look for Color Transparency (CT) as a way 
to understand the origin of large angle two body reactions check  :

σ(pA → pp(A − 1)) = Zσ(pp → pp)

At intermediate energies  (Ep~ 1 GeV) A(p,2p)(A-1)  was used for many years for study 
of the nuclear structure - Glauber model based approximation works within 10%.

Most extensive studies at pN≥5.9 GeV/c were 
performed by EVA collaboration at BNL. 

CHAPTER 2. DETECTOR ASSEMBLY AND RUNNING CONDITIONS 8

was running in 1994 and was modified and improved for the 1998 running period. It is

positioned in the C1 line of the AGS (Alternating Gradient Synchrotron). The C1 line is
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Figure 2.1: The schematic representation of the EVA-spectrometer. RZ-plane section.
The dimensions are scaled.

transporting the beam of protons, produced in the secondary target. The energy of the

primary beam is � 20 GeV. We use the secondary beam. The secondary beam is controlled

by the magnets in the beam line. We set the energy of the secondary beam.
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CT - Intermediate energies



Main issues to be addressed in CT studies

At what Q2 / t  particular processes select point-like 
configurations   -  for example interplay of the feynman 
mechanism  and LT contributions 

If the point-like configuration is formed  - they are not frozen - - 
how long it will remain  smaller than average configuration? They 
evolve with time - expand after interaction to average 
configurations and contract before interaction  from average 
configurations (Frankfurt, Farrar, Liu, Strikman88)

☛

☛
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lcoh~ (0.5- 0.8) fm Eh[GeV]

p
p

p

pA→ pp (A-1) at large t and 
intermediate energies

lcoh

Quantum 
Diffusion model 

of expansion 
(FFLS88)

actually incoherence length

Freezing: Main challenge: |qqq> ( |qq>) is not an eigenstate of the QCD Hamiltonian.  
So even if we find an elementary process in which interaction is dominated by small size 
configurations - they are not frozen. They evolve with time - expand after interaction to average 
configurations and contract before interaction  from average configurations (FFLS88)

-

e
p

e

eA→ ep (A-1) at large Q

lcoh

⇥PLC(z) =
�

⇥hard +
z

lcoh
[⇥ � ⇥hard]

⇥
�(lcoh � z) + ⇥�(z � lcoh)

| PLC(t)i =
1X

i=1

ai exp(iEit) | it)i = exp(iE1t)
1X

i=1

ai exp

✓
i(m2

i �m2
1)t

2P

◆
| it)i
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Experimental situation
Energy dependence of transparency in (p,2p) is observed for energies corresponding to lcoh ≥  2 fm.   Such 
dependence is impossible without freezing. But not clear whether effect is CT  or something else? Needs 
independent study.

☀

☀ γ* +A →π A*   evidence for increase
 of transparency with Q (Dutta et al 07)

A- dependence checks not only 
squeezing but small lcoh as well
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☺ γ* +A →ρ A*   data are also
 consistent with our predictions
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FIG. 3. (color online) Nuclear transparency as a function of
lc. The inner error bars are the statistical uncertainties and
the outer ones are the statistical and point-to-point (lc depen-
dent) systematic uncertainties added in quadrature. There is
an additional normalization systematic uncertainty of 1.9%
for carbon and 1.8% for iron (not shown in the figure) with ac-
ceptance and background subtraction being the main sources.
The carbon data has been scaled by a factor 0.77 to fit in the
same figure with the iron data.

the Frankfurt-Miller-Strikman (FMS) [38] calculations.250

While the KNS and GKM models yield an approximately251

linear Q2 dependence, the FMS calculation yields a more252

complicated Q2 dependence as shown in Fig. 4. The mea-253

sured slope for carbon corresponds to a drop in the ab-254

sorption of the ⇢0 from 37% at Q2 = 1 GeV2 to 32% at255

Q2 = 2.2 GeV2, in reasonable agreement with the cal-256

culations. Despite the di↵erences between these models257

in the assumed production mechanisms and SSC inter-258

action in the nuclear medium, they all support the idea259

that the observed Q2 dependence is clear evidence for260

the onset of CT, demonstrating the creation of small size261

configurations, their relatively slow expansion and their262

reduced interaction with the nuclear medium.263

The onset of CT in ⇢0 electroproduction seems to264265

occur at lower Q2 than in the pion measurements. This266

early onset suggests that di↵ractive meson production is267

the optimal way to create a SSC [26]. The Q2 depen-268

dence of the transparency ratio is mainly sensitive to the269

reduced interaction of the SSC as it evolves into a full-270

sized hadron, and thus depends strongly on the expansion271

length over which the SSC color fields expand to form a272

⇢0 meson. The expansion length used by the FMS and273

GKM models is between 1.1 and 2.4 fm for ⇢0 mesons274

produced with momenta from 2 to 4.3 GeV while the275

KNS model uses an expansion length roughly a factor of276

two smaller. The agreement between the observed Q2 de-277

pendence and these models suggests that these assumed278

expansion distances are reasonable, yielding rest-frame279

SSC lifetimes of about 0.5� 1⇥ 10�24 second.280

In summary, we have experimentally observed the for-281
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FIG. 4. (color online) Nuclear transparency as a function
of Q2. The inner error bars are statistic uncertainties and the
outer ones are statistic and point-to-point (Q2 dependent)
systematic uncertainties added in quadrature. The curves
are predictions of the FMS [38] (red) and GKM [37] (green)
models with (dashed-dotted and dashed curves, respectively)
and without (dotted and solid curves, respectively) CT. Both
models include the pion absorption e↵ect when the ⇢0 meson
decays inside the nucleus. There is an additional normaliza-
tion systematic uncertainty of 2.4% for carbon and 2.1% for
iron (not shown in the figure).

mation of small size configurations in di↵ractive ⇢0 meson282

electroproduction and its reduced interaction as it travels283

through the nucleus. We see a clear onset of color trans-284

parency and, based on the existing models, provide the285

first estimate of the expansion time (lifetime) for these286

exotic configurations. Having established these features,287

detailed studies of the theoretical models will allow the288

first quantitative evaluation of the structure and evolu-289

tion properties of the SSCs. Such studies will be further290

enhanced by future measurements [39], which will include291

additional nuclei and extend to higher Q2 values.292

TABLE I. Fitted slope parameters of the Q2-dependence of293

the nuclear transparency for carbon and iron nuclei. The re-294

sults are compared with theoretical predictions of KNS [36],295

GKM [37] and FMS [38].296

Measured slopes Model Predictions

Nucleus GeV�2 KNS GKM FMS

C 0.044± 0.015stat ± 0.019syst 0.06 0.06 0.025

Fe 0.053± 0.008stat ± 0.013syst 0.047 0.047 0.032

297

298299

The Jlab π,ρ data 
seem to be consistent 
with CT predictions 

with coherence length 
lcoh ~ 0.6fm ph [GeV] 

El Fassi et al , 2012



We can relate the experimentally observed quantity TCH to

the convolution of the fundamental pp cross section with a

nuclear momentum distribution n!! ,p!mT",

TCH = Tpp#
!1

!2

d!# d2P!mTn!!,P!mT"

d"

dt
pp!s!!""

d"

dt
pp!s0"

, !15"

where s and s0 are defined by Eq. (5). Further noting that for
fixed beam energy the ratio of pp cross sections in Eq. (15) is
well approximated with a function of ! only, we can also

write

TCH = Tpp#
!1

!2

d!N!!"

d"

dt
pp!s!!""

d"

dt
pp!s0"

. !16"

Finally, if the range !!1 ,!2" is restricted to a narrow interval
around unity, we see that the relationship between the con-

ventional definition of nuclear transparency Tpp and the ex-

perimentally measured ratio TCH reduces to a simple propor-

tionality,

TCH $ TppN!1"!!2 − !1" . !17"

Our actual determination of the normalization of Tpp will

be directly obtained from Eq. (15) with the evaluation of the
integral by the Monte Carlo method, including a weighting

of the integrand by experimental acceptance. The shape of

the nuclear momentum distribution, taken from work by Ref.

[32], is used to calculate these integrals. With the normaliza-
tion fixed, a Monte Carlo program is used to select a region

of c.m. angular range where the geometrical acceptance is

the same for elastic and quasielastic events. Typically this

corresponds to a range of 86° to 90°c.m. as given in Table I.

E. Nuclear transparency for E850

The evaluation of the integral given in Eq. (15) using the
form the momentum distribution in Eq. (12) yields the
nuclear transparency, Tpp, given in Table I. Now the mea-

sured nuclear transparency can be directly compared to the

nuclear transparency calculated in the Glauber model [12].
The limits of the Glauber prediction are shown as the two

horizontal lines in Fig. 11(b). The limits of the Glauber pre-
diction and uncertainty were calculated using published as-

sumptions [33]. The magnitude of the Glauber nuclear trans-
parency is uncertain at the level indicated but there is a

general consensus that Glauber model predicts no significant

energy dependence for nuclear transparency in this momen-

tum range. However, from the pure perturbative quantum

chromodynamics (pQCD) perspective it is unclear what
would generate a scale for a peak in the nuclear transparency

near 9.5 GeV/c. The probability that the E850 result for the

carbon transparency is consistent with the band of Glauber

values is less than 0.3%, and compared to a best fit with a

constant transparency of 0.24, the probability is less than

0.8%.

F. Deuteron transparency

For the earlier experimental run of E850, we used CD2 as

well as CH2 targets. With an appropriate C subtraction we

are able to obtain a D/H transparency as given in Eq. (18),

TDH =
RCD2

− RC

RCH2
− RC

. !18"

We include essentially all of the deuteron wave function by

using an expanded !0 interval, 0.85#!0#1.05. The TDH
transparencies for incident 5.9 and 7.5 GeV/c are 1.06±0.07

and 1.10±0.10 as listed in Table I. The fact that they are

consistent with 1.0 provides a further check on the normal-

ization of the nuclear transparency. Further details are to be

found in Ref. [28].

G. Discussion of angular dependence

Figure 12 shows the angular dependence as well as the

momentum dependence for the carbon transparencies from

E850 as reported in Ref. [1]. There is a significant decrease

FIG. 11. (a) (top frame) The nuclear transparency ratio TCH as a
function of beam momentum. (b) (bottom frame) The nuclear trans-
parency Tpp as a function of the incident beam momentum. The

events in these plots are selected using the cuts of Eq. (9), and a
restriction on the polar angles as described in the text. The errors

shown here are statistical errors, which dominate for these

measurements.

J. ACLANDER et al. PHYSICAL REVIEW C 70, 015208 (2004)

015208-10

Nuclear transparency TCH as a 
function of beam momentum 
(experiment used CH target)

Nuclear transparency Tpp as a 
function of beam momentum 
(defined so Tpp=1 - corresponds 
to the impulse approximation). 
Errors shown are statistical which 
dominate for these measurements
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In spite  of progress with studies of CT with virtual photons, investigation of  CT for the hadronic 
projectile remains a  challenge. Very limited data on π +A → π +p + (A-1), p +A → p +p + (A-1),...
All comes from BNL EVA experiment. Mostly p+A → pp (A-1) 

Eikonal approximation with proper 
normalization of the wave function 
agrees well the 5.9 GeV data.

Significant increase of T for p= 9 GeV 
where lcoh= 3.6 fm (assuming  lcoh = 
0.6 ph  as for pions)  is sufficient to 
reduce expansion effects.  Magnitude 
of the enhancement  expected in CT 
models is consistent with the data.

Glauber level transparency for 11.5 
-14.2 GeV a problem for all models  
as it is observed in a wide energy 
range  24 GeV2≤s’≤ 30 GeV2 .  
Challenge for QCD theory !!!

✦

✦

✦



Critical to perform new studies of CT phenomenon in hadronic reactions at energies 
above 10 GeV where expansion effects are moderate to determine interplay between 
pQCD and nonpert. QCD for 2 ➝ 2 reactions.  WIll complement the program of CT in 
eA scattering at Jlab at 12 GeV.

J-PARC & GSI(PANDA)

Advantages as compared to EVA -  progress in electronics leading to a possibility 
to work at higher luminosity, wider range of hadron beams including antiprotons at 
GSI.  (I am listing below the simplest channels - no time to talk about chiral 
transparency, Δ production,...)

(p,2p) at the range of 10-20 GeV for all angles including those close to θc.m. ~900 ☛

☛ Ep>20 GeV (p,2p) rates for θc.m. ~900 are probably too low.  Different strategy 
- T (Ep) for  large but fixed t.  In this case lcoh for initial and the fastest of two 
final nucleons is very large. Only the slow nucleon has time to expand leading 
to transparency very similar to the one in A(e,e’p). (Zhalov &MS 89)  

17

(π,pπ)  for Eπ= 6 --14   GeV. Benefit - knowledge of pion expansion 
rates from 6 GeV and future 12 GeV  Jlab experiments 

☛



Energy dependence of the nuclear transparency calculated in the quantum 
diffusion model with lcoh = 0.4 fm pN[GeV] ~ as compared to the 
expectations of the Glauber model. 
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Nearly free lunch - possibility of detailed studies of the short-
range correlations (SRC) in nuclei with the same experimental 
setup (FFLS89) (the same detector as for CT but with backward 
neutron detector). First I need to summarize recent 
developments in the field of strudies of SRCs.

19



• Microscopic origin of intermediate and short-range nuclear forces

• Are nucleons good nuclear quasiparticles?

• Probability and structure of the short-range correlations in nuclei

•What are the most important non-nucleonic degrees of freedom in nuclei?

20

Driving idea -- Use hard =multiGeV momentum transfer nuclear 
phenomena to answer fundamental questions of microscopic quark-gluon 
structure of nuclei and nuclear forces



Popular perceptions about SRC:
●  SRC is  elusive  feature of nuclei - cannot be observed

●  SRC small correction to any characteristic of nuclei - exotic feature - of no 
importance

✔ Wrong  - problem was due to use of low energy probes

✔ Wrong   - >70% of kinetic energy of nucleons for A≥50 is due to SRC, strong influence on 
the nucleus excitation spectrum (more examples in the end of the talk)

●  Can predict properties of the core of neutron stars based on studies of nuclei 
using mean field

✔ Wrong   - Very different strength of pp and pn SRC, practical disappearance of 
the Fermi step for protons for ρ(neutron star) >ρ (nuclear matter)

21

Best chance to find new physics is to focus on the studies of configuration in nuclei where nucleons 
nucleons are close together and  have large momenta - short-range correlations (SRC) 



One group of processes which led to the progress in the studies of SRC at high momentum  is 
A(e,e’) at x> 1, Q2 > 1.5 GeV2

Closure approximation for A(e,e’) at x=AQ2/2q0mA> 1, Q2 > 1.5 GeV2  up to final state interaction 
(fsi)  between constituents of  the SRC

Progress in the study of SRCs of the last 5 years is due to analysis of two classes of hard processes we 
suggested in the 80’s:  inclusive scattering in the kinematics forbidden for scattering off free nucleon & 
nucleus decay after removal of fast nucleus.

Singular short-range NN interaction→ universality of SRC

3

at large x, where scattering from nucleons below the
Fermi momentum is forbidden. If these high-momentum
components are related to two-nucleon correlations (2N-
SRCs), then they should yield the same high-momentum
tail whether in a heavy nucleus or a deuteron.
The first detailed study of SRCs in inclusive scattering

combined data from several measurements at SLAC [12],
so the cross sections had to be interpolated to identical
kinematics to form the ratios. A plateau was seen in the
ratio (σA/A)/(σD/2) that was roughly A-independent for
A ≥ 12, but smaller for 3He and 4He. Ratios from Hall B
at JLab showed similar plateaus [13, 14] and mapped out
the Q2 dependence at lowQ2, seeing a clear breakdown of
the picture for Q2 < 1.4 GeV2. However, these measure-
ments did not include deuterium; only A/3He ratios were
available. Finally, JLab Hall C data at 4 GeV [15, 16]
measured scattering from nuclei and deuterium at larger
Q2 values than the previous measurements, but the deu-
terium cross sections had limited x coverage. Thus, while
there is significant evidence for the presence of SRCs
in inclusive scattering, clean and precise ratio measure-
ments for a range of nuclei are lacking.
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FIG. 2: Per-nucleon cross section ratios vs x at θ=18◦.

Figure 2 shows the A/D cross section ratios for the
E02-019 data at a scattering angle of 18◦. For x > 1.5,
the data show the expected near-constant behavior, al-
though the point at x = 1.95 is always high because the
2H cross section approaches zero as x → MD/Mp ≈ 2.
This was not observed before, as the previous SLAC ra-
tios had much wider x bins and larger statistical uncer-
tainties, while the CLAS took ratios to 3He.
Table I shows the ratio in the plateau region for a range

of nuclei at all Q2 values where there was sufficient large-
x data. We apply a cut in x to isolate the plateau region,
although the onset of scaling in x varies somewhat with
Q2. The start of the plateau corresponds to a fixed value
of the light-cone momentum fraction of the struck nu-
cleon, αi [1, 12]. However, αi requires knowledge of the

initial energy and momentum of the struck nucleon, and
so is not directly measured in inclusive scattering. Thus,
the plateau region is typically examined as a function of
x or α2n, which corresponds to αi under the approxi-
mation that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [12]. We
take the A/D ratio for xmin < x < 1.9, such that xmin

corresponds to a fixed value of α2n. The upper limit is
included to avoid the deuteron kinematic threshold.

TABLE I: r(A,D) = (2/A)σA/σD in the 2N correlation re-
gion (xmin < x < 1.9). We choose a conservative value of
xmin = 1.5 at 18◦, which corresponds to α2n = 1.275. We use
this value to determine the xmin cuts for the other angles.
The last column is the ratio at 18◦ after the subtraction of
the estimated inelastic contribution (with a systematic uncer-
tainty of 100% of the subtraction).

A θ=18◦ θ=22◦ θ=26◦ Inel.sub
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10
Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12
C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16
Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20
Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22
〈Q2〉 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

At these high Q2 values, there is some inelastic contri-
bution to the cross section, even at these large x values.
Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.
The typical assumption for this kinematic regime is

that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].
Assuming the high-momentum contribution comes en-

tirely from quasielastic scattering from a nucleon in an
n–p SRC at rest, the cross section ratio σA/σD yields
the number of nucleons in high-relative momentum pairs
relative to the deuteron and r(A,D) represents the rela-
tive probability for a nucleon in nucleus A to be in such

Per nucleon cross section ratio 
at Q2=2.7 GeV2 - E2-019-2011

→ Prediction of the scaling of 
the ratios of A(e,e’) at x> 1, 
Q2 > 1.5 GeV2

Frankfurt & MS 81

Very good agreement between   SLAC and 
two Jlab  (e,e’) analyses of the A/D ratios
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The second  group of processes (both lepton and hadron induced) which led to the progress in the 
studies of SRC is investigation of the decay of SRC after one of its nucleons is removed via large 
energy- momentum transfer process.

Idea:  typical 2 nucleon NN SRC = two nearby nucleons with momenta k and -k (k> 300 MeV/c)

Instantaneous  removal of nucleon belongs to SRCs leads to emission of  second 
 nucleon which balances its momentum:

☝

• 2N Correlations
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rp 3
r2p

pm

r2p rp 3

q

a)                                                           b)

q

-Type 2N-I correlations: E(2N−I)
m =

√
m2 + p2

m − m −TA−1

-Type 2N-II correlations: E(2N−II)
m =

√
m2 + p2

r2 +
√
m2 + p2

r3 − 2m

• 3N Correlations

r2pr2p

a)                                                  b)

q q
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p

rp

p

3

3

mm

-Type 3N-I correlations: E(2N−I)
m ≈ |εA|

-Type 3N-II correlations: E(3N−II)
m = 2

√
m2 + p2

m − 2m −TA−1

Use 3He(e,e’ppn)

reactions to 
study pn, pp and 
ppn correlations.

Remember:
structure (though not 
probability) of 2N and 
3N correlations is very 

similar in A=3 and 
heavy nuclei

Spectator is 
released

Emission of  fast nucleons “2”  
and “3” is strongly suppressed 
due to FSI

resembles 2N momentum 
distribution

does not resemble 2N momentum 
distribution -
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The prediction of back - to - 
back correlation differs  from 
the expectations based on the 

textbook picture of nuclei: Nucleons occupy the 
lowest levels given by the 

shell model

removal of a nucleon 

s-level

p-level

residual  nucleus in ground or excited state 
of the shell model Hamiltonian - decay 
product practically do not remember 

direction of momentum of struck proton

What happens if a nucleon is removed from the nucleus?
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To observe SRC  directly  it is far better to consider semi-exclusive processes
 e(p) +A → e(p) + p + “ nucleon from decay” +(A-2) since it measures 
both momentum of struck nucleon and decay of the nucleus

Two novel experiments reported results in the last 5 years:

EVA BNL  5.9 GeV protons  (p,2p)n 

(e,e’ pp), (e,e’pn)  Jlab   Q2= 2GeV2

-t= 5 GeV2; t=(pin-pfin)2

Based on our proposal of 88-89 (strong enhancement of scattering off fast 
forward nucleons due to s-10 dependence of the elementary cross section)

k2

k1
→

→
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BNL Carbon data of 94-98. The 
correlation between pn and its 
direction γ relative to pi. The 
momenta on the labels are the beam 
momenta. The dotted vertical line 
corresponds to kF=220 MeV/c.

SRC appear to dominate  at momenta  k> 250 MeV/c - very close to kF.  A bit of surprise 
- we expected dominance for k> 300 - 350 MeV/c. Naive inspection of the realistic 
model predictions for nA(k) clearly shows dominance only for k > 350 MeV/c. Important 
to check a.s.p. -  Data mining collboration + new Jlab experiment with 4He.

γ

n

p
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kF=220 MeV/c



Jlab:  from study of (e,e’pp), (e,e’pn)~10% probability of proton emission, strong 
enhancement of pn vs pp. The rate of pn coincidences is similar to the one inferred 
from the  BNL data providing highly nontrivial test of the dynamic mechanism.

27

T-shirt of Jlab 09



Due to the findings of the last 5 years at Jlab and BNL  SRC are not 
anymore an elusive property of nuclei !!

Practically all nucleons with momenta k≥300 MeV belong to 
two nucleon SRC correlations

Probability for a given proton  with momenta 600> k > 300 MeV/c 
to belong to pn correlation is  ~ 18 times larger than for pp 
correlation

Probability for a nucleon to have momentum > 300 MeV/c in 
medium nuclei is  ~25%

Three nucleon SRC are present in nuclei with a significant probability

The findings confirm our predictions based on the study of the structure of SRC in 
nuclei (77-93), add new information about isotopic structure of SRC.

Summary of the findings

BNL + Jlab +SLAC

BNL + Jlab

BNL + Jlab 04 +SLAC 93
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Jlab 05

The average fraction of 
nucleons in the various  initial-
state configurations of 12C.

Confirm also small probability of nonnucleonic degrees of freedom even in SRCs 

matches well discovery of a neutron star of mass = two Solar masses



Some implications for neutron stars

Our focus  is on the outer core where nucleon density is close to nuclear one: 
ρ ~ (2 ÷ 3) ρ0;  ρ0 ≈0.16 nucleon/fm3 

✻
and  p/n ~ 1/10

n(k)

kkF(p) kF(n)

Fermi liquid

➠

Neutron gas heats proton 
gas due to large pn SRC n(k)

kkF(p) kF(n)

practical 
disappearance of 
the proton Fermi 

surface

Large enhancement of neutrino cooling of the neutron stars at finite temperatures

Suppression of the  proton Fermi surface leads to the suppression of proton superconductivity, etc

FS08
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Future studies of SRC with proton beams (Ep~8 GeV is probably 
optimal for most of the tasks). Advantages as compared to Jlab:
(i) much larger t,  (2) better kinematics (backward spectators). 

☻ Detailed mapping of pn and pp correlations using light nuclei
☻ Look for effects of SRCs including  3N correlations - comparison on pn, pp channels,...
☻ non-nucleonic degrees of freedom - discover Δ’s?.
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Briefly about two other interesting directions of studies



New type of hard hadronic processes - branching exclusive  processes of large c.m.angle 
scattering on a “cluster” in a target/projectile (MS94)                         

t’
d

c

b

a

et

s’=(pd+pc)2 -t’ > few GeV2, -t’/ s’ ~1/2 
-t=const ~ 0 
  ➠  s’/s<<1

Limit:

Two recent papers: Kumano, MS, and Sudoh PRD 09; Kumano &MS Phys.Lett. 10

2 →3 branching processes: 

test onset of CT for 2 →2  avoiding freezing effects  

measure cross sections of large angle pion - pion (kaon) scattering

probe 5q in nucleon and 3q+\bar q in mesons

measure generalized parton distributions GPDs of nucleons,  mesons and photons(!)

☀

☀
☀
☀

measure transverse sizes of b, d,c ☀
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Factorization:

GPD

N

t ’b
d

e (baryon)

c (meson)

t t

e (meson)N

GPD

t ’b d

c (baryon)

If the upper block is a hard (2 →2 ) process,   “b”, “d”, “c” are in small size configurations as well as 
exchange system (qq, qqq). Can use CT argument as in the proof of QCD factorization of  meson  
exclusive production in DIS (Collins, LF, MS 97)

⇓

MNN�N�B = GPD(N ⇥ B)� �i
b �H � �d � �c

-
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NP M

P

P P

P

P P

!
qqqqq

,Δ, N*

,Δ, N* , ρ,η, ϕ

, Δ, N*

, Δ, N*

Λ,Σ

K,K*

N
P

M

P

P
P

P

P
P

!
q
q

q
q
q

-t/s’~1/2

-t=const

GPD 
(N→M)

π π

GPD (N→B)

Many interesting channels, for example
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Large mass dilepton production with pion beams

✻ d�(⇡+
C ! ll̄ +X)

dxF dM
2
ll̄

� d�(⇡�
C ! ll̄ +X)

dxF dM
2
ll̄

strong interaction contribution cancels out (SU(2))

Measure virtual photon production over broad range of masses - 
determine onset of the Drell-Yan mechanism, study pion pdf at large x.

Objectives

✻
d�(⇡�p ! ll̄ + n)

dtdM2
ll̄

study of the generalized parton dsitributions in nucleon

Jlab J-PARC

γ* γ*π+ π-

np p n

M2(�⇤) > 0M2(�⇤) < 0



Summary

to discover  pattern of  interplay of hard and soft physics in one of the most 
fundamental hadronic processes of large angle 2! 2 scattering

compare wave function of different mesons and baryons

map the  space-time evolution of small wave packets at distances

test the role of chiral degrees of freedom in hard interactions

✺

✺

✺

✺

1 < z <6 fm

36

 Structure of SRC in nuclei: pn vs pp✺

NNN

NΔ
....

Study of the discussed processes which is feasible at J-PARC would allow

"

→


