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Outline 
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• Summary.



Thomas Jefferson
National Accelerator Facility

• Electron-beam 
accelerator 

• Polarized c.w. electron 
beam

• Beam energies up to 
E0 = 6 GeV

• Three experimental 
Halls A, B, and C 

JLab in Newport News, VA



Performance
• L = 1034 cm-2 s-1 
• Δp/p ~ 0.5-1 % 
• ~ 4π  acceptance
• Best suited for multiparticle final states
• Bremsstrahlung Photon Tagger (ΔEγ/Eγ ~10-3)

The CEBAF Large Acceptance Spectrometer 
CLAS

Photon Tagger
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The Dual Universe of Nuclear Physics

p = 1 GeV/c 
probes 1.2 fm

Energy

quark-gluonmeson-nucleon picture

Our understanding of the strong interaction
depends on the scale…  

When does the transition between the two descriptions 
happen? How to describe it?



Theoretical Description of Nuclear 
Dynamics 

• Low Energies: Effective Field Theory (nucleons or 
nucleons and pions)

• High Energies: pQCD

• Medium Energies: traditional nuclear models, quark 
models, pQCD extensions through factorization 
(relevant degrees of freedom?). 

• Some Open Questions

• short-range correlations (SRC)

• three-body mechanisms

• color transparency

• hidden color



Nuclear Structure at Short Distances
Short-Range Correlations

K. S. Egiyan et al, Phys. Rev. C 68, 014313 (2003)

• high nucleon momentum 
(p>pf) balanced by only 
one other nucleon

• g i v e r i s e t o h i g h -
m o m e n t u m p a r t o f 
nuclear wf

• n u c l e o n m o m e n t u m 
distributions similar for 
light and heavy nuclei

• scaling of A(e,e’) cross 
section at high momenta

5

remains practically the same.
One can summarize the predictions of the SRC model

for the ratios of the inclusive cross sections from di!erent
nuclei as follows (see Fig. 3):

• Scaling (xB independence) is expected for Q2 !1
(GeV/c)2 and x0

B " xB <2 where x0
B is the thresh-

old for high recoil momentum.

• No scaling is expected for Q2 < 1 (GeV/c)2.

• For xB " x0
B the ratios should have a minimum at

xB = 1 and should grow with xB since heavy nuclei
have a broader momentum distribution than light
nuclei for p <0.3 GeV/c.

• The onset of scaling depends on Q2; x0
B should de-

crease with increasing Q2.

• In the scaling regime, the ratios should be indepen-
dent of Q2.

• In the scaling regime the ratios should depend only
weakly on A for A ! 10. This reflects nuclear sat-
uration.

• Ratios in the scaling regime are proportional to the
ratios of the two-nucleon SRC probabilities in the
two nuclei.
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FIG. 3: SRC Model predictions for the normalized inclusive
cross section ratio as a function of xB for several values of
Q2 (in (GeV/c)2). Note the scaling behavior predicted for
xB >1.4. a) 12C to 3He, b) 56Fe to 3He.

Another possible mechanism for inclusive (e, e!) scat-
tering at xB >1 is virtual photon absorption on a single
nucleon followed by NN rescattering [21, 22]. Benhar

et al. [21] use the nuclear spectral function in the lab
system and calculate the FSI using a correlated Glauber
approximation (CGA), in which the initial momenta of
the re-scattered nucleons are neglected. In this model
the cross section at xB >1 originates mainly from FSI
and therefore the cross section ratios will not scale. This
model predicts that these ratios also depend on Q2, since
it includes a noticeable reduction of FSI in order to agree
with the data at Q2 !2 (GeV/c)2. Benhar et al. at-
tribute this reduction in FSI to color transparency ef-
fects [35]. The requirement of large color transparency
e!ects also results in a strong A dependence of the ratio
since the amount of the FSI suppression depends on the
number of nucleons participating in the rescattering.

The main predictions of the CGA model for the nuclear
cross section ratios are as follows:

• No scaling is predicted for Q2 !1 (GeV/c)2 and
xB <2.

• The nuclear ratios should vary with Q2.

• The ratios should depend on A.

• The model is not applicable below Q2=1 (GeV/c)2.

Thus, measuring the ratios of inclusive (e, e!) scatter-
ing at xB >1 and Q2 >1 (GeV/c)2 will yield important
information about the reaction dynamics. If scaling is
observed, then the dominance of the SRC in the nuclear
wave function is manifested and the measured ratios will
contain information about the probability of two-nucleon
short range correlations in nuclei.

III. EXPERIMENT

In this paper we present the first experimental studies
of ratios of normalized, and acceptance- and radiative-
corrected, inclusive yields of electrons scattered from
4He, 12C, 56Fe, and 3He measured under identical kine-
matical conditions.

The measurements were performed with the CEBAF
Large Acceptance Spectrometer (CLAS) in Hall B at the
Thomas Je!erson National Accelerator Facility. This is
the first CLAS experiment with nuclear targets. Elec-
trons with 2.261 and 4.461 GeV energies incident on 3He,
4He, 12C, and 56Fe targets have been used. We used he-
lium liquefied in cylindrical target cells 1 cm in diameter
and 4 cm long, positioned on the beam approximately in
the center of CLAS. The solid targets were thin foils of
12C (1mm) and 56Fe (0.15 mm) positioned 1.5 cm down-
stream of the exit window of the liquid target. Data on
solid targets have been taken with an empty liquid target
cell.

The CLAS detector [24] consists of six sectors, each
functioning as an independent magnetic spectrometer.
Six superconducting coils generate a toroidal magnetic
field primarily in the azimuthal direction. Each sector
is instrumented with multi-wire drift chambers [25] and

R(Q2 , xB ) =
σ A1(Q

2 , xB ) / A1
σ A2 (Q

2 , xB ) / A2



Nuclear Structure at Short Distances: SRC

K. S. Egiyan et al, Phys. Rev. Lett. 96, 082501 (2006)

A(e,e’) • quantified NN and NNN 
SRC probabilities

• more than 90% of all 
nucleons with k≥300 
MeV/c belong to NN SRC

• NN SRC build of 6q,ΔN, 
ΔΔ < 10 – 20% of the 
NN SRC

• NNN SRC present in 
nuclei with significant 
probability 

M. Strikman, Nucl. Phys. A 827, 240c (2009)



Nuclear Structure at Short Distances: SRC

H. Baghdasaryan et al, arXiv:1008.3100v1 [nucl-ex], (2010)

3He(e,e’pp)n

• m e a s u r e d t w o -n u c l e o n 
momentum distributions of 
correlated pn and pp pairs

• r e d u c e d F S I : l e a d i n g 
nucleon pT<0.3 GeV/c

• pair momentum along q is 
very small

• l i t t l e Q 2 o r i s o s p i n 
dependence   

measured spectator 
correlated NN pairs 

High-momentum compo-
nents of the nuclear wf
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FIG. 3: a) Cross section vs. pn pair prel. Solid points show
these data (Q2

! 1.5 GeV2), open squares (blue online) show
Q2

! 0.7 GeV2 data [15], dashed histogram shows the Golak
one-body calculation [23], thin solid line shows the Laget one-
body calculation and the thick solid line (red online) shows
the Laget full calculation [18, 24, 25]; b) the same for ptot;
c) and d) the same for pp pairs. All quantities are in the
lab frame. The Q2

! 0.7 GeV2 data have been reduced by a
factor of 5.3 (the ratio of the cross sections) for comparison.

waves) reduces the cross section by about an order of
magnitude. Note that this calculation is not strictly valid
for prel > 0.35 GeV/c (the pion production threshold).
This calculation significantly underestimates the data.
The one-body calculation of Laget [18, 24, 25], using a

diagrammatic approach, sees the same large cross section
reduction due to the NN pair continuum wf. His one-
body calculation describes the pn pair prel distribution
well. Laget’s full calculations also indicate large three-
body current (MEC or IC) contributions for both pn and
pp pairs. His three-body currents improve the agreement
for pp pairs and worsen the agreement for pn pairs.
The ratio of pp to pn spectator pair integrated cross

sections is about 1:4. This is approximately consistent
with the product of the ratio of the number of pairs and
!ep/!en, the ratio of the elementary ep and en cross sec-
tions for pn and pp pairs. This ratio appears inconsistent
with the pp to pn pair ratio of 1:18 measured in direct
pair knockout in 12C(e, e!pN) [13] at 0.3 < prel < 0.5
GeV/c and at relatively low ptot (< 0.15 GeV/c) .
In order to study this apparent discrepancy we calcu-

lated the ratio of the pp to pn cross sections integrated
over 0.3 < prel < 0.5 GeV/c as a function of ptot (see
Fig. 4). The ratio has been multiplied by 1.5 to ap-
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FIG. 4: Ratio of pp to pn spectator pair cross sections, in-
tegrated over 0.3 < prel < 0.5 GeV/c. The points show the
data, the solid histogram shows the Golak one-body calcula-
tion [23] and the dashed histogram (color online) shows the
ratio of the Golak pp and pn bound state momentum distri-
butions. The dotted line at 0.5 shows the simple-minded pair
counting result. The data and the one-body calculation have
been multiplied by 1.5 to approximately account for the ratio
of the average ep and en elementary cross sections.

proximately account for the ratio of the average ep and
en cross sections. The ratio is very small for ptot < 0.1
GeV/c, consistent with the 12C(e, e!pN) results, and in-
creases to 0.4–0.6 for ptot > 0.2 GeV/c. The measured
ratio increases starting at ptot ! 0.1 GeV/c, in contrast
with that calculated from the bound state wf, which in-
creases starting at around 0.3 GeV/c. The ratio is con-
sistent with Golak’s one-body calculation. The ratio at
large ptot is also consistent with simple pair counting.

This increase in the pp to pn ratio with ptot is a sig-
nal for the dominance of tensor correlations. At low ptot,
where the angular momentum of the pair with respect to
the rest of the nucleus must be zero, the pp pairs pre-
dominantly have (isospin,spin) (T, S) = (1, 0) [26]. They
are in an s-state, which has a minimum at prel ! 0.4
GeV/c. The pn pair is predominantly in a deuteronlike
(T, S) = (0, 1) state. Due to the tensor interaction, the
pn pair has a significant d-state admixture and does not
have this minimum [26–28]. This leads to a small ratio
at small ptot. As ptot increases, the minimum in the pp
prel distribution fills in, increasing the pp to pn ratio.

To summarize, we have measured the 3He(e, e!pp)n
reaction at an incident energy of 4.7 GeV over a wide
kinematic range, centered at Q2 ! 1.5 GeV2 and w "

Q2/2mp. We selected events with one leading nucleon
and a spectator correlated NN pair by requiring that
the spectator nucleons each have less than 20% of the
transferred energy and that the leading nucleon’s mo-
mentum perpendicular to "q be less than 0.3 GeV/c. The
prel and ptot distributions for spectator pp and pn pairs
are very similar to each other and to those measured at
lower momentum transfer. The ratio of pp to pn pair

• pp to pn cross section ratio 
increases quickly to 0.4 - 0.5

• i n d i c a t i v e o f t e n s o r 
correlations in pn pairs 

CL
AS Pr

eli
mina

ryGolak one-body
Golak bound-state



Three-Body Mechanisms in Reactions on 
Light Nuclei at Medium Energies

• Traditional Nuclear models: Diagrammatic approach, 
with one-, two-, and three-body mechanisms, is used to 
calculate the scattering amplitude

J. M. Laget, Phys. Rev. C 38, 2999 (1988)



Predictions for Two-Body Photodisintegration of  3He   

V. Isbert et al., Nucl. Phys. A 578, 525 (1994)
J.-M. Laget, Phys. Rev. C 38, 2999 (1988)
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• Difficult to treat theoretically.

• Three-body mechanisms 
predicted to dominate at large t 
for all photon energies.

• Two-body mechanisms sufficient 
to describe data at low t.

• Are three-body mechanisms 
dominant at large t for Eγ 
above 1 GeV?

3He

p

d
γ



          Two-Body Photodisintegration of 
3He

• An order of magnitude 
forward-backward 
asymmetry.

• Slope of differential 
cross section nearly 
independent of Eγ.

• Relative contribution of 
three-body mechanisms 
is larger at 600-800 
MeV than at higher 
photon energies.

Eγ : 0.4 - 1.4 GeV

θ*
p : 40° - 140º

Comparison with predictions

3He

p

d
γ

CLAS Preliminary



Three-Body Photodisintegration of 3He: 
Beam-Helicity Asymmetry A(ϕ)

• Neutron non-
spectator 
events: 

    pn> 200 MeV/c

• Helicity 
asymmetry peaks 
between 0.6 and 
1.0 GeV.

• Signature for 
three-body 
mechanisms?T.N. Ukwatta et al., AIP Conf. Proc. 884, 454 (2007)  

Eγ ≈ 0.5 GeV Eγ ≈ 0.8 GeV Eγ ≈ 1.3 GeV

CLAS Preliminary



Two-Body Photodisintegration of 4He

• Kinematic coverage:

• Two orders of magnitude 
forward-backward asymmetry.

• Relative contribution of three-
body mechanisms is large at all 
photon energies for θ*

p  > 60°.

Eγ : 0.35 - 1.5 GeV

θ*
p : 40° - 130º

Comparison with predictions
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Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom 

Tool: Exclusive nuclear reactions with real photons

• large momentum transfer t selects small-size 
configurations.

Signatures:

• scaling of invariant cross sections (Constituent 
Counting Rules).

• factorization (Reduced Nuclear Amplitudes).

• color transparency.



Quark Dynamics: 
Constituent Counting Rules (pQCD, AdS/CFT)

• At high t, high s, and high u, the invariant cross section of an 
exclusive process A + B → C + D has the following asymptotic 
behavior:

where n is the total number of the initial and final elementary 
fields.

• Examples:

• Reflect underlying scale free interactions (Brodsky, DeTeramond): 
scale independence of αs.

S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett 31, 1153 (1973); V. Matveev et al., Nuovo Cimento Lett. 7, 719 (1973); S.J. 
Brodsky and J.R. Miller, Phys. Rev. C 28, 475 (1983)

dσ
dt

= 1
sn-2

f (t / s)

A. Deur et al, Phys. Lett B 665, 349 (2008)
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Fig. 1. (Color online.) !s,g1 (Q )/" obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are !s,# (Q )/" from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and !s,g1 (Q )/"
from the Bjorken (band) and GDH (dashed line) sum rules.

in a Q 2-range from 0.06 to 2.92 GeV2 [14]. Here, Q 2 is the square
of the four-momentum transfered from the electron to the tar-
get. Apart from the extended Q 2-coverage, one notable difference
between these data and those of Ref. [6] is that the neutron infor-
mation originates from the longitudinally polarized deuteron target
of CLAS while the previous data [15] resulted from the longitudi-
nally and transversally polarized 3He target of JLab’s Hall A [12].
The effective coupling !s,g1 is defined by the Bjorken sum rule ex-
pressed at first order in pQCD and at leading twist. This leads to
the relation:

!s,g1 = "

!
1! 6$ p!n

1

gA

"
, (1)

where gA is the nucleon axial charge. We used Eq. (1) to ex-
tract !s,g1/" . The results are shown in Fig. 1. The inner error
bars represent the statistical uncertainties whereas the outer ones
are the quadratic sum of the statistical and systematic uncertain-
ties. Also plotted in the figure are the first data on !s,g1 from [5]
and from the world data of the Bjorken sum evaluated at "Q 2# =
5 GeV2 [16], !s,F3 from the Gross–Llewellyn Smith (GLS) sum
rule [17] measured by the CCFR Collaboration [18], and !s,# [19].
See [5] for details. The behavior of !s,g1 is given near Q 2 = 0 by
the generalized GDH sum rule and at large Q 2, where higher twist
effects are negligible, by the Bjorken sum rule generalized to ac-
count for pQCD radiative corrections. These predictions are shown
by the dashed line and the band, respectively, but they were not
used in our analysis. The width of the band is due to the uncer-
tainty on %QCD.

The values for !s,g1 from the new data are in good agreement
with the previous JLab data. While the previous data were sug-
gestive, the freezing of !s,g1 at low Q 2 is now unambiguous and
in good agreement with the GDH sum prediction. At larger Q 2,
the new data agree with the world data and the results from the
Bjorken sum rule at leading twist.

We fit the data using a functional form that resembles the
pQCD evolution equation for !s , with an additional term mg(Q )

that prevents ! f it
s,g1 from diverging when Q 2 $ %2 and another

term n(Q ) that forces ! f it
s,g1 to " when Q 2 $ 0. Note that the lat-

Fig. 2. (Color online.) The effective coupling constant !s,g1 extracted from JLab
data, from sum rules, and from the phenomenological model of Burkert and Ioffe
[20]. The black curve is the result of the fit discussed in the text. The calcula-
tions on !s are: top left panel: Schwinger–Dyson calculations Cornwall [21]; top
right panel: Schwinger–Dyson calculations from Bloch et al. [24] and !s used in the
quark model of Godfrey–Isgur [27]; bottom left: Schwinger–Dyson calculations from
Maris–Tandy [25], Fischer et al. [23] and Bhagwat et al. [26]; bottom right: Lattice
QCD results from Furui and Nakajima [28].

ter constraint is a consequence of both the generalized GDH and
Bjorken sum rules [5]. Our fit form is:

! f it
s,g1 = &n(Q )

log(
Q 2+m2

g (Q )

%2 )
, (2)

where & = 4/'0 = 12/(33! 8), n(Q ) = "(1+ [& /(log(m2/%2)(1+
Q /%) ! & ) + (bQ )c]!1) and mg(Q ) = (m/(1 + (aQ )d)). The fit
is constrained by the data, the GDH and Bjorken sum rules at
intermediate, low and large Q 2 respectively. The values of the
parameters minimizing the (2 are: % = 0.349 ± 0.009 GeV, a =
3.008± 0.081 GeV!1, b = 1.425± 0.032 GeV!1, c = 0.908± 0.025,
m = 1.204 ± 0.018 GeV, d = 0.840 ± 0.051 for a minimal reduced
(2 of 0.84. The inclusion of the systematic uncertainties in the fit
explains why the reduced (2 is smaller than 1. The term mg(Q )
has been interpreted within some of the Schwinger–Dyson calcu-
lations as an effective gluon mass [21]. Eqs. (2) and (1) can also be
used to parameterize the generalized Bjorken and GDH sums.

The fit result is shown in Fig. 2. We also include some of
the theoretical calculations (Lattice results and curves labeled
Cornwall, Bloch et al. and Fischer et al.) and phenomenological
model predictions (Godfrey–Isgur, Bhagwat et al. and Maris–Tandy)
on !s . Finally, we show the !s,g1 formed using a phenomenolog-
ical model of polarized lepton scattering off polarized nucleons
(Burkert–Ioffe). These calculations are discussed in [5]. The mag-
nitude of the Godfrey–Isgur and Cornwall results agrees with the
estimate of the average value of !s using magnetic and color-
magnetic spin–spin interactions [22]. We emphasize that the rela-
tion between these results is not fully known and that they should
be considered as indications of the behavior of !s rather than strict
predictions.

The data show that !s,g1 loses its Q 2-dependence both at large
and small Q 2. The Q 2-scaling at large Q 2 is long known and
is the manifestation of the asymptotic freedom of QCD [29]. The
absence of Q 2-dependence at low Q 2 has been conjectured and
observed by many calculations but this is the first experimental
evidence. This lack of scale dependence (conformal behavior) at

conformal 
window



• Many exclusive processes on nucleon targets show 
scaling already at moderate momentum transfer 

Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleon 



Oscillating scaling: scale invariance broken by resonance 
excitations in γN → πN  

Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleon 



What about exclusive processes on nuclear targets? 

13

Deuteron Photodisintegration

� 

dσ
dt

= 1
s11

f (t /s)

• Fits of dσ/dt data at 
pT>1.1 GeV/c with As-11

• All but two fits have χ2≤ 1.34

P. Rossi et al., Phys. Rev. Lett. 94, 012301 (2005)

Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleus 



Photodisintegration of a pp pair

• Cross section scales
approximately as s−11

• γpp → p + p is

symmetric about 90◦

• Scaled deuteron 
photodisintegration 
(×1/4 );                         
◯ forward angles                 

△ backward angles

Steffen Strauch, private communication, 2010

pn < 0.25 GeV/c

CLAS Preliminary

What about exclusive processes on nuclear targets? 



Photodisintegration of a pp pair

• Hall-A new data extend to 
higher energies.

• Hall-A and Hall-B data in 
very good agreement.

• Cross section scales as 
s−11 for Eγ> 2 GeV. Deuteron 
photodisintegration scales 
already at Eγ> 1 GeV. 

• Large structure between  1 
and 2 GeV. Not observed in 
deuteron photodisintegration.I. Pomerantz et al., Phys. Lett. B 684, 106 (2010)

Figure from R. Gilman, talk given at High-Energy Nuclear Physics and 
QCD, FIU, Miami, FL, 2010

pn < 0.1 GeV/c

What about exclusive processes on nuclear targets? 

(Pomerantz et al.) 
Preliminary

θ p
* = 90°
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Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleus 

Coherent Pion Photoproduction 
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CCR Predict n-2=-13
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Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleus 

Coherent Pion Photoproduction 
off the Deuteron

dσ
dt

= 1
sn-2

f (t / s)

• CLAS data generally consistent with scaling for 
cos θπ < -0.25. This is consistent with previous results.

 n-2
CLAS Preliminaryγd → π0d 

CCR Predict n-2=-13
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Meekins et al., Phys. Rev. C 60, 052201 (1999)
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Transition from Meson-Nucleon to Quark-
Gluon Degrees of Freedom in the Nucleus 

dσ
dt

= 1
sn-2

f (t / s)

• Oscillating scaling: scale invariance broken by non-perturbative 
rescattering subrocesses in γd → π0d. 

CCR Predict n-2=-13

γd → π0d 

Meekins et al., Phys. Rev. C 60, 052201 (1999)
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☐ Hall A
❍ CLAS



Two-Body Photodisintegration of 3He

• CCR Predict n-2=-17

• Indication that 
above ~0.7 GeV data 
consistent with scale 
invariance for all CM 
angles

•                 GeV/c and 
large range of |t|                   

Scaling of invariant cross sections
dσ
dt
= 1
sn-2

f(t/s)

V. Isbert et al., Nucl. Phys. A 578, 525 (1994) I. Pomerantz et al., private communication (2010)

p⊥ ,d > 0.65

CLAS Preliminary



Conclusions
• Indication for Short-Range Tensor Correlations in e 3He→e’ppn

• Two-Body Mechanisms in Photodisintegration of 3He and 4He
– measured differential cross sections for Eγ = 0.4 - 1.4 GeV and θ*

p  = 40° - 
140º.

– established optimum kinematic range to probe three-body dynamics in 
photoreactions on 3He and 4He

• Transition from meson-nucleon to quark-gluon df
– γpp(n)s→pp(n)s

• at 90 deg, CCR scaling for Eγ> 2 GeV.
• scale invariance is broken below Eγ of 2 GeV

– γd→π0d
• oscillating CCR scaling at cosθ*π < -0.25
• oscillations mostly due to re-scattering mechanisms

– γ3He→pd
• data consistent with scale invariance for Eγ> 0.7 GeV

– γ4He→pt
• no evidence for CCR scaling


