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Experimental studies of QCD in the next decade (not related to 
dynamics of heavy ion collisions)

Jlab main directions after upgrade:  study of the generalized parton distributions GPD),  
search for new resonances,  study of the short range correlations  in nuclei.

COMPASS - GPDs at moderately small x

Note  Jlab experience is a good illustration that high intensity machine with high quality 
beams and detectors can make discoveries in the kinematics intensively studied before

Colliders - primarily  LHC

small x physics,  study of  perturbative Pomeron, multijet production - 
correlation of quarks/gluons in nucleons

Motivations understanding of the structure of hadrons beyond pdfs, spontaneous 
breaking of chiral symmetry, confinement.

QCD for strong gluon fields



How can hadronic facility contribute?

Energy range in which CERN,  FNAL, Serpukhov worked for many years

Different theoretical motivations - most of the fixed target programs pre /early  QCD

Now interest in large momentum transfer semi/exclusive processes with small 
cross sections  which were beyond  capabilities of previous machines - beam 
intensity, detector electronics,...

quark exchanges in pQCD via two body processes

large angle two body processes

color transparency phenomena

branching processes and GPDs

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



QCD factorization theorems for exclusive processes involving 
scattering or production of hadrons: 

! + T (A, N) ! jet1 + jet2 + T (A, N) Frankfurt, Miller, MS 93 & 03

and for DIS exclusive hadroproduction processes
 (Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector mesons, small x; general case 
Collins, Frankfurt, MS 97)  provide a new effective tool for study of the hadron 
structure and high energy color transparency (there exist also similar theorems for 
production of photons - D.Muller 94 et al, Radushkin 96, Ji 96, ....)
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For large enough x (x>0.2?) 
the configuration in the 
nucleon which is likely to give 
the dominant contribution is 
when virtual photon hits a 
highly localized qq pair. So the 
minimal Fock component in N 
which contributes is 4qq.

-

-
Baryo-baryonic
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Four slides on GPD’s -  need for the following discussion 



Generalized parton distributions

Quark density

For a quark of flavor i - qi (in case of charged mesons i stands for the flavor 
indices of the initial and final quarks

where P is a path-ordered exponential of the gluon field along the light-like line 
joining the two operators for qi



1D - parton distribution

x

3D - generalized parton
 distribution

x

ρ-
 t

ra
ns

ve
rs

e 
co

or
di

na
te

3 dimensional single parton distribution in nucleon 

6

Why interesting?  Connects form factors and parton densities. As a 
result can study transverse distribution of partons for given x.
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The proof of the  factorization for the meson exclusive production (Collins, Frankfurt and MS) is 
essentially based on the observation that the cancellation of the soft gluon interactions is intimately 
related to the fact that the meson arises from a small size  quark-antiquark pair generated by the 
hard scattering.  Thus the pair starts as a small-size configuration and only substantially later grows 
to a normal hadronic size, to a meson.  Similarly, the  factorization theorem should be  valid for  the  
production of leading baryon

! 3
"

i=1

dz!i exp[i
3

#

i=1

xi (p·zi)]· !M(p"!)|!abc "a
j1

(z1) "b
j2

(z2) "c
j3

(z3)|N(p)#
$

$

$

z+

i
=z!

i
=0

=

= !(1 ! " ! x1 ! x2 ! x3) Fj1j2j3(x1, x2, x3, ", t) ,Baryo-mesonic GPDs

13 Oct 2005 18:17 AR AR257-NS55-10.tex XMLPublishSM(2004/02/24) P1: KUV

422 FRANKFURT ! STRIKMAN ! WEISS

Figure 7 Factorization of the ampli-
tude of hard exclusive meson produc-
tion (Equation 14).

the GPD’s coincide with the usual parton densities measured in inclusive DIS.
For recent reviews of the properties of GPD’s and their applications, see Ref-
erences (50, 51). Furthermore, !M is the distribution amplitude describing the
conversion of a qq̄ pair with relative longitudinal momentum fraction z to the
produced meson (or photon). Finally, Hi j denotes the amplitude of the hard par-
tonic scattering process, which is calculable in powers of "s(Q2). The indices
i, j label the different parton species. The contribution of diagrams in which
the hard scattering process involves more than the minimum number of par-
tons is suppressed by 1/Q2. An important consequence of factorization is that
the t-dependence of the amplitude rests entirely in the GPD. Thus, different
processes probing the same GPD at similar x and Q2 should exhibit the same
t-dependence.

4.2. Space-Time Picture of Hard Exclusive Processes

The physics of hard exclusive processes at small x becomes most transparent when
following the space-time evolution in the target rest frame. As in the case of inclu-
sive scattering, this approach allows one to expose the limits of the leading-twist
approximation, and to quantify power corrections related to the finite transverse
size of the produced meson.

In exclusive vector meson production, # !
L + N " V + N , one can identify

three distinct stages in the time evolution in the target rest frame (21). The vir-
tual photon dissociates into a qq̄ dipole of transverse size d # 1/Q at a time
$i = lcoh $ 1/(m N x) before interacting with the target (see Equation 5). The
qq̄ dipole then scatters from the target, and “lives” for a time $ f % $i before
forming the final state vector meson. The difference in the time scales is due to
the smaller transverse momenta (virtualities) allowed by the meson wave function
as compared to the virtual photon.
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Hard scattering process

B

For large enough x (x>0.3?) the 
configuration in the nucleon which is 
likely to give the dominant 
contribution is when virtual photon 
hits a highly localized three quarks. 
So the minimal Fock component in 
N which contributes is 4qq which is 
quite different from the reaction 
with leading meson.

-

Frankfurt, Polyakov, MS 2000
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In Regge theory meson exchanges are “reggeized”

Quark exchanges in pQCD via two body processes

Reminders: Regge theory - scattering at fixed t (u),s

a) if interaction between two partiles is mediated 
by exchange of particle “M” with spin J M

a a’

b b’
A(a + b! a! + b!) = f(t)sJ

d!/dt =
1
s

|A(a + b! a! + b!)|2 " s2J"1

b) Azimov displacement:  if two  (N) particles are exchanged M2

a a’

b b’
M1

A(a + b! a! + b!) = f(t)sJ1+J2"1

→∞

d!/dt ! f(t)s2J(t)!1



Two simplest types of processes with largest cross sections (except 
the ones where vacuum Pomeron exchange is allowed): 

exchange by qq is allowed  

exchange by qqq is allowed  

- !!p! !0 + n

!!p! p + !!

Processes where one needs an exchange by qqq̄q̄
are strongly suppressed though experimental 
information is very limited

!!p! K+!!



pQCD - quark exchange is reggeized  (Fadin and Sherman 1976, ...)

Important property of quark regge trajectory in pQCD 
 αq(t) - weak dependence on t



For quark antiquark exchange:   A ∝ s 2αq(t)-1

For three quark exchange:   A ∝ s 3αq(t)-2

↓
Relation beween effective baryon and quark trajectories at large t

αN(t)= 3αM(t)/2-0.5



reaction  !!p! " + nreaction !!p! !0 + n

αM(-t > 1 GeV2) = -(0.2÷0.4)

αB(-t > 1 GeV2) = -(0.8÷1.1)

↓
αq(-t > 1 GeV2) = (0.3÷0.4)

as compared to nonreggeized 
case of 0.5 - reggeization 

effect is rather small



1K. Storrow, Baryon exchange processes 347
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Fig. 11. FNALbackward cross section data for (a) 1rp—5p1r and (b) ~ —*pir~~at p~.= 30GeV/c (A), 50GeV/c (B), 70GeV/c (C) and 90GeV/c

(D) from ref. [64], compared to extrapolations of fits to lower - energy data [1581.The different curves correspond to different choices of

normalisation of the lower energy data [1581.

Table 1
SU(3) relations for non.strange exchanges

Reaction Coefficient of N Coefficient of 4

~j~(4f—1)

ICp-sAir° L(
2f+i)

3V3

Kn-*Air ~~2f+1)

Kp-5Afl° ~(2f+ 1)(4f- 1)

Kp-~s~ ~(2f-1) 1

Kp-s~ir 1
2

Kp-sZ°ir° ~(2f—1)

Kp—sI°~° —~=(2f—1)(4f— 1)

~ ~j~(2f_ 1)(4f 1)

N and 4 are defined by eqs. (4.1).



334 J.K. Storrow, Baryon exchange processes

which reproduces the i~spectrum up to V~= 3.23 GeV [521.So if we cannot use the resonance data

(u > 0) to distinguish between (a) and (c) then we must use the scattering data (a <0). Here there are
differences: possibility (a) gives canonical Regge shrinkage whereas the trajectory form given in eq. (3.3)

gives ~ shrinkage (eq. (2.21a)). The point of the above example was that the data available then (1973)

did not distinguish between the two extreme possibilities [52]. Since then backward ‘iT~pelastic data

have been obtained up to PL = 90 GeVIc at FNAL and the evidence for shrinkage is somewhat better.

as can be seen from the effective trajectories (fig. 5) cten(u) defined, in the usual way, by

dcr/du = F(u) (s/s~)2a~~u~2 (3.4)

and obtained from all of the data [80]. This conclusion is supported by a recent effective trajectory
analysis of the final FNAL data on backward ‘n-p —~pii~[205].Also irp —~n’i~°is claimed to show some

signs of shrinkage in the PL = 2.6—8 GeV/c range [140].Another consequence of large asymmetric terms

in trajectory functions is that for reactions dominated by a single MacDowell pair, the polarisation
should be large, structureless and independent of residue function (i.e. reaction). This follows from eq.

(2.21b). The polarisation data for irp—~pir and Kp-~ii/ both expected to be dominated by ~

exchange, are compared in fig. 6: although the polarisations in the two reactions are consistent with

equality, which is a consequence of SU(3) * [43]. the shape is not what one would expect from

trajectories of the form eq. (3.3). In view of the above we rule out possibility (c). though it would be
nice to have better data, particularly on shrinkage.

We now consider possibility (b), small asymmetric terms. An early example was given by Barger and
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Fig. 5. Effective trajectories a,
5(u) plotted against u for (a) ~p— p=-~ Fig. (. A comparison of polarisation data tor the _l exchange rcactioiis

and(b)irp-*ps~.A//dataabovepL = 5GeV/care included [80):they irp-’ p~r and K- p-’ ~‘ ir.~ K p— ~‘~r - p1 = 4.2 (ieV/c (84): ‘1

are listed in ref. [158].Solid lines are linear fits to (a) N, and (b) 4~ p’ p~T . pj 3.5 (ieV’c iu/~.From ret. 841.
resonances given in eqs. (3(a) and (3(d). From ret. 158).

‘As will be discussed in subsection 4.1.2.

close to pQCD expectation of 
αB(-t > 1 GeV2) = -(0.8÷1.1)



B

MB

BB M

M M

Baryon GPD at large t?
Note that the meson in a qqg
configuration - good place to look for 
exotic mesons  
               Frankfurt and MS 80

 -

Do not have time to discuss spin effects - obviously would help (target, projectile, 
produced mesons and baryons) as it allows to analyze properties of the vertices - due 
to quark-quark interaction there should be several nearly degenerate trajectories



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

d!

d"c.m.
= f("c.m.)s(!

P
nqi!

P
nqf

+2)

16

Large angle two body processes



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

17



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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d!a+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: 
d!K+p!K+p

d"c.m.

(" = 90o) >
d!!+p!!+p

d"c.m.

(" = 90o) >
d!!!p!!!p

d"c.m.

(" = 90o)

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

d!K+p!K+p

d"c.m.

(" = 90o)/
d!!+p!!+p

d"c.m.

(" = 90o) ! (fK/f!)2 ! 1.7

d!!
+

p!!
+

p

d"c.m.

(" = 90o)/
d!!

!

p!!
!

p

d"c.m.

(" = 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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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 d!
du ! "2

#(u, Q2) in both k" regions

Fit distributions to:

d!

du
! "2

#(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

21

Overall, presence of small qq 
configurations in π,ρ,... mesons is 

now well established

Color transparency phenomena



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  :

!(pA ! pp(A " 1)) = Z!(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

SOLENOID

H2

H1

C1

C3

C2

C1

C2

C3

C4

C4

H1

H2

SOLENOID

Arrays of 

Neutron

Counters

Targets

Track

Track

POLE PIECE

Z!AXIS

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.

22

CT - Intermediate energies



Main issues 

At what Q2 / t  particular processes select point-like 
configurations   -  for example interplay of end point and LT 
contributions in the e.m. form factors,....

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 (FFLS88)

☛

☛

23



lcoh (π) ~ lcoh (N) due to similarity of the Regge slopes for meson 
and baryon trajectories 

Side remark: this lcoh (π)  much smaller than used in heavy ion MC

lcoh = (0.3 ÷0.4  fm ) ph [GeV] Farrar et al , Miller and Jennings

136c M. Strikman, M. Zhalov/Nuclear Physics A670 (2000) 135c-148c 

are those which contain minimal number of constituents. They determine asymptotic 

behavior of various exclusive hard processes such as electromagnetic form factors. One 

can expect that at very large momentum transfers point-like (small size components) 

(PLC) of the hadron wave function should dominate in the scattering. To check this 

assumption it was suggested by Brodsky [3] and Mueller [4] to study quasi-exclusive hard 

reactions I(h) + A --+ l(h) + p + (A - 1)*. If the energies and momentum transfers are 

large enough one expects that projectile and ejected nucleon travel through the nucleus 

in point-like (small size) configurations, resulting in a cross section proportional to A. 

In accessing the range of applicability of this approximation one has to address two 

questions: (i) Can PLC be treated as a frozen during the passage of the nucleus, (ii) At 

what momentum transfer PLC's dominate in the elementary amplitude. 

2.1. Expansion effect 

The current color transparency experiments are performed in the kinematics where 

expansion of the produced small system is very important (essential longitudinal distances 

are not large enough) and strongly suppresses color transparency effect [5,7]. 

The maximal longitudinal distance for which coherence effects are still present is de- 

termined by the minimal characteristic internal excitation energies of the hadron h. The 

estimates [5,7] show that for the case of a nucleon ejectile coherence is completely lost at 

the distances/~ ,,~ (0.3 + 0.5) • Ph fm, where Ph is measured in GeV/c. 

To describe the effect of the loss of coherence two complementary languages were sug- 

gested. In Ref. [5] based on the quark-gluon representation of PLC wave function it was 

argued that the main effect is quantum diffusion of the wave packet so that 

= (,~,,o~d + ~ [ , ,  - ,~ho~d])O(~c --  Z )  + ~ O ( Z  - ~c). (1) (TPLC ( z ) 

This equation is justified for hard stage of time development in the leading logarithmic 

approximation when perturbative QCD can be applied [5,6,9,8]. One can expect that 

Eq.(1) smoothly interpolates between the hard and soft regimes. A sudden change of 

a P i c  would be inconsistent with the observation of an early (relatively low Q2) Bjorken 

scaling [9]. Eq.(1) implicitly incorporates the geometric scaling for the PLC-nucleon 

interactions which for the discussed energy range include nonperturbative effects. However 

the discussed approximation for the expansion effects is oversimplified, see discussion in 

section 2.3. 

The time development of the P L C  can also be obtained by modeling the ejectile-nucleus 

interaction using a baryonic basis for the wave function of PLC: 

I~PLC(t))  -= Ei=laiexp(~Ei t  ) IqJi) = e x p ( i E ,  t )E~=,aiexp \ 2P  ] I~i),  (2) 

where I~i) are the Hamiltonian eigenstates with masses mi, and P is the momentum of 

PLC which satisfies P >> e l .  As soon as the relative phases of the different hadronic 

components become large (of the order of one) the coherence is likely to be lost. It was 

however suggested by B.Pire and J.Ralston that coherence may be sustained over much 

larger distances, see contribution of B.Pire [10] and references therein. One rather special 

example when coherence is sustained indefinitely is the harmonic oscillator - in this case 

coherence is sustained due to the equidistance of the energy levels. 

p

p

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

lcoh

136c M. Strikman, M. Zhalov/Nuclear Physics A670 (2000) 135c-148c 

are those which contain minimal number of constituents. They determine asymptotic 

behavior of various exclusive hard processes such as electromagnetic form factors. One 

can expect that at very large momentum transfers point-like (small size components) 

(PLC) of the hadron wave function should dominate in the scattering. To check this 

assumption it was suggested by Brodsky [3] and Mueller [4] to study quasi-exclusive hard 

reactions I(h) + A --+ l(h) + p + (A - 1)*. If the energies and momentum transfers are 

large enough one expects that projectile and ejected nucleon travel through the nucleus 

in point-like (small size) configurations, resulting in a cross section proportional to A. 

In accessing the range of applicability of this approximation one has to address two 

questions: (i) Can PLC be treated as a frozen during the passage of the nucleus, (ii) At 

what momentum transfer PLC's dominate in the elementary amplitude. 

2.1. Expansion effect 

The current color transparency experiments are performed in the kinematics where 

expansion of the produced small system is very important (essential longitudinal distances 

are not large enough) and strongly suppresses color transparency effect [5,7]. 

The maximal longitudinal distance for which coherence effects are still present is de- 

termined by the minimal characteristic internal excitation energies of the hadron h. The 

estimates [5,7] show that for the case of a nucleon ejectile coherence is completely lost at 

the distances/~ ,,~ (0.3 + 0.5) • Ph fm, where Ph is measured in GeV/c. 

To describe the effect of the loss of coherence two complementary languages were sug- 

gested. In Ref. [5] based on the quark-gluon representation of PLC wave function it was 

argued that the main effect is quantum diffusion of the wave packet so that 

= (,~,,o~d + ~ [ , ,  - ,~ho~d])O(~c --  Z )  + ~ O ( Z  - ~c). (1) (TPLC ( z ) 

This equation is justified for hard stage of time development in the leading logarithmic 

approximation when perturbative QCD can be applied [5,6,9,8]. One can expect that 

Eq.(1) smoothly interpolates between the hard and soft regimes. A sudden change of 

a P i c  would be inconsistent with the observation of an early (relatively low Q2) Bjorken 

scaling [9]. Eq.(1) implicitly incorporates the geometric scaling for the PLC-nucleon 

interactions which for the discussed energy range include nonperturbative effects. However 

the discussed approximation for the expansion effects is oversimplified, see discussion in 

section 2.3. 

The time development of the P L C  can also be obtained by modeling the ejectile-nucleus 

interaction using a baryonic basis for the wave function of PLC: 

I~PLC(t))  -= Ei=laiexp(~Ei t  ) IqJi) = e x p ( i E ,  t )E~=,aiexp \ 2P  ] I~i),  (2) 

where I~i) are the Hamiltonian eigenstates with masses mi, and P is the momentum of 

PLC which satisfies P >> e l .  As soon as the relative phases of the different hadronic 

components become large (of the order of one) the coherence is likely to be lost. It was 

however suggested by B.Pire and J.Ralston that coherence may be sustained over much 

larger distances, see contribution of B.Pire [10] and references therein. One rather special 

example when coherence is sustained indefinitely is the harmonic oscillator - in this case 

coherence is sustained due to the equidistance of the energy levels. 

Quantum 
Diffusion model 
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Recent progress on the experimental end - two Jlab experiments, plus supporting results from 
HERMES experiment



In spite  of progress with studies of CT with virtual photons, investigation of  CT for the hadronic 
projectile remains a  challenge 

         π +p → π +p + (A-1), p +A → p +p + (A-1),...

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

Long story of the studies of p+A → pp (A-1) at BNL by EVA exp.

26



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

Significant effect for p= 9 GeV where lcoh= 2.7 fm (assuming  
lcoh = 0.3 ph  as for pions)  is sufficient to suppress 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 !!!
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Critical to perform new studies of CT phenomenon in hadronic reactions at 
energies above 10 GeV where expansion effects are moderate.  WIll 
complement the program of CT in eA scattering at Jlab at 12 GeV.

J-PARC & GSI

Advantages -  progress in electronics leading to a possibility to work at higher 
luminosity, wider range of hadron beams including antiprotons at GSI,  
possibility  of polarized beams

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

☛

☛ Ep>20 GeV 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)  
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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. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

10 20 30 40 50 60

incident energy, GeV

T
R

A
N

S
P

A
R

E
N

C
Y

(p,2p) reaction at KEK

12
C

-t=9.5 GeV
2

12
C

!
c.m.

=90
o

27
Al

color transparency

optical transparency
12

C
27

Al

10
-2

10
-1

10 20 30 40 50 60

incident energy, GeV

T
R

A
N

S
P

A
R

E
N

C
Y

(p,2p) reaction at KEK

90
Zr

208
Pb

-t=9.5 GeV
2

ejectile energy 5 GeV

color transparency

optical transparency

90
Zr

208
Pb

29



☛ Study channels where gluon exchanges are not allowed

p + A ! !0 + p + (A " 1)

☛

☛

p̄ + A ! !+ + !! + (A " 1)

Special twist for antiprotons:

Polarized proton - comparison of  T for helicity 
conserving and helicity flip amplitudes,  study of the 
origin of the Krish effect using polarized proton beam 
and polarized target like 7Li   (see below)
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Use of the process pD→ppn  to study wave package evolution over distances < 2 fm 
interference between impulse approximation, single and double rescatterings. 
Complicated pattern along the cones associated with initial and final hadrons. 

Use of polarized proton- polarized deuteron scattering to check the origin of the Krisch 
effect - is rescattering larger or smaller than in average for two nucleons with parallel spins?
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Another way to check the origin of the Krisch effect in a bit less 
controlled way is to use polarized 6Li or 7Li target.  

Disadvantage: absolute cross section in the CT kinematics is small. Need 
to separate the signal from scattering off unpolarized nucleons in the 
target. Can be done by either detecting the recoil neutron or with a good 
spectrometer resolution.

Advantage of polarized deuteron - practically no spin dilution factor.   
Spin dilution is  large  for lithium.  Also a transparency effect is smaller. 

6LiD
→→

target maybe optimal
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Detectors which can study CT are well suited also to  study generalized parton distributions using 
hadronic projectiles complementing the studies with lepton projectiles. Will be especially beneficial 
to study in parallel with 12 GeV program at Jlab (GPD studies is the main trust of Jlab program)

Idea is to consider new type of hard hadronic processes - branching exclusive  
processes of large c.m.angle scattering on a “cluster” in a target/projectile (MS95)                         
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Could a gluonium be left behind when  
three quarks in a nucleon come close and 
instantaneously removed

Branching processes and GPDs
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A detailed theoretical study of the reactions 
pp→NNπ,  NΔπ is now under way Kumano, et al
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At RHIC one can try to look for the higher order branching process
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d!(A + B ! Cint + Csp + D)

d"spd2pt sp/"sp

= #("sp, pt sp)R($c.m.) (so/s!)
n

n = nq(A) + nq(cluster) + nq(Cint) + nq(D) ! 2.

NP M

P

P P

P

P P

!
qqqqq

B

A Csp

Cint

D

s
! = (pD + pCint

)2

d!pp!p+!+B

d"Bd2ptBd#c.m.(p$)

d!p!!p+!

d#c.m.
(sp$)

=

d!
""

L
+p!!+B

(Q2)
d"Bd2pt

!%"

L
+$!$(Q2)

Scaling relations between hadron and electron projectiles
d!(p+p!p+p+"0)

d#
!0d2pt/#

!0

d!(e+N!e+N+"0)
d#

!0d2pt/#
!0

!

!(p + p " p + p)

!(eN " eN)
,

!Csp
= (ECsp

! p3 Csp
)/mA

Csp flies along A - 
slow if A is the 
target - fast if A is 
the projectile

= (1 ! !Csp
)sAB

Energy dependence of 
branching processes
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A sample of especially interesting  channels 

Study of Hidden/intrinsic Strangeness & Charm in hadrons

pp →Λsp (any other strange baryon)+ K+(K*) + p 

pp → φsp + p + p
pp →Dsp +  Λc+ p 

E850 experiment at BNL (EVA) has observed an evidence few years ago 
for production of two large angle protons and small mass, low transverse 
momentum meson.  Cross section strongly depends on energy 
(consistent with our predictions). Analysis still going on.

pp → K(K*)sp + Λ + p

π+p →K+sp +  π0+ p 

EVA has few candidate events
_

Can one use hadronic projectiles to study  baryo/meso baryonic 

and meso-mesonic  GPDs? Will be especially beneficial to study in parallel 

with 12 GeV program at Jlab (GPD studies is the main trust of their program)

Idea (MS95) is to consider new type of hard hadronic processes - 
branching exclusive  processes of large c.m.angle scattering on a 

“cluster” in a target/projectile or  scattering of two small clusters 
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Study of the spin structure of the nucleon
use of polarized beams and/or targets

pp →Λsp (any other strange baryon)+ K+(K*) + p→ →

pp → K+(K*)sp  +Λ(any other strange baryon)+ p→ →→

pp →Δsp (any other strange baryon)+ meson + p→ →

study of the NΔ GPDs -  more GPDs than for NN case - QCD chiral 
model - selection rules   Frankfurt, Pobilitsa, Polyakov, MS

pp    mesonsp  +p + p→→ → for s’pp where strong spin effects in 
the pp elastic scattering

Can one use hadronic projectiles to study  baryo/meso baryonic 

and meso-mesonic  GPDs? Will be especially beneficial to study in parallel 

with 12 GeV program at Jlab (GPD studies is the main trust of their program)

Idea (MS95) is to consider new type of hard hadronic processes - 
branching exclusive  processes of large c.m.angle scattering on a 

“cluster” in a target/projectile or  scattering of two small clusters 
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Meson high energy beams are also very interesting. Just two examples. 
Large angle meson - meson scattering.

π+ + 2H→π++ π0 +(pn)   (*)
π+ + 2H→π++ π- +(pp)  (**)  

Kinematics: transverse momenta 
of both pions are large and back 
to back. Total momentum 
approximately equal to incident 
momentum. NN system has small 
momentum. For pinc(π)=40 GeV - 
production of two pions with 
momenta ~20 GeV, pt up to 3 
GeV/c. Can reach -t = 10 GeV2 for  
π π scattering at θcm=90o

If quark exchanges dominate σ(*)>> σ(**)
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momentum
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Study of the properties on cold dense nuclear matter - structure of 
the short-range nucleon-nucleon correlations (SRC)

Study of the cold dense nuclear matter is one of key interfaces of QCD and 
traditional nuclear physics, as well as astrophysics (neutron stars,...) 

J-PARC  - diverse plans of investigation of hypernuclei -  one of the links to 
equation of  state for neutron stars
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Last two years a qualitative progress in the study of  SRC based on the analysis of the high 
momentum transfer (e,e’) Jlab data, (p,2pn) BNL data and preliminary (e,e’pp) & (e,e’pn) 
Jlab data. (For year SRC were referred to as very important but 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  ~ 20 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) and add new information about 

isotopic structure of SRC

Summary of the findings

BNL + Jlab +SLAC

BNL + Jlab preliminary

BNL + Jlab 04 +SLAC 93

Jlab 05



Strong repulsion at r< rc~0.4 fm !!!

Does it makes sense to speak in this situation about nucleons since                                  

rN =
!
r2
pe.m.

"1/2
! 0.8 fm and rc ! 2rN ?

Quark distribution in the nucleon is  ρN(r)= exp(-μr), μ=0.8 GeV 

2ρN(rc/2) =ρN(0) ⇒ rc =.35 fm

Short-range NN 
correlations (SRC) have 
densities comparable to the 
density in the center of a 
nucleon - drops of cold 
dense  nuclear matter

F&S 75

p

p

p

n
n

n

n

2N SRC

!
1
÷

1.
2

f
m

1.7 fm

! ! 5!0

Old and persistent question: Why nuclei do not collapse into a  quark soup?

Traditional answer:  Short-range repulsion between  nucleons - repulsive core

!0 ! .17fm!3



Short-range correlations in nuclei - for years referred as an elusive though important 
feature of the nuclear wave structure.

 For our purposes medium range D-wave correlations are included 
in this definition - which is a physical/practical one - removal of one  
nucleon  of the correlation leads to a release of the second one.  

Two nucleon short-range correlation.V(r)

!k1

!k2

!k1 + !k2 ! 0

43
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To resolve short-range structure of nuclei on the level of nucleon/hadronic 
constituents one needs processes which transfer to the nucleon 
constituents both energy and momentum larger than the scale of the NN 
short range correlations q0 ! 1GeV, !q ! 1 GeV

⇒  There is a price to  pay:  relativistic (light-cone) treatment of the 
nucleus - however in broad kinematic range a smooth connection 
with nonrelativistic description of nuclei.

  
Do not have time  discuss  in the talk.

44

Properties of nuclei seen by low energy probes described well 
using notion of quasiparticles - SRC effects are hidden in 
parameters of these quasiparticles



What happens if a nucleon is removed from the nucleus?

45

If nucleon has small momentum - removal of a nucleon from one of the 
nuclear levels - final (A-1) system is ground or excited state of the shell 
model Hamiltonian 

However the expectations are qualitatively different if the knocked out 
nucleon momentum k is above Fermi momentum - we expect that a 

second nucleon will be emitted with momentum ~ -k



 Expectations for  SRC

119

FIG. 8.6:

FIG. 8.7:

8.3.2. Properties of the spectral function at large nucleon momenta

In order to foresee the pattern of y-scaling violation and the range of applicability of the scaling laws derived
in section 8 8.2, and to explain what numerical calculations are needed now it is necessary to analyse the general
properties of PA(k,E) at large k. (Remember that at present no calculations of PA(k,E) exist for large k and A > 3,
due to the lack of an e!ective procedure to calculate the N > 2 nucleon wave function for the continuum.) The
straightforward generalization of this analysis will also be of use in the discussion of the properties of the light-cone
spectral function in section 8 8.4.

For potentials singular for r ! 0 the dominant contribution to nA(k) at large k is evidently given by the two-nucleon
correlations, i.e., by configurations where the momentum of the fast nucleon is balanced by one nucleon (see fig. 8.6),
i.e.

nA(k) "
k!"

!2
2N(k) " !2

D(k). (8.33)

Here !2N(k) (!D(k)) is the high-momentum component of the two-nucleon (deuteron) wave function. In the current
calculations of nA(k) for di!erent nuclei (3He, 4He, 16O) eq. (8.33) is approximately satisfied for k ! (0.3#0.4) GeV/c.
In principle the high-momentum behaviour of !2

2N(k) depends on the quantum numbers of the two-nucleon system;
spin, isospin, orbital momentum, and it could be di!erent from !2

D(k).
Provided that the internucleon potential V (k) is local and

V (k)
!!
k!"" k#n, (8.34)

with n > 1, the behaviour of nA(k) for k ! $ is controlled by the Born diagram of fig. 8.7 and therefore [466, 467]

nA(k)
!!
k!"" V 2(k)

k4
. (8.35)

It follows from the above discussion (eqs. 8.34 and 8.35) and the relation between nA(k) and PA(k,E) (eq. 8.26)
that at large k the dominant contribution to
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PA(k,E)dE arises from the region of large E:
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Note that on average the interaction between the remaining nucleon of the two-nucleon correlation and the rest of
the residual nucleus tends to reduce E(k) but by a small amount (% k2/2m for large k). Equation (8.36) reasonably
agrees with the trend observed in a numerical calculation of P3He(k,E) [468].
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(i.e., until x(y,Q2) becomes smaller than 2; for y = #0.4 GeV/c and A & 1 this corresponds to Q2 > 2 GeV2).
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 Asymptotics of the wave function is determined by the singularity of the 
potential

For the single nucleon density matrix

➠

nA(k) =
!

d3ki!
2
A(ki)"(k ! k1)"(

A"

1

ki)

nA(k)|k!" = a2(A)!2
D(k)

k>kF?
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Would not work for Gaussian potential



n(k) for 2H, 4He 16O, nuclear matter

Pieper et al 92

Consistent with  a fast onset of  asymptotic behavior at k> kF 

a2(n.m.) ~ 5÷6

47



Nucleon Momentum Distributions
Other Observables

DPG Spring Meeting 2003

Bonn-A

0 1 2 3 4

0.00001

0.0001

0.001

0.01

0.1

1.

PSfrag replacements
4He

16O

Bonn A
AV18
!
"
#

radial
VMC
LDA

k [fm!1]

n̂(
k)
/A

[f
m

3 ]

Argonne V18

0 1 2 3 4

0.00001

0.0001

0.001

0.01

0.1

1.

PSfrag replacements
4He

16O

Bonn A
AV18
!
"
#

radial VMC
LDA

k [fm!1]

n̂(
k)
/A

[f
m

3 ]

central

central+
tensor

! correlations induce high-momentum components
! contributions of tensor correlations very big

! di!erent correlator ranges relevant especially at the fermi surface

10

Nucleon Momentum Distributions
Other Observables

DPG Spring Meeting 2003

Bonn-A

0 1 2 3 4

0.00001

0.0001

0.001

0.01

0.1

1.

PSfrag replacements
4He

16O

Bonn A
AV18
!
"
#

radial
VMC
LDA

k [fm!1]

n̂(
k)
/A

[f
m

3 ]

Argonne V18

0 1 2 3 4

0.00001

0.0001

0.001

0.01

0.1

1.

PSfrag replacements
4He

16O

Bonn A
AV18
!
"
#

radial VMC
LDA

k [fm!1]

n̂(
k)
/A

[f
m

3 ]

central

central+
tensor

! correlations induce high-momentum components
! contributions of tensor correlations very big

! di!erent correlator ranges relevant especially at the fermi surface

10

Neff et al 03M. ALVIOLI, C. CIOFI DEGLI ATTI, AND H. MORITA PHYSICAL REVIEW C 72, 054310 (2005)

FIG. 11. The momentum distributions of 16O corresponding to
harmonic oscillator (top) and Woods-Saxon (bottom) wave functions,
giving the best density shown in Fig. 8. The thin solid curves include
only the central correlation function, whereas the thick solid curves
include all of them. Our results are compared with the results of
Ref. [7] (stars), obtained with the same correlation functions. The
results of Ref. [5] obtained within the variational Monte Carlo
approach using the AV 14 interaction are also shown by full squares.
The value of the kinetic energy obtained by integrating n(k) are
!T " = 297.87 MeV (central, HO), !T " = 476.55 MeV (full, HO);
!T " = 306.99 MeV (central, WS), and !T " = 494.48 MeV (full,
WS). In this and the following figures, the normalization of n(k) is
4 !

!
n(k)k2dk = 1.

For the TBD matrix one obtains

"SM
2 (r1, r2) = 1

2

"

#$

[ %&
#(x1) %&

$(x2) %#(x1) %$(x2)

#%&
#(x1) %&

$(x2) %$(x1) %#(x2)]

= 1
2

4 [4 "o(r1) "o(r2) # "o(r1, r2) "o(r2, r1)],

(45)

where "o(r i) = "o(r i , r i).
When OBMD matrix (21) is evaluated with correlated wave

functions (6) at first order of the ' expansion, the following

FIG. 12. The same as in Fig. 11, but for 40Ca and correlation
functions from Fig. 4 and mean-field wave functions giving the best
charge density of Fig. 9. The value of the kinetic energy obtained
by integrating n(k) are !T " = 782.87 MeV (central, HO), !T " =
1178.45 MeV (full, HO); !T " = 836.24 MeV (central, WS), and
!T " = 1245.21 MeV (full, WS).

expression is obtained:

"(r1, r $
1) = "SM(r1, r $

1) + "H (r1, r $
1) + "S(r1, r $

1), (46)

FIG. 13. The effect of the various correlation functions on the
momentum distribution of 16O. f1 approximation, only central corre-
lation; f3 approximation, f (2) = f (3) = f (5) = 0; f6 approximation,
full correlation set, n = 1, . . . , 6. Calculations were performed with
correlation functions from Fig. 3 and HO wave functions.

054310-8

Alvioli et al 05

nA(k) for large k are 
quite different for 

different potentials, 
but a2 values are 

rather close

Calculations confirm dominance of tensor forces, but relative contribution of 
central forces varies from 

  
10 to 20 %

important number for interpretation of E850 pn rates, will use later
←
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The EVA spectrometer and the neutron counters:
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Evidence for the Strong Dominance of Proton-Neutron Correlations in Nuclei

E. Piasetzky,1 M. Sargsian,2 L. Frankfurt,1 M. Strikman,3 and J. W. Watson4

1School of Physics and Astronomy, Sackler Faculty of Exact Science, Tel Aviv University, Tel Aviv 69978, Israel
2Department of Physics, Florida International University, Miami, FL 33199, U.S.A

3Department of Physics, The Pennsylvania State University, University Park, PA, U.S.A
4Department of Physics, Kent State University,Kent, OH 44242,U.S.A

(Dated: September 6, 2006)

Abstract: We analyze recent data from high-momentum-transfer (p, pp) and (p, ppn) reactions
on Carbon. For this analysis, the two-nucleon short-range correlation (NN-SRC) model for backward
nucleon emission is extended to include the motion of the NN-pair in the mean field. The model is
found to describe major characteristics of the data. Our analysis demonstrates that the removal of a
proton from the nucleus with initial momentum 275!550 MeV/c is 92+8

!18% of the time accompanied
by the emission of a correlated neutron that carries momentum roughly equal and opposite to the
initial proton momentum. Within the NN-SRC dominance assumption the data indicate that the
probabilities of pp or nn SRCs in the nucleus are at least a factor of six smaller than that of pn
SRCs. Our result is the first estimate of the isospin structure of NN-SRCs in nuclei, and may have
important implication for modeling the equation of state of asymmetric nuclear matter.

PACS numbers: 21.60.-n, 24.10.-i, 25.40.Ep

Studies of short-range nucleon correlations (SRCs)
in nuclei are important for understanding the short-
distance and large-momentum properties of nuclear
ground state wave functions. The relevant distances in
two-nucleon (NN)-SRCs are expected to be comparable
to that in neutron stars corresponding to 4-10 times the
central density of nuclei [1]. Thus SRC studies are essen-
tial in understanding the structure of cold dense nuclear
matter. In this context the isospin content of SRCs (i.e.
pn vs. pp and nn pairs) is important for understanding
the structure of nuclear matter made of either protons or
neutrons. Studies of SRCs also give the best hope of un-
derstanding the nature of the short-range NN repulsion.

SRCs in nuclei have been actively investigated for
over three decades (see e.g.[2]). However, experimen-
tal studies of the microscopic structure of SRCs were
largely restricted due to moderate momentum-transfer
kinematics in which it is di!cult to resolve SRCs. Re-
cently, several experiments [3, 4, 5, 6, 7] made noticeable
progress in understanding dynamical aspects of SRCs.
For Q2 > 1 GeV2, Refs [4, 5] observed Bjorken xB scal-
ing for ratios of inclusive (e, e!) cross sections of nuclei
A to the 3He nucleus when xB ! 1.4. This confirms
the earlier observation of scaling for nucleus-to-deuteron
cross section ratios[8, 9], and indicates directly that the
electrons probe high-momentum bound nucleons coming
from local sources in nuclei (i.e. SRCs) with properties
generally independent of the non-correlated residual nu-
cleus.

Based on the NN-SRC picture, which is expected to
dominate the internal momentum range of " 250 #
600 MeV/c, one predicts a strong directional (back-
to-back) correlation between the struck nucleon and
its spectator in the SRC. Experiments[3, 6, 7] mea-
sured triple-coincidence events for the 3He(e, e!pp)X and
12C(p, ppn)X reactions, and clearly demonstrated the ex-
istence of such directional correlations. They also re-

vealed a noticeable momentum distribution of the center
of mass (c.m.) of the NN-SRCs.

In this work we extend the NN-SRC model used in
the analyses of A(p, pp)X data[10], to incorporate the
e"ects of the c.m. motion of SRCs. This allows us to
estimate the probability for correlated neutron emission
following removal of a fast proton from the nucleus in
(p, ppn) reactions. Based on this model we extract from
the data an upper limit to the relative probabilities of pp
and nn vs pn SRCs in 12C.

The measurements of 12C(p, ppn)X reactions[6, 7]
were performed with the EVA spectrometer at the AGS
accelerator at Brookhaven National Laboratory [11, 12].
EVA consists of a 0.8 T superconducting solenoid, 3.3 m
long and 2 m in diameter. The 5.9 # 9.0 GeV/c pro-
ton beam was incident along the central axis. Coinci-
dent pairs of high transverse-momentum protons were de-
tected with four concentric cylinders of straw tube cham-
bers. The experimental kinematics are discussed in more
details later. Neutrons were detected in coincidence with
the quasi-elastic knockout of protons from 12C. The large
momentum transfers #t ! 6 GeV 2 in these processes
greatly improve the resolving power of the probe and
validate the instantaneous approximation for description
of the removal of fast bound proton in the pp $ pp sub-
process. For each (p, pp) event, the momentum of the
struck proton !p2 before the reaction was reconstructed
and compared (event by event) with the measured coin-
cident neutron momentum !pn. Due to the " s"10 depen-
dence of the underlying hard pp $ pp cross section, the
scattering takes place preferentially o" a bound proton
with large |p2| in the direction of the beam (minimiz-
ing s)[13], and hence should lead to a significant rate of
emission of backward correlated nucleons due to scatter-
ing o" NN-SRCs. Data confirming these characteristics
of A(p, ppn)X reactions are shown in Fig. 1 for 12C. The
data show no directional correlation for neutrons with
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removal of a proton with 
momentum > 250 MeV/c 

 ~90% probability of emission of neutron 
with similar but opposite  momentum

Jlab preliminary:  
~10% probability 

of proton emission
+

pp scatter at θc.m.=90o

Effect was predicted in  by us in PRL 1989 based on our previous studies of the short-
range correlations effects in hard high energy phenomena



Important kinematic high energy effect:  the light cone fraction of the hit 
nucleon momentum α (α=1   for nucleon with small momentum) since one 
can very accurately measure α1,2 for two forward nucleons 

!1,2 = (Ep ! p3)/mN = (m2

N + p2

3 · sin
2("))/(Ep + p3)

! = !1 + !2 ! m2

N/2pN

Since cross section of the elementary reaction is ∝s-10

α<1 are enhanced as compared to the nucleon (light-cone) momentum 
distribution by a factor α-9  (one factor of   α-1  is cancelled by flux factor)

Studies at lowest energies confirm that nuclear dynamics is well 
understood via study of several effects:

✹

⇒ Strong shift of the  α distribution to α<1

Farrar, Frankfurt, Liu, MS (FFLS) 89

Shift is observed - shape of α distribution is consistent with the light 
cone model of nuclear spectral function with short-range correlations of 
Frankfurt & MS
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and all were shown on a logarithmic scale to emphasize their

shapes. The data are compared to the calculations in Sec. V.

V. COMPARISON OF THE CALCULATIONS WITH THE

DATA

A. The longitudinal „!… distributions
As was mentioned in Sec. III the calculations are imple-

mented through a Monte Carlo code that allows incorpora-

tion of the theoretical calculations with the multidimensional

kinematic cuts applied in the experiment. The following cuts

have been included in the calculations: !1" The angular and #
acceptances are constrained for the same ranges as presented

in Sec. IV for the data. !2" 60°!$c.m.!120° !for all target
positions". The calculations include all the described nuclear
effects !EMC, ISI/FSI, and CT".
Figure 13 shows the measured longitudinal # distributions

at 5.9 GeV/c and 7.5 GeV/c together with the calculations.

In the calculation we used the two-nucleon correlation model

for the high-momentum component of the nuclear wave

function, discussed in Sec. II. For the parameter a2(
12C)

which defines the strength of the SRC in the nuclear spectral

function %Eq. !9"& we used the value a2'5 obtained from the
analysis of high Q2 and large Bjorken x A(e ,e!)X data Ref.
%15&.
The calculations agree well with the data, (2"0.8 for

5.9 GeV/c and (2"2.0 for 7.5 GeV/c .
The next question we ask is whether the data allow us to

understand the ingredients contributing to the strength of the

# distribution at lower # values.
First, we determine whether the high-momentum-transfer

elastic pp scattering off the bound nucleon still follows the

s#10 energy dependence. In Fig. 14 we compare the calcula-

tions using s-independent ‘‘pp cross sections’’ !triangle
points" and the ‘‘real’’ pp cross sections parametrized ac-
cording to Eq. !10" !solid points". If there were no scaling for
hard pp scattering in the nuclei, the #-distribution would

peak around #"1, as shown by the calculations with no ‘‘s
weighting’’ !triangles". The data clearly show a shift to lower
#, which confirms the strong s dependence of the quasielas-
tic process.

Next we address the question of whether the strength seen

at #!1 comes from SRC in the nucleus. Figure 15 shows

two calculated # distributions for the incoming proton mo-

mentum of 5.9 GeV/c . One distribution is calculated with

the harmonic oscillator wave function only %i.e., a2"0, in
Eq. !9"& !triangle points". The second distribution is calcu-
lated with the SRC contribution to the high-momentum tail

of the nuclear wave function, described by a2"5 !solid
points". These two nuclear wave functions were referred to

FIG. 13. A comparison between calculated # distributions !!"
and the experimental data !"" at 5.9 GeV/c !a" and 7.5 GeV/c !b".

FIG. 14. Calculated longitudinal # distributions with !!" and
without ()) s weighting compared to the measured data !"", at
5.9 GeV/c !a" and 7.5 GeV/c !b".

FIG. 15. Longitudinal # distributions for 5.9 GeV/c !", data;
), calculations with a2"0; !, calculations with a2"5.0).

INVESTIGATION OF THE HIGH MOMENTUM . . . PHYSICAL REVIEW C 66, 024601 !2002"
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%15&.
The calculations agree well with the data, (2"0.8 for

5.9 GeV/c and (2"2.0 for 7.5 GeV/c .
The next question we ask is whether the data allow us to

understand the ingredients contributing to the strength of the

# distribution at lower # values.
First, we determine whether the high-momentum-transfer

elastic pp scattering off the bound nucleon still follows the

s#10 energy dependence. In Fig. 14 we compare the calcula-

tions using s-independent ‘‘pp cross sections’’ !triangle
points" and the ‘‘real’’ pp cross sections parametrized ac-
cording to Eq. !10" !solid points". If there were no scaling for
hard pp scattering in the nuclei, the #-distribution would
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weighting’’ !triangles". The data clearly show a shift to lower
#, which confirms the strong s dependence of the quasielas-
tic process.

Next we address the question of whether the strength seen

at #!1 comes from SRC in the nucleus. Figure 15 shows

two calculated # distributions for the incoming proton mo-

mentum of 5.9 GeV/c . One distribution is calculated with
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lated with the SRC contribution to the high-momentum tail

of the nuclear wave function, described by a2"5 !solid
points". These two nuclear wave functions were referred to

FIG. 13. A comparison between calculated # distributions !!"
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and all were shown on a logarithmic scale to emphasize their

shapes. The data are compared to the calculations in Sec. V.
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This prediction agrees well with a detailed analysis of the 
EVA data by I.Yaron, E.Piasetzky, M.Sargsian and F&S  2002 

within 2N SRC model including fsi effects, etc
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Directional correlation
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Pn>220 MeV/c

Pn<220 MeV/c

The  EVA/BNL collaboration 

(p,2pn)

(p,2p) data do find high momentum component - 
is it mostly due to 2N SRC?



Probability to emit a neutron in (p,2p):

Triple rate- (p,ppn)

  Double rate (p,2p) corrected for detector efficiency 

This is a lower limit on the coincidence rate since no estimate was made of 
the correction due to the angular acceptance of the neutron detector 
(requires a theoretical model for neutron production).

=

For  Pp>PF,  Pn>PF
( 49 ± 13 ) %

For  Pp<PF,  Pn>PF

0

A.  Tang  et al  Phys.  Rev.  Lett. 90 ,042301 (2003) :

“ Therefore we conclude that 2N-SRC must be a major source of high-momentum nucleons 
in nuclei.”
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New theoretical analysis (Piasetzky et al 06):

● Develop a model for the decay function based on 2N SRC - similar to the 
model  for the spectral function:   convolution of (deuteron wave function)2 

and c.m. of NN pair
2

2

2
rel

2
rel  )(P  ) (P σψρρ

CMP

DCMCMsrcnp eAaPD
−

== )()(

σ is very similar to one calculated by  Ciofi PRC 44(1991)7 in 2N SRC model 
to model the carbon spectral function 

● A stricter cut on the nucleon momenta: pmin=275 MeV/c

F = 43+11
!7 %

● Introduced a small correction for absorption been larger for 
(p,2pn) than (p,2p) (correction is small since scattering off the edge by 
virtue of large absorption in (p,2p))

The errors are dominated by the statistics of the triple coincidence measurement.

The  measured longitudinal  CM   momentum of  the  correlated  pair is:
σ = 143 ± 17 MeV/c. 
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Define the probability of finding a np-SRC pair:
 

Pnp/X+np
X includes pp pairs, 3N SRC, scattering off  mean field
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np-SRC dominance:

Increase of  Pnp/X+np    due to Fermi motion of the pair - typical trigger bias effect - selecting a 
fast nucleon triggers on the pairs moving in the same direction and hence having recoil nucleon with 
smaller momentum which has a larger chance to be missed.

First experimental
information on Pnp/X+np 

Jlab (e,e’pp), (e,e’pn) experiment at Q2= 2 GeV2. Different kinematics - same effect - 
strong correlation for pn channel, suppression of pp channel as compared to pn 

channel by a factor ~9 - consistent with our analysis of the BNL data 



What is a naive expectation for Pnp/X+np?

Wigner SU(4) symmetry - probabilities of pp, pn, nn pairs are related as :

Ppp:Ppn:Pnn=1: 4:1 
In coincidence  rate pp pairs enter with a factor of 2

Pnp/X+np=2/3

However tensor correlations  are strongly enhanced according to nonrel. calculations 
of n(k).  Scalar ones contribute fraction λ~ 10-20% to n(k) for discussed momentum 
range. Assuming that tensor correlations are predominantly pn correlations (likely but 
not proven), and scalar SRC are isotriplet

➔➠ Data indicate enhancement 
of pn SRC

Ppp/pp+np=

Studies of pp/pn yields will allow to discriminate between different models of nuclei/ NN interaction at high 
nucleon densities.

57

2!

3
= .07÷ .14



Joint analysis of the backward neutron data, shape of  the α  distribution and (e,e’) 
x>1 data for the scaling of the rations shows consistency of the interpretation and 

strong dominance of the pn over pp short-range correlations. 
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New Jlab data from Hall B. 
Q2 > 1.5 GeV2

Fe/C ratios for x~1.75, 
x~2.5 agree within 
experimental errors with 
our prediction - density 
based estimate:

The best evidence for presence of 3N SRC. One probes 
here  interaction at internucleon distances <1.2 fm 
corresponding to local matter densities ≥5ρ0  which is 
comparable to those in the cores of neutron stars!!!  

confirm our 1980 prediction of 
scaling for the ratios due to SRC
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r2 = (A1/A2)0.15

r3 = (A1/A2)0.22

Scientists believe that the crushing forces
in the core of neutron stars squeeze nucle-
ons so tightly that they may blur together.
Recently, an experiment by Kim Egiyan and
colleagues in Hall B at the US Department
of Energy’s Jefferson Lab caught a glimpse
of this extreme environment in ordinary
matter here on Earth. Using the CEBAF
Large Acceptance Spectrometer (CLAS)
during the E2 run, the team measured
ratios of the cross-sections for electrons
scattering with large momentum transfer
off medium, and light nuclei in the kine-
matic region that is forbidden for low-
momentum scattering. Steps in the value
of this ratio appear to be the first direct
observation of the short-range correlations
(SRCs) of two and three nucleons in nuclei,
with local densities comparable to those in
the cores of neutron stars.

SRCs are intimately connected to the
fundamental issue of why nuclei are dilute
bound systems of nucleons. The long-range attraction between nucle-
ons would lead to a collapse of a heavy nucleus into an object the
size of a hadron if there were no short-range repulsion. Including a
repulsive interaction at distances where nucleons come close
together, !0.7 fm, leads to a reasonable prediction of the present
description of the low-energy properties of nuclei, such as binding
energy and saturation of nuclear densities. The price is the prediction
of significant SRCs in nuclei.

For many decades, directly observing SRCs was considered an
important, though elusive, task of nuclear physics; the advent of
high-energy electron–nucleus scattering appears to have changed
all this. The reason is similar to the situation encountered in particle
physics: though the quark structure of hadrons was conjectured in
the mid-1960s, it took deep inelastic scattering experiments at SLAC
and elsewhere in the mid-1970s to prove directly the presence of
quarks. Similarly, to resolve SRCs, one needs to transfer to the
nucleus energy and momentum "1 GeV, which is much larger than
the characteristic energies/momenta involved in the short-distance
nucleon–nucleon interaction. At these higher momentum transfers,
one can test two fundamental features of SRCs: first, that the shape
of the high-momentum component (>300 MeV/c) of the wave func-
tion is independent of the nuclear environment, and second, the
balancing of a high-momentum nucleon by, predominantly, just one
nucleon and not by the nucleus as a whole.

An extra trick required is to select kinematics where scattering off

low-momentum nucleons is strongly sup-
pressed. This is pretty straightforward at
high energies. First, one needs to select
kinematics sufficiently far from the regions
allowed for scattering off a free nucleon,
i.e. x = Q2/2q0mN < 1, and for the scatter-
ing off two nucleons with overall small
momentum in the nucleus, x < 2. (Here Q2

is the square of the four momenta trans-
ferred to the nucleus, and q0 is the energy
transferred to the nucleus.) In addition,
one needs to restrict Q2 to values of less
than a few giga-electron-volts squared; in
this case, nucleons can be treated as par-
tons with structure, since the nucleon
remains intact in the final state due to final
phase-volume restrictions.

If the virtual photon scatters off a two-
nucleon SRC at x > 1, the process goes as
follows in the target rest frame. First, the
photon is absorbed by a nucleon in the
SRC with momentum opposite to that of

the photon; this nucleon is turned around and two nucleons then fly
out of the nucleus in the forward direction (figure 1). The inclusive
nature of the process ensures that the final-state interaction with
the rest of the nucleus does not modify the cross-section. Accord-
ingly, in the region where scattering off two-nucleon SRCs domi-
nates (which for Q2"1.4 GeV2 corresponds to x > 1.5), one predicts
that the ratio of the cross-section for scattering off a nucleus to that
off a deuteron should exhibit scaling, namely it should be constant
independent of x and Q2 (Frankfurt and Strikman 1981). In the
1980s, data were collected at SLAC for x > 1. However, they were in
somewhat different kinematic regions for the lightest and heavier
nuclei. Only in 1993 did the sustained efforts of Donal Day and col-
laborators to interpolate these data to the same kinematics lead to
the first evidence for scaling, but the accuracy was not very high.

The E2 run of the CLAS detector at Jefferson Lab was the first exper-
iment to take data on 3He and several heavier nuclei, up to iron, with
identical kinematics, and the collaboration reported their first find-
ings in 2003 (Egiyan et al. 2003). Using the 4.5 GeV continuous
electron beam available at the lab’s Continuous Electron Beam
Accelerator Facility (CEBAF), they found the expected scaling behav-
iour for the cross-section ratios at 1.5 ! x ! 2 with high precision.

The next step was to look for the even more elusive SRC of three
nucleons. It is practically impossible to observe such correlations in
intermediate energy processes. However, at high Q2, it is straightfor-
ward to suppress scattering off both slow nucleons and two-nucleon

NUCLEAR PHYSICS
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Close nucleon encounters
Jefferson Lab may have directly observed short-range nucleic correlations, with densities

similar to those at the heart of a neutron star. Mark Strikman explains.

Fig. 2. Scattering of a virtual photon off a
three-nucleon correlation, x > 2, before (left)
and after (right) absorption of the photon.

Fig. 1. Scattering of a virtual photon off a two-
nucleon correlation, x > 1.5, before (left) and
after (right) absorption of the photon.

!!

1<x<2

Ratio of the cross sections of (e,e’)scattering off a 
56Fe(12C,4He)  and 3He per nucleon



The recent experiments confirmed merits of high momentum transfer probes for study 
of SRC.  Further studies are necessary, preferably using both leptonic and hadronic 
projectiles. It is crucial to establish that different probes give the same results for SRC. 
Set-up is the same as for CT measurements - can be done simultaneously.

Studies of forward - backward correlations for a range of light nuclei 3He/4He(e,e’)pp/pn 
at Jlab at Q2=2 ÷4 GeV2. and at J-PARC with protons of energies starting at 6 GeV.  A-
dependence of the pp/pn ratio, its dependence on momentum of hit nucleon. Need 
statistics > 100 times higher than EVA
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Looking for effects of 3N correlations in A(p,p’ p +2 backward nucleons). 
Reminder: for the neutron star dynamics mostly isotriplet nn, nnn,..   SRC are relevant.
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In the kinematics where CT sets in look for effect of the suppression 
of point-like configurations in bound nucleons in reaction

 p +2H→ pp + “backward neutron” 

Calculation of the nuclear LC wave functions, spectral 
functions and decay functions  for A>2 

Looking for non-nucleonic degrees of freedom.

Look for channels forbidden for scattering off single nucleons but 
allowed for scattering off exotics: Δ’s 6q... .

Important tool for the analysis:  αΔ < 1 cut as the αΔ distribution is broader than αN   distribution.

p + A! !++ + p + (A" 1)



Hard exclusive two-body and branching processes with beams of energies 
10 - 50 GeV would provide unique opportunities to study fine details of 
the quark-gluon structure of hadrons, QCD dynamics in non-vacuum 
channel, including studies of baryo(meso)-baryonic, meso-mesonic GPDs 
with a nice complementarity in baryo-baryonic  case to the 12 GeV Jlab 
program, and possible links to experiments at RHIC and LHC.. 

Conclusions

Hard exclusive processes with nuclei - unique tools for probing both 
dynamics of elementary reactions (CT,  origin of large spin effects in the 
polarized pp scattering...)  and performing detailed study of the SRC in 
nuclei including search for exotic components in the nuclear wave function


