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“Pre outline”
 Theme of this and two following talks: 
   QCD  with nuclei 
  QCD in nuclei (Nuclear structure using hard probes)

High energy large angle processes with nuclei - brief history:

Test large angle dynamics: Brodsky & Mueller - σ~A

Not so quick - quantum diffusion (Farrar, Frankfurt, MS)

But nearly perfect probe  of short-range nuclear structure (Farrar, LF, MS)

Outline
Theoretical summary of transparency phenomena

Three regimes of transparency for  γA→M+B+(A-1): 
  (a) onset of point-like photon regime, (b)  geometric  regime  
(c) onset of color transparency regime

✹

✹

✹ Precision studies with 2H, 4He 

✹
       ✹



Soft

Regime

Matching Region

Hard

Regime

QCD  with nuclei
Color transparency (CT) phenomenon plays  a dual role:
✠   probe of the high energy dynamics of strong interaction 
  ✠   probe of minimal small size  components of the hadrons 

at intermediate energies also a unique probe of the space time evolution of wave packages 
 relevant for example for  interpretation of Heavy Ion data

Basic tool of CT: suppression of interaction of small size color singlet 
configurations.

For a dipole of transverse size d:     

σ= cd2   in the lowest order in αs (two gluon exchange F.Low 75)

where S is sea quark distribution  for quarks making up 
the dipole.   

(Baym et al 93, FS&Miller 2000)

Maybe 
important at 
Jlab energies

⇤(d, xN ) =
⇥2

3
�s(Q2

eff )d2
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ABC of CT: squeeze and freeze 

Squeezing: (a) high energy CT

Select special final states: diffraction of pion into two high pt  jets: dqq~ 1/pt-✵

✵ Select a small initial state:  γ*L   - dqq~ 1/Q- in  γ*L + N→ M+ B    

QCD factorization is valid for these processes with the proof based on the CT 
property of QCD 

(b) Intermediate energy CT

✽ Nucleon form factor

✽ γ*L (γ*T ?)+ N→ M+ B

✽Large angle (t/s = const) two body processes:  a+ b →c+ d 

4



Definition of transparency  for incoherent processes

Complete transparency: T=1 (impulse approximation) 

Comment: at small x  change of dynamics - CT 
disappears but generalized CT holds.   Example:

�(�A ! J/ A)

A

2
�(�N ! J/ N) |t=0

=

"
GA(x,Q2

eff )

AGN (x,Q2
eff )

#2

At LHC for x=10-3,  R=.36  

R=

agrees with predictions of Guzey, LF, MS

T (A) =
�(a+A)

A�(aN)
,where a=e,�, h



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)

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. 

lcoh~ (0.4 - 0.6) fm pN[GeV]

p
p

p

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

lcoh
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Quantum 
Diffusion 
model 

of expansion

Note: Quantum diffusion model & multihadron basis with build in CT (Miller 
and Jennings) leads to similar numerical results for CT are very similar. 

actually incoherence length

MC at RHIC assume much larger lcoh

-

e
p

e

eA→ ep (A-1) at large Q

lcoh
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γ
π

p

γA→ πp (A-1) at large t 
and intermediate energies

lcoh



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

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

(π wave funct)2

prediction

High energy color transparency is well established

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

dominates!!!  

Q2(� f.f.) � 4k2
t (jet)

⇐strong squeezing in π form 
factor

 for Q2=6 GeV27



QCD factorization theorem for DIS exclusive meson 
processes (Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector 
mesons,small x; general case Collins, Frankfurt, MS 97). The prove 
is based (as for dijet production) on the CT property of QCD not 
on closure like the factorization theorem for inclusive DIS.   

partonic scattering process, which is calculable in powers of . The indices label

the different parton species. The contribution of diagrams in which the hard scattering process

involves more than the minimum number of partons is suppressed by . An important con-

sequence of factorization is that the –dependence of the amplitude rests entirely in the GPD.

Thus, different processes probing the same GPD should exhibit the same –dependence.

4.2 Space–time picture: “Squeezing” of hadrons

The physics of hard exclusive processes at small becomes most transparent when following

the space–time evolution in the target rest frame. As in the case of inclusive scattering, this

approach allows one to expose the limits of the leading–twist approximation, and to quantify

power corrections due to the nite transverse size of the produced meson.

In exclusive vector meson production, , one can identify three distinct stages

in the time evolution in the target rest frame. The virtual photon dissociates into a dipole

of transverse size at a time coh before interacting with the

target, cf. Eq. (3). The dipole then scatters from the target, and “lives” for a time

before forming the nal 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.

In the leading logarithmic approximation in QCD , the effects of QCD radiation can

again be absorbed in the amplitude for the scattering of the small–size dipole off the target. It

can be shown by direct calculation of Feynman diagrams that the leading term for small dipole

sizes is proportional to the generalized gluon distribution, eff , where eff

[7]. A simpler approach is to infer the result for the imaginary part of the amplitude from

the expression for the cross section, Eq. (6), via the optical theorem. The imaginary part is

proportional to the generalized gluon distribution at and . At sufciently large

t

x
1

!xx
1

process
Hard scattering

amplitude
Meson distribution

Generalized
parton distribution

f

H

!
"*

L

M

Figure 4: Factorization of the amplitude of hard exclusive meson production, Eq. (12).
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(iv)  the ratio  !L/!T >> 1 at large Q2    for  " and #-meson  production

(v) at Q2 >  5 GeV2 for SU(3) symmetry is restored for #/" - ratio ~ 2/9

! Presence of small size  qq Fock componentss in light mesons is 
unambigously established

!

!

-

At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )

Intermediate energies

Main issues 
At what Q2 / t  particular processes select PLC  -  for 
example interplay of end point and LT contributions in the 
e.m. form factors, exclusive meson production.

☛

☛ lcoh = (0.4 ÷0.6  fm ) ph [GeV]  ➜ ph=6 GeV  
corresponds   lcoh = 3 fm ~ 1/σNNρ0

need high energies to see large CT effect even if squeezing is effective at 
lower energies

9



Experimental situation

Energy dependence of transparency in (p,2p) is observed for energies 
corresponding to lcoh ≥  3 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  -
 (more details in Kawtar Hafidi talk)

Note that elementary reaction for Jlab 
kinematics is dominated by ERBL term so γ* 
N interaction is local. γ* does not transform 
to  qq distance 1/mNx before nucleon-

10
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☀ VM production

CT is observed for γ+A →J/ψ +A at FNAL  (Sokoloff et al)

 ◆     ρ -meson production at high energies - inconclusive - some 
evidence in incoherent scattering  - E665, HERMES - missing  energy is 
significant - hadrons can be produced - in principle a different type of 
process. 

◆
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Gain in energy of a factor of two even for the same Q2  should 
greatly improve freezing and hence amplify the effect

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

2 4 6 8 10 12

Pion Momentum [GeV]

Transparency and Glauber for 12C

T

FIG. 1: Transparency and Glauber-like calculation for a 12C target and pion momentum up to 12

GeV. The top curve is for Color Transparency calculated with σPLC = 0. The next three curves

are for σPLC ∝ 1/Q2 evaluated at Q2 = 10, 5 and 2.5 GeV2 respectively. ∆M2= 0.7 GeV2.

II. THE SEMI-CLASSICAL APPROXIMATION

The final state interactions of semi-exclusive nuclear reactions can be described quite

well by Glauber-type calculations. If a PLC is created inside the nucleus and subsequently

evolves into a physical particle its final state interactions will be modified and transparency

will result.

If one is summing over all nuclear final states, the nuclear transparency can be defined

as the ratio of a model calculation of a nuclear cross section (including the effects of FSI’s)

to the (A times the) cross section produced by a free nucleon target. The use of this ratio

allows one to assess the influence of FSI’s without having a detailed knowledge of the reaction

dynamics.

A semi-classical formula [11] has been developed to compute nuclear transparency for

situations in which the kinematics of the outgoing pion are known precisely, but the cross

section involves a sum over all of the excited nuclear states [12] The strength of the final state

interactions depends on an emission probability computed using the eikonal approximation

and an effective interaction that parameterizes the variation of the final state interactions

as the ejectile propagates through the nucleus. If the particle produced inside the nucleus

is a PLC which then expands into the observed final state, the interaction with the nuclear

3

Glauber

CT

Q2 (GeV2)

10
5

2.5

∞

Diffusion  model predictions 
(Larson, Miller, MS  06)

For large lcoh the CT effect is larger  for heavy nuclei. Larger sensitivity 
to expansion than to degree of squeezing as soon as it is large enough.

12

Critical test - experiments at 11 GeV a strong increase of the 
transparency with energy for fixed Q2.



Typical pQCD 
diagrams for 

elastic pp 
scattering

Early QCD approach (Brodsky - Farrar - Lepage)  
Lowest order pQCD diagrams for form factors, two body processes 
involving all constituents

p p’
H exchange of gluons between all three quarks

So far we do not understand the origin 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,... 
and even form factors

d⇥

d�c.m.
= f(�c.m.)s(�

P
nqi�

P
nqf

+2) Indicates dominance of minimal Fock 
components of small size:

r2transverse / 1/Q2
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Kinematics for θcm=90o

●a
b

c
θlab

θlab (for θcm=90o)≈mN/√ s

Very good resolution in light-cone variable αh=(Eh-p3h)/mN   for b, c

�b = �c �
sin2(⇥lab)pb

4mN

8

50 100 150 200A

6.
8.
10.
12.
��A⇥⇤��N⇥

FIG. 3. (Color online) Ratios of nuclear ⇥(A) to ⇥(N) for three di�erent values of the e�ective cross
section:25 mb (dot-dashed),20 mb (dashed), 15 mb (solid).
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FIG. 4. (Color online) Proton emission angle �em as a function of �t. Exact kinematics are used for
a proton initially at rest.Proton emission angle in the rest frame



R. L. ANDERSON et al.

TABLE VI. Cross-section tabulation for the process
vp-(P'+ ~)P. 100 =

I 1 I

~ XP—tP +~IP

-t l(GeV/~)'l d~/dt [nb/(Ge V/~)'1

1.25
1.88
2.66
3.56
4.52
5.39

&=4 GeV

0.589
0.381
0.125
-0.172
-0.489
-0.777
&=6 GeV

555
56.S
26.5
14.5
31.4
53.3

+ 52
5.7
2.3
1,9

+ 2.0
5.6

bl

10 =

1.75
3.66
4.33
5.89
6.75

0.644
0.255
~.118
-0.200
-0.375

20.0 + 3.1
2.28 + 0.39
0.83+ 0.25
1.16+ 0,22
1.17~ 0.21

0.1 =

0.01
8

! l

10 12
s (GeV')

l l

14 16

ence of yp - ~ n" is s '"".The yp- (p'+ ~)p
statistics are not good enough to make a meaning-
ful s-dependence comparison, but the s dependence
is consistent with that of the other processes. It
is interesting to note that these two pxoeesses
with the highest 90' e.m. cross sections involve
final-state particles with higher spin„viz. the p,
~, and 6".

2. The scaEing features of the cross sections

FIG. 19. 90 c.m. values of do'/dt versus s for some
of the processes measured in this experiment. The
function s 7 is shown as a solid line for reference, and
the dashed lines represent the trend of the data.

comparison is qualitative in nature, but an s '
extrapolation from the 4-7.5 GeV region is in
fairly good agreement with 90 c.m. cross sections
down to -700 MeV photon energy, where resonance
phenomena have become increasingly important.
This suggests that the central region is correlated
with s-channel processes and is perhaps related
closely to low-energy photon processes.

The data of this experiment are primarily con-
centrated in the region -0.6~ cos6)*~0.6, and
the figures showing s'do/dt versus cos8* indicate
that an s ' energy dependence at a fixed angle is
a faixly good representation of the cross sections.
The angular distributions are also qualitatively
similar for all reactions, but no detailed function-
al comparison has been made. These aforemen-
tioned properties indicate that the data can be rep-
resented approximately by do/dt- s 'f(cos8~),
showing qualitatively that the s and cos8* depend-
ences show a simple scaling behavior.

3. Exirupolation to the resonance region

10~

8 IO

b[- io'

IOO

10

It is of interest to examine the central-region
cross sections with an s ' extrapolation back to
the resonance region (-700 —1000 MeV). This
extrapolation is shown in Fig. 20 for the reaction
yp m'n, and shows the data of the present experi-
ment, together with lower energy 90' e.m. data
from NIT" and Calteeh. " Again, this sort of

4 6 8 10
s (GeV )

20

FIG. 20. 90' c.m. values of do'/dt versus s for the
process yp x+n from several experiments from F.y=700 MeV to E& =7.5 GeV. The solid line shows the
function s for reference.

Spin =1 &3/2  are  enhanced; 
similar trend for pi - N scattering !!!
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dσ
/d

t, 
nb

/G
eV

2  

plab, GeV/c

p(γ,π+n)

Θc.m.=900

t=-3 GeV2

t=-8 GeV2

FIG. 1. The differential cross section of the γp → π+n scattering vs photon beam momentum.

Thick solid, thin solid and dashed lines correspond to calculations at Θ∗ = 90o, t = −3 GeV2 and

t = −8 GeV2, respectively.
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dσ
/d

t, 
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2  
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p(γ,π+n), plab=10 GeV/c

FIG. 2. The differential cross section of the γp → π+n scattering vs kinematic invariant −t at

fixed beam momentum of 10 GeV/c.

2

The differential cross section of the 
γp → π+n scattering vs kinematic 

invariant −t at fixed beam 
momentum of 10 GeV/c. 

Small u

7 →point γ

Summary  on exclusive two body reactions at large t
d�(� + p ! h+ p)

d⌦c.m.
=

1

s7
f(⌦c.m.)
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Indicates dominance of minimal Fock components of 
small size?

n-2=8

n-2=10

Puzzle - power counting roughly works  for many large angle processes- they  do not 
look as soft physics - quark degrees of freedom are relevant.

n-2=8

n-2=8
n-2=8
n-2=8

n-2=10

n-2=8

n-2=8
Reactions 

where quark 
exchanges 
are allowed 
have much 
larger cross 

sections 

However absolute values of say form factors  are too small, 
large angle Compton  expectations contradict the data, etc 



Interesting regularity: 
dσK+p→K+p

dθc.m.

(θ = 90o) >
dσπ+p→π+p

dθc.m.

(θ = 90o) >
dσπ−p→π−p

dθc.m.

(θ = 90o)

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  ±.25

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. 
Measurements with photons  + measurements with hadronic beams ( J-PARC?)  
may clarify dynamics

17

d�K

+
p!K

+
p

d✓
c.m.

(✓ = 90o)/
d�⇡

+
p!⇡

+
p

d✓
c.m.

(✓ = 90o) ⇠ (f
K

/f
⇡

)2 ⇠ 1.43



Alternative approaches to pQCD minimal Fock state diagrams

Kivel, Vanderhaeghen PRD,2010

Q2 � Q⇤ ⇠ m2
N

Intermediate  scale 

hard-collinear scale is not large

 space like --- nucleon form factor 

applied to

 reminder: Jlab data contradict\ quark counting rules.

large angle Compton scattering 

◉

◉

d�(� + p ! � + p)

d⌦c.m.
=

1

s7
f(⌦c.m.) not 1/s6



New idea:   Kivel, Vanderhaeghen PRD,2010

Q2 � Q⇤ ⇠ m2
NIntermediate  scale hard-collinear scale is not 

large

 space like --- nucleon form factor and large angle Compton scattering

applied to

time like --- nucleon form factor                       and pp̄ $ e+e� pp̄ $ ��

19



Revealing mechanism of two body processes like   γ(γ*) +N →  γ(π)+ N

Three regimes to probe:

a) Discovering transition from  regime of VDM photon to regime 
of unresolved photon acting as elementary particle ( point-like)

 t=-t0 ~ 1÷ 2 GeV2

b) Exploring regime of geometric transparency  for interaction of 
unresolved photon:

comparing strengths of interactions of various 
mesons (π, ρ,η, η’,Κ*,...), baryons (N,Δ) 

c) Looking for onset of color transparency

and using them to understand hadronic structure of photon, 
compare interactions of  different hadrons, CT



Revealing mechanism of two body processes like   γ(γ*) +N →  γ(π)+ N

Question: at what t the processes become hard? At what t does  
transition occurs  from hadronic to quark degrees of freedom?

(a) A rather fast change of A-dependence from A1/3 to A2/3

G.Miller and MS
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In the region of - t ~ t0 we can check squeezing of meson 
by detecting only meson but allowing only modest  recoil 
masses to suppress soft pion production.  In this case we 
expect approach to CT much earlier. If CT is observed it 
would be possible to measure nondiagonal nucleon GPDs at 
large t. 



Exploring regime of geometric transparency  for interaction 
of unresolved photon: comparing strength of interactions of 
mesons (π, ρ,η, η’,Κ*,...), baryons (N,Δ) with nucleons

Starting point - Geometric model (semiclassical Glauber) works 
well in a large range of s,t.

Double ratio

is sensitive to �in(h1N)/�in(h2N)

R(A) =
�(� +A ! h1 +N + (A� 1)⇤)

�(� +A ! h2 +N + (A� 1)⇤)
/
�(� +N ! h1 +N)

�(� +N ! h2 +N)
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Testing squeezing of hadrons in large angle processes - color 
transparency. Jlab confirmed our estimates of the rate and pattern 
of space - time evolution of quark - antiquark wave packages. Under 
otimistic assumption that squeezing starts for -t ~ 1 GeV2 one 
finds a significant increase of transparency 



0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

5 10 15 20

T

plab, GeV/c

12C(γ,π-p), Θc.m.=900

CT
Glauber

0.0

0.1

0.2

0.3

0.4

0.5

5 10 15 20

T

plab, GeV/c

197Au(γ,π-p), Θc.m.=900

CT
Glauber

FIG. 6. The transparency for the A(γ,π−p) semiexclusive process for 12C and 197Au target nuclei

at Θ∗ = 90o vs photon beam momentum. The band and solid line correspond to the quantum

diffusion and Glauber model calculations, respectively. The upper (lower) boundary of the band

is given by ∆M2 = 0.7 (1.1) GeV2.

|u| as compared to the case of scattering at Θ∗ = 90o when one of the particles is necessarily

emitted to vacuum in peripheral collisions.

Fig. 8 displays the transparency T as a function of −t at the fixed beam momentum of

10 GeV/c. As we see, the effects of CT are strongest at t ≃ −9 GeV2 which corresponds to

7

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

5 10 15 20

T

plab, GeV/c

12C(γ,π-p), Θc.m.=900

CT
Glauber

0.0

0.1

0.2

0.3

0.4

0.5

5 10 15 20

T

plab, GeV/c

197Au(γ,π-p), Θc.m.=900

CT
Glauber

FIG. 6. The transparency for the A(γ,π−p) semiexclusive process for 12C and 197Au target nuclei

at Θ∗ = 90o vs photon beam momentum. The band and solid line correspond to the quantum

diffusion and Glauber model calculations, respectively. The upper (lower) boundary of the band

is given by ∆M2 = 0.7 (1.1) GeV2.

|u| as compared to the case of scattering at Θ∗ = 90o when one of the particles is necessarily

emitted to vacuum in peripheral collisions.

Fig. 8 displays the transparency T as a function of −t at the fixed beam momentum of

10 GeV/c. As we see, the effects of CT are strongest at t ≃ −9 GeV2 which corresponds to

7

The bands are  CT calculations with a fast squeezing, unresolved 
photon and  

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

5 10 15 20

T

plab, GeV/c

12C(γ,π-p), Θc.m.=900

CT
Glauber

0.0

0.1

0.2

0.3

0.4

0.5

5 10 15 20

T

plab, GeV/c

197Au(γ,π-p), Θc.m.=900

CT
Glauber

FIG. 6. The transparency for the A(γ,π−p) semiexclusive process for 12C and 197Au target nuclei

at Θ∗ = 90o vs photon beam momentum. The band and solid line correspond to the quantum

diffusion and Glauber model calculations, respectively. The upper (lower) boundary of the band

is given by ∆M2 = 0.7 (1.1) GeV2.

|u| as compared to the case of scattering at Θ∗ = 90o when one of the particles is necessarily

emitted to vacuum in peripheral collisions.

Fig. 8 displays the transparency T as a function of −t at the fixed beam momentum of

10 GeV/c. As we see, the effects of CT are strongest at t ≃ −9 GeV2 which corresponds to

7

AL&MS

Spin dependent CT  effects?



The transparency for the 12C(γ,π−p) 197Au(γ,π−p) semiexclusive 
processes at plab = 9 GeV/c vs −t assuming that squeezing is 
determined by min{-t,-u} (↓   -t,& -u > 3 GeV2  ↓ )

0.3

0.4

0.5

0.6

0 20 40 60 80 100 120 140 160 180

T

Θc.m., GeV/c

γ 12C → π- p, plab=9 GeV/c

CT
Glauber

↓ ↓ 0.1

0.2

0.3

0 20 40 60 80 100 120 140 160 180

T

Θc.m., GeV/c

γ 197Au → π- p, plab=9 GeV/c

CT
Glauber

↓ ↓↓ ↓ ↓ ↓

AL&MS



0.10

0.12

0.14

0.16

0.18

0.20

0 20 40 60 80 100 120 140 160 180

T

Θc.m., GeV/c

γ 197Au → M B, plab=9 GeV/c, Glauber

K+ Λ
π- p
π0 p

0.35

0.40

0.45

0.50

0 20 40 60 80 100 120 140 160 180

T

Θc.m., GeV/c

γ 12C → M B, plab=9 GeV/c, Glauber

K+ Λ
π- p

AL&MS



Summary: Two body large angle reactions with nuclei would allow 
to reveal interplay of hard and soft components of photon, 
compare properties of different mesons, discriminate between 
different reaction mechanism.

The same experiment will allow to study short-range structure of 
nuclei (next two talks)
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Reactions with the lightest nuclei - precision  tools

Use of the process γD→π-pp  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.  Analog of the process we considered ( Frankfurt , Piasetzky, Sargsian, MS)
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FIGURES

Single scattering (a) and double scattering contribution (b) to exclusive vector meson
production in photon-deuteron collisions.
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Coherent processes
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Figure 2

The cross section dσγd→ρd/dt for photoproduction of ρ-mesons from unpolarized deu-
terium. The full curve shows the result of our calculation within vector meson dominance.
The dashed, dotted and dash-dotted lines account for the Born, interference, and double
scattering contribution, respectively. The experimental data are from Ref. [26,27] taken at
a photon energy ν = 12 GeV .
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Figure 7

The differential cross section dσ10
γd→ρd/dt for the photoproduction of ρ-mesons from polar-

ized deuterium for different photon energies. The target polarization is fixed at m = 0 with
respect to the photon momentum (s = 1). The solid curves show the complete vector meson
dominance result. The dotted curves represent the Born contribution only. The dashed
and dash-dotted curves show the full and the Born cross section for infinite longitudinal
interaction lengths δ(a)

z , δ(b)
z → ∞.
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γd→ ρd
γd→ ρd

SLAC data ν=12 GeV

B

D

Int

deuteron with polarization along 
photon momentum with m=0
easier to explore coherent 
interactions with two nucleons

Piller, Sargsian, LF, MS

D= double, B- Born



● Coherent scattering of 4He. Simple nucleus with significant 
rescattering probability and negligible triple rescattering at not 
too large -t.

e.m. form factor goes through 0 at -t ~ 0.4 GeV2   

⇒ strong sensitivity to double scattering starting at -t 

~0.1 GeV2

Glauber

Gribov- Glauber

McCarthy et al 

Levin & MS 75 

Strong sensitivity of the 
shape to the strength of 

double scattering 
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W = 20GeV

⇡ +4 He! ⇡4He



Conclusions

Studies of two body large angle photoproduction of nuclei would

explore transition between point-like and soft photon regimes

compare  global properties of various mesons and hadrons

study onset of color transparency regime

provide new effective probe of the short range nuclear structure

next two talks

Further precision studies with 2H (polarized? ) & 4He


