
Study of Dimensional Scaling in Two-
Body Photodisintegration of 3He

Yordanka Ilieva
CLAS Collaboration

2011 Fall Meeting of the APS Division on Nuclear Physics Meeting
Michigan State University
October 26 - 29, 2011
East Lansing, Michigan

1



• At high t and high s, power-law behavior of the invariant cross section of an exclusive 
process A + B → C + D at fixed CM angle:

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

• The energy dependence of the scattering amplitude given by the ‘hard-scattering 
amplitude’ TH for scattering collinear constituents from the initial to the final state

dσ
dt

= 1
sn−2

f (t / s)

Dimensional Scaling Laws in Nuclear Physics
Brodsky, Farrar (1973): from dimensional analysis and perturbative QCD

S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett 31, 1153 (1973); S.J. Brodsky and J.R. Miller, Phys. Rev. C 28, 475 (1983)

pp→ pp ≡ 3q3q→ 3q3q
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Dimensional Scaling Laws: The Findings

P.V. Landshoff and J.C. Polkinghorne, Phys. Lett. B 44, 293 (1973) 

pp → pp s10 dσ
dt
~ const.

• C r o s s s e c t i o n s 
c o n s i s t e n t w i t h 
predicted scaling s-10 
for a range of CM 
angles
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 Dimensional Scaling Laws: The Findings

� 

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)

γd → pn
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Dimensional Scaling Laws: The AnomaliesRAPID COMMUNICATIONS

GENERALIZED COUNTING RULE AND OSCILLATORY SCALING PHYSICAL REVIEW C 71, 032201(R) (2005)

As the interference between the Landshoff and the short-
distance amplitudes fails to describe the data at low energies,
it is possible that the helicity flip amplitudes, and their
interference may play an important role at these energies.
The helicity flip amplitudes arising from the parton orbital
angular momentum are non-negligible when the parton
transverse momentum cannot be neglected compared with
the typical momentum scale in the exclusive processes at
relatively low energies. Thus one would expect the helicity
flip amplitudes to be a significant contribution to the cross
section at low energies. Moreover, the generalized counting
rule of Ji et al. [23] predicts a much faster fall-off with energy
for the helicity flip amplitudes as expected. We have refitted
the world data by including the two helicity nonconserving
amplitudes according to the generalized counting rule of
Ji et al. [23]. The two different forms for the energy dependence
of the phase in the Landshoff amplitude, described above,
were employed in the fits to examine their sensitivity to them.
The three helicity-conserving amplitudes combined as one
amplitude and the two helicity flipping amplitudes, along with
the Landshoff contributions, can be written as

MHC = s!4(a1 + b1s
0.5ei!1(s)),

MNC1 = s!4(a2s
!0.5 + b2s

0.5ei!2(s)), (2)

MNC2 = s!4(a3s
!1 + b3s

0.5ei!3(s)),

where !j (s) is the energy-dependent phase. Two different
forms for the phase !j (s) were used in our fits: !j (s) =

"
0.06 lnln(s/#2

QCD) + $j and !j (s) = cj
lnln(s/#2

QCD)+$j

[log(s)]dj
. We have

neglected the helicity flipping Landshoff contributions. The
scaled cross section is then given by

R = s10 d%

dt
" |MHC|2 + 4|MNC1|2 + |MNC2|2. (3)

The factor of 4 associated with the NC1 helicity flipping
amplitude arises because of the two possible configurations
of this single-spin flip amplitude [29].

Figure 2 shows the results of our fit and the explicit
contributions from the s!11 and s!12 terms for this approach.
The value of #QCD was fixed at 100 MeV for all fits. This
new fit is in much better agreement with the data. The helicity
flip amplitudes (mostly the term #s!4.5) are significant at low
energies and seem to help in describing the data at low energies.
It is interesting to note that among the helicity flip amplitudes,
the one with the lower angular momentum dominates. These
are very promising results and should be examined for other
reactions.

As mentioned earlier, the ANN spin correlation in polarized
pp elastic scattering also shows large deviations [16] from
the expectations of pQCD (assuming hadron helicity is
conserved). In terms of the helicity amplitudes, ANN is given
by [29]

RANN = 2Re[M$(++; ++)M(!!; ++)]

+ 2Re[M$(+!; +!)M(!+; +!)]

+ 4|M(++; +!)|2, (4)

where R has been defined in Eq. (3). At &c.m. = 90% the ratio of
the three helicity nonflip amplitudes is 2:1:1 [29]. Taking this
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FIG. 2. (a) The fit to pp scattering data at &c.m. = 90% when helicity
flip amplitudes are included as described in Eq. (2). The parameters
for the energy-dependent phase were kept the same as for the earlier fit
of Ralston and Pire [18]. The solid line is the fit result, the dotted line is
the contribution from the helicity flip term #s!11, and the dot-dashed
line is the contribution from the helicity flip term #s!12. The #s!12

contribution has been multiplied by 100 for display purposes. (b) The
same data fitted to the form described in Eq. (2) but with the new more
general parametrization of the Landshoff amplitude, which includes
the three additional parameters per term, bj , cj , and dj ( j = 1, 2, 3),
as mentioned in Eq. (1).

into account, we fit the ANN data by including the helicity
flipping amplitudes. Figure 3(a) shows the results for the
case where the helicity flip amplitude is neglected and only
the interference between the short-distance amplitude and the
Landshoff amplitude is used. In this case, the expression for
ANN simplifies to RANN = 2Re[M$(+!; +!)M(!+; +!)].
These results are similar to those obtained by Carlson
et al. [20], and they described the ANN data at high energies
but failed to describe the low-energy data using this idea
of interference between short-distance and Landshoff terms.
Figure 3(b) shows the results of our fit when the helicity
flipping amplitudes are included. Clearly, this method is a
better fit to a larger fraction of the data, including some
low-energy data. This suggests that even in the case of the
spin correlation ANN in polarized pp elastic scattering, the
helicity flip amplitudes play an important role at low energies
(s < 10 GeV2).

Recently some precision data on pion photoproduction
from nucleons above the resonance region have become
available from JLab [5]. These data show hints of os-
cillation about the s!7 scaling predicted by the quark
counting rule. In pion photoproduction from nucleons, the
helicity nonflip amplitudes have an energy dependence of

032201-3

H. Gao and D. Dutta, Phys. Rev. C 71, 032201(R) (2005) 

pp → pp s10 dσ
dt
~ const.

• Oscillations of the scaled cross 
sections around the scaling value

• Various hypotheses for its origin

- contributions from non-zero 
p a r t o n o r b i t a l a n g u l a r 
momentum

- long distance subprocesses

- resonance excitations related 
to the opening of the charm 
threshold
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Dimensional Scaling Laws and pQCD: 
The Anomalies

K. Wijesooriya et al., Phys. Rev. Lett. 86, 2975 (2001) 

pQCD prediction: Hadron Helicity Conservation

λd = λp + λn

• 12 helicity amplitudes

•  4 amplitudes conserve 
hadron helicity

VOLUME 86, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 2 APRIL 2001

of py , other explanations are possible, such as the two
amplitudes in each product term having the same phase.
Further tests of HHC can be provided by polarization trans-
fer coefficients.

The transverse in-plane polarization transfer Cx results
from the real part of the same combination of amplitudes
as py . While Cx will vanish if there is HHC, it does not
necessarily vanish if the amplitudes have the same phase.
The longitudinal in-plane polarization transfer Cz is given
by

f!u"Cz !
X6

i!1

X
6

6 jFi,6j2. (2)

With HHC and the assumptions of [34] about relations
between the helicity conserving amplitudes at uc.m. ! 90±,
Cz also vanishes.

Our data for Cx and Cz are shown in Fig. 2; no previous
data, and no calculations, exist for these observables. Sys-
tematic uncertainties for these data are in the range 0.01–
0.03, except the 2.4 GeV Cx and 1.9 GeV Cz data points
have systematic uncertainties of 0.06. No points are shown
at 1.1 GeV, because an unpolarized beam was used at this
energy, and at 2.4 GeV for Cz , due to the unfavorable spin
transport which makes the uncertainty #1. The longitudi-
nal component Cz appears to decrease with energy above
1 GeV, and could become consistent with zero near 2 GeV,

FIG. 2. Polarization transfers Cx and Cz in deuteron photo-
disintegration at uc.m. ! 90±. Only statistical uncertainties are
shown.

but uncertainties are large. The transverse component Cx
is nonzero in the energy range of this experiment, show-
ing clearly that HHC is not valid, and thus pQCD cannot
account for the observed data [35].

We have shown that existing MBM and pQCD pre-
dictions fail for the polarization data. We now consider
several nonperturbative quark models, which have been
applied to deuteron photodisintegration cross sections. The
QCD rescattering model [7] provides absolute cross sec-
tion calculations that agree with the data. The nonper-
turbative contributions are effectively included in the hard
scattering pn amplitude, which is taken from the pn data.
Preliminary induced polarization calculations [36] from
this model indicate that py is small, for energies above
about 2.5 GeV, as it is in the present data for energies from
1 to 2.4 GeV. There are also cross section calculations in
the quark-gluon string model [37], and polarization calcu-
lations are underway [38]. The quark exchange model [39]
suggests that the amplitudes are nearly real; this can ex-
plain py , but calculations are needed for Cx and Cz . The
reduced nuclear amplitudes model [40] does not reproduce
the cross sections well, and assumes helicity conservation,
which would incorrectly predict that Cx vanishes.

To summarize, we provide new benchmark data for re-
coil polarization in deuteron photodisintegration. Existing
meson-baryon models fail to describe the data for the in-
duced polarizations, which are surprisingly small for en-
ergies above about 1 GeV. The polarization transfer data
are inconsistent with hadron helicity conservation, which
is generally expected from pQCD. These data should pro-
vide important tests of new nonperturbative calculations in
the intermediate energy regime.

We thank G. Farrar, N. Isgur, G. A. Miller, A. Radyush-
kin, J. Ralston, and M. Sargsian for many interesting
discussions. We thank M. Sargsian for allowing us to
mention his results prior to publication. We thank the JLab
physics and accelerator divisions for their support, espe-
cially Ed Folts and the Hall A technical staff, and Char-
lie Sinclair and the polarized source group. This work
was supported by the U.S. Department of Energy, the
U.S. National Science Foundation, the Natural Sciences
and Engineering Research Council of Canada, the French
Commissariat à l’Energie Atomique and Centre National
de la Recherche Scientifique, the Italian National Insti-
tute for Nuclear Physics, and the Swedish Natural Sci-
ence Research Council. The Southeastern Universities
Research Association (SURA) operates the Thomas Jef-
ferson National Accelerator Facility under DOE Contract
No. DE-AC05-84ER40150. The polarimeter was funded
by the U.S. National Science Foundation, Grants No. PHY
9213864 and No. PHY 9213869.

*Present address: Argonne National Laboratory, Argonne,
IL 60439.

†Corresponding author.
Email address: gilman@jlab.org
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γd → pn

F1+ = 〈11 |T | + 1
2
+ 1
2
〉

F3− = 〈1−1 |T | − 1
2
− 1
2
〉

F5+ = 〈10 |T | + 1
2
− 1
2
〉

F5− = 〈10 |T | − 1
2
+ 1
2
〉
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Dimensional Scaling Laws: What have we 
learned?

• Overwhelming experimental evidence for success at  
momentum transfer as low as 1 GeV

• Anomalies (can be related to resonance excitations)

• Some evidence that soft processes can mimic the 
predicted dimensional scaling behavior of cross 
sections

• Observed in a regime where pQCD is not applicable   
– not a feature of only pQCD?

– manifestation of a more general symmetry?

7
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Dimensional Scaling Laws: Where do we 
stand?

• A comprehensive theoretical description of exclusive 
processes in the non-perturbative regime has proved 
difficult (pQCD, models).

• Overwhelming evidence for dimensional scaling, yes, 
but we do not know how to interpret it.

8
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Dimensional Scaling Laws: Where do we 
stand?

• A comprehensive theoretical description of exclusive 
processes in the non-perturbative regime has proved 
difficult (pQCD, models).

• Overwhelming evidence for dimensional scaling, yes, 
but we do not know how to interpret it.

8

What is the origin of the scale-invariance of the 
underlying non-perturbative dynamics in the regime 
of confinement?

8



 Dimensional Scaling Laws: A New Insight

• QCD is not conformal, however it has manifestations of a scale-
invariant theory (dimensional scaling, Bjorken scaling)

• AdS/CFT Correspondence between string theories in Anti de 
Sitter space-time and conformal field theories in physical space-
time

• Allows to treat confinement at large distances and conformal 
symmetry at short distances

• Non-perturbative derivation of Dimensional Scaling Laws!

S.J. Brodsky and G.F. de Teramond, Phys. Rev. D 77, 056007 (2008); J. Polchinski and G.R. Strassler, Phys. Rev. Lett. 88, 031601 (2002).
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 Dimensional Scaling Laws: A New Insight

• At short distances, dimensional 
scaling laws reflect the scale 
independence of αs (asymptotic 

freedom)

• At large distances, dimensional 
s c a l i n g l a w s r e f l e c t t h e 
existence of infrared fixed point 
of QCD: αs is large but scale-

independent

• Scale-invariance is broken in the 
transition between these two 
dynamical regimes

350 A. Deur et al. / Physics Letters B 665 (2008) 349–351

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

A. Deur et al, Phys. Lett B 665, 349 (2008)
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 Dimensional Scaling Laws: Our Approach

• Dimensional Scaling Laws probe two very different dynamical regimes: 
interpretation depends on the average momentum transfer to each 
hadron constituent.

• In order to test the predictions of the novel AdS/CFT approach, we need 
to rigorously probe dimensional scaling in exclusive processes at small 
momentum transfer.

• We need to look at reactions in which the momentum transfer is shared 
among many constituents.

• We need to look for reactions that are not dominated by resonance 
excitation at low energies.

• The nucleus is an ideal laboratory.

11
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 Dimensional Scaling Laws: Our Approach

• We study the reaction γ3He → pd in the energy range 0.4 - 1.4 GeV

• Advantages

– prior evidence that re-scattering mechanisms play significant role 
(ideal tool for sharing the momentum among many constituents so 
that the average momentum transfer per constituent is small).

– low-energy studies show that the cross sections are not 
dominated by resonance excitation.

12
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1
9

6

3
n − 2 = (1+ 9 + 3+ 6)− 2 = 17

dσ
dt
~ 1
s17

f (t / s)
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Two-Body Photodisintegration of 3He

•Dimensional Scaling 
Predicts n-2=17

• I n d i c a t i o n t h a t 
above ~0.7 GeV data 
consistent with scale 
invariance for all CM 
angles  

• Consistent with the 
AdS/CFT hypothesis                                

Scaling of invariant cross sections

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

CLAS Preliminary

3He

p

d
γ

s17 dσ
dt
~ const.
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Two-Body Photodisintegration of 3He

• Extracted value from 
fits to data:
        N = 17 ± 1
• |t|thr and p⊥thr are too 

low to support hard 
scattering hypothesis:
|t|thr =   0.64 (GeV/c)2

p⊥thr = 0.95 GeV/c

• O u r d a t a a r e 
consistent with the 
the hypothesis of 
conformal w indow 
from AdS/CFT           

Scaling of invariant cross sections at 90°

I. Pomerantz, Y. Ilieva et al., in preparation (2011)

3He

p

d
γ

Data fitted by: dσ
dt

= As−N

14

● CLAS Preliminary
○ Hall A Preliminary
△ DAPHNE
✩ Argan et al.

P.E. Argan et al., Nucl. Phys. A 237, 447 (1975)
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Two-Body Photodisintegration of 3He

• Dimensional Scaling Predicts 
n-2=17

• For energies ~(0.1 - 0.6) GeV 
data scale with n-2~30.

• Below ~0.1 GeV:     

parton picture break down (?)

                      

Scaled invariant cross sections at 90°

3He

p

d
γ

n − 2 = 17n − 2 ~ 30

CLAS Preliminary

n − 2 > 30

s17 dσ
dt
~ const.
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Summary and Perspectives
• First systematic study of dimensional scaling of an exclusive 

nuclear process, γ3He → pd at low s and t. 

• Results currently under CLAS analysis review.

• Solid experimental evidence for onset of dimensional scaling at CM 
angles of 90°. 

• Indication for onset of dimensional scaling at other CM angles.

• Observed scaling is qualitatively consistent with the hypothesis of 
conformal window at very low momentum transfer.

• Not understood what is the origin of scaling in other exclusive 
processes: dominance of hard re-scattering or conformal window 
scale invariance

– Polarization measurement of γd → pn (g13 data at JLab)

– Exclusive kaon photoproduction at JLab 12 GeV (LOI-11-107)
16
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The END
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Center-of-Mass Reference Frame (CM):

Kinematics of Exclusive Processes

Center of mass energy, s, and momentum transfers, t and u

At large energies, the cross section is a simple function of s. 18

s = ( pγ + p3He
)2 = s(Eγ )

t = ( pd − p3He
)2 = t(Eγ ,θ)

u = ( pp − p3He
)2 = u(Eγ ,θ)

γ 3He→ pd

p3He


k

pp
pd

Y X

Z

k + p3He

= pd +
pp = 0

18



Dimensional Scaling Laws: The Anomalies

A. Danagoulian et al., Phys. Rev. Lett. 98, 152001 (2007) 

further refinement of the model for the GPDs can result in
improved agreement of the handbag calculation with the
experimental data.

In summary, the RCS cross section from the proton was
measured in range s ! 5–11 GeV2 at large momentum
transfer. Calculations based on the GPD-based handbag
diagram account for the gross features of the experimental
data, suggesting that the reaction mechanism in the few
GeV energy range is dominantly one in which the external
photons couple to a single quark. Finer details of the cross
sections, such as the scaling power at fixed !cm, are not

reproduced by the handbag model, suggesting that refine-
ments in the model for the GPDs are needed. The fixed-!cm
scaling power is considerably larger than that predicted by
perturbative QCD.

We thank P. Kroll, J. M. Laget, and G. Miller for pro-
ductive discussions, and acknowledge the Jefferson Lab
staff for their outstanding contributions. This work was
supported the U. S. Department of Energy under Contract
No. DE-AC05-84ER40150, Modification No. M175, under
which the Southeastern Universities Research Association
(SURA) operates the Thomas Jefferson National
Accelerator Facility. We acknowledge additional grants
from the U.S. National Science Foundation, the UK
Engineering and Physical Science Research Council, the
Italian INFN, the French CNRS and CEA, and the Israel
Science Foundation.
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FIG. 5. Scaling of the RCS cross section at fixed !cm. Open
points are results from the Cornell experiment [1]. Closed points
are results from the present experiment, with error bars deter-
mined from the combined statistical and point-to-point system-
atic uncertainties. The line at n ! 6 is the prediction of
asymptotic perturbative QCD, while the shaded area shows the
fit range obtained from the cross sections of GPDs-based hand-
bag calculation [8].
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FIG. 4 (color online). Present cross section for the RCS pro-
cess (points) along with theoretical curves discussed in the text.
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γp → γp s6 dσ
dt
~ const.

• Cross sections inconsistent 
with predicted scaling power

• Some theoretical studies 
suggest the process is 
d o m i n a t e d b y s o f t 
subprocesses

• n ~ 8 due to the vector-
meson component of the real 
photon? 
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Two-Body Photodisintegration of 3He
Comparison with previous measurements

V. Isbert et al., Nucl. Phys. A 578, 525 (1994)

CLAS Preliminary

3He

p

d
γ

• In the range Eγ=0.2 - 1.5 

GeV, cross sections drop 
4 orders of magnitude.
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Dimensional Scaling Laws: The Anomalies

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

(Pomerantz et al.) 

Preliminary

γpp(n) → pp(n) s11 dσ
dt
~ const.

• L a r g e r e s o n a n c e - l i k e 
structure below 2 GeV, not 
observed in deuteron 
photodisintegration

• Various models describe 
equally well the shape  of 
scaled cross section above 
2 GeV

- Quark-Gluon String M

- Hard Rescattering M

- R e d u c e d N u c l e a r 
Amplitudes
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Dimensional Scaling Laws: The Findings

K.A. Jenkins et al., Phys. Rev. D 21, 2445 (1980); Phys. Rev. Lett. 40, 425 (1979) 

π-p → π- p s8 dσ
dt
~ const.

• C r o s s s e c t i o n s 
c o n s i s t e n t w i t h 
predicted scaling s-8 for  
large CM angles and s > 
12 GeV2
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Dimensional Scaling Laws: The Findings
Deuteron Form Factor

L.C. Alexa et al., Phys. Rev. Lett. 82, 1374 (1999) 

VOLUME 82, NUMBER 7 PHY S I CA L REV I EW LE T T ER S 15 FEBRUARY 1999

exhibit a smooth falloff with Q2 with no apparent diffrac-

tive structure.

The double-dot-dashed and dot-dashed curves in Fig. 2

represent the RIA calculations of Van Orden, Devine, and

Gross (VDG) [7] and Hummel and Tjon (HT) [8], respec-

tively. The VDG curve is based on the Gross equation

[21] and assumes that the electron interacts with an off-

mass-shell nucleon or a nucleon that is one-mass-shell

right before or after the interaction. The HT curve is

based on a one-boson-exchange quasipotential approxi-

mation of the Bethe-Salpeter equation [22], where the

two nucleons are treated symmetrically by putting them

equally off their mass shell with zero relative energy. In

both cases, the RIA appears to be lower than the data.

Both groups have augmented their models by including

the rpg MEC contribution. The magnitude of this con-

tribution depends on the rpg coupling constant and ver-

tex form factor choices [23]. The VDG model (dashed

curve) uses a rpg form factor from a covariant sepa-

rable quark model [24]. The HT model (dotted curve)

uses a vector dominance model. The difference in the

two models is indicative of the size of theoretical uncer-

tainties. Although our data favor the VDG calculations,

a complete test of the RIA1MEC framework will require
improved and/or extended measurements of the nucleon

form factors and of the deuteron B!Q2", planned at JLab.
Figure 3 shows our data in the “low” Q2 range, where

they overlap with data from other laboratories. The previ-

ous measurements tend to show two long-standing diverg-

ing trends, one supported by the SLAC data and the other

one by the CEA [3] and Bonn [5] data. Our data agree with

the Saclay data [6] and confirm the trend of the SLAC data.

FIG. 3. The present A!Q2" data compared with overlapping
data from CEA [3], SLAC [4], Bonn [5], Saclay [6], and
IA1MEC theoretical calculations [26].

It should be noted that another JLab experiment has mea-

sured A!Q2" in theQ2 range 0.7 to 1.8 !GeV#c"2 [25]. The

two curves are from a recent nonrelativistic IA calculation

[26] using the Argonne y18 potential without (dot-dashed

curve, Fig. 3) and with (dashed curve, Fig. 3) MEC, and

exhibit clearly the necessity of MEC inclusion also in the

nonrelativistic IA.

Figure 4 (top) shows values for the “deuteron form

factor” Fd!Q2" $
p

A!Q2" multiplied by !Q2"5. It is

evident that our data exhibit a behavior consistent with

the power law of QDS and pQCD. Figure 4 (bottom)

shows values for the “reduced” deuteron form factor [27]

fd!Q2" $ Fd!Q2"#F2
N !Q2#4", where the two powers of

the nucleon form factor FN !Q2" ! !1 1 Q2#0.71"22

remove in a minimal and approximate way the ef-

fects of nucleon compositeness [27]. Our fd!Q2"
data appear to follow, for Q2 . 2 !GeV#c"2, the

asymptotic Q2 prediction of pQCD [15]: fd!Q2" %
&as!Q2"#Q2' &ln!Q2#L2"'2G . Here, G ! 2!2CF#5b",
where CF ! !n2

c 2 1"#2nc, b ! 11 2 !2#3"nf , with

nc ! 3 and nf ! 2 being the numbers of QCD colors

and effective flavors. Although several authors have

questioned the validity of QDS and pQCD at the momen-

tum transfers of this experiment [28,29], similar scaling

behavior has been reported in deuteron photodisintegra-

tion at moderate photon energies [30].

In summary, we have measured the elastic structure

function A!Q2" of the deuteron up to large momentum
transfers. The results have clarified inconsistencies in

previous data sets at low Q2. The high luminosity and

unique capabilities of the JLab facilities enabled measure-

FIG. 4. The deuteron form factor Fd!Q2" times !Q2"5 (top)
and the reduced deuteron form factor fd!Q2" (bottom) from this
experiment and from SLAC [4]. The curve is the asymptotic
pQCD prediction of Ref. [15] for L ! 100 MeV, arbitrarily
normalized to the data at Q2 ! 4 !GeV#c"2.

1377

S.J. Brodsky, Nucl. Phys. A 416, 3c (1984) 

S.J. Brodsky / Quantum Chromodynamics 9c 

Thus far experiments has not been sufficiently precise to measure the logarithmic vari- 

ation from dimensional counting rules predicted by QCD. Checks of the normalization 

of (&*)“-‘F(&*) require independent determinations of the valence wavefunction. The 

relatively large normalization of Q4GpM(Q2) at large Q2 can be understood if the valence 3 

quark state has small transverse size, i.e., is large at the origin.gt’g The physical radius of 

the proton measured from FI(&~) at low momentum transfer then reflects the contributions 

of the higher Fock states qqqg, qqqpq (or meson cloud), etc. A small size for the ‘proton 

valence wavefunction (e.g. R&, - 0.3 /m) can also explain the large magnitude of (ki) of 

the intrinsic quark momentum distribution needed to understand in hard-scattering inclu- 

sive reactions. The necessity for small valence state Fock components can be demonstrated 

explicitly for the pion wavefunction, since &p/r is constrained by sum rules derived from 

?r+ + e+u, and A- -+ 77. One finds a valence state radius R& - 0.2 jm, corresponding 

to a probability P& - l/4. A detailed discussion is given in Ref. 19. 

3. THE DEUTERON IN QCD 

Of the five color-singlet representations of six 

usual system of two color singlet baryonic clusters. 

quarks, only one corresponds to the 

(Explicit representations are given in 

Ref. 20). Notice that the exchange of a virtual gluon in the deuteron at short distance 

inevitably produces Fock state components where the 3-quark clusters correspond to color 

octet nucleons or isobars. Thus, in general, the deuteron wavefunction should have a 

complete spectrum of hidden-color wavefunction components, although it is likely that 

these states are important only at small internucleon separation.21 

Despite the complexity of the multi-color representations of nuclear wavefunctions, the 

analysis5 of the deuteron form factor at large momentum transfer can be carried out in 

parallel with the nucleon case outlined in Section 2. Only the minimal f&quark Fock state 

needs to be considered to leading order in 1/6j2. The deuteron form factor can then be 

written as a convolution (see Fig. 3), 

Fig. 3. Factorization of 

the deuteron form factor 

at large q2. 

TH
6q+γ *→6q = α s (Q

2 )
Q2

⎡

⎣
⎢

⎤

⎦
⎥

5

t(x, y)[1+O(α s (Q
2 ))]

Fd (Q
2 ) ~ 1

Q10

Q10Fd (Q
2 ) ~ const.
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Dimensional Scaling Laws and pQCD: 
The Anomalies

G.M. Huber et al., Phys. Rev. C 78, 045203 (2008) 

Pion Form Factor Q2Fπ ~ const.

• Data show indications of 
approaching scaling behavior

• Data are far above the pQCD 
prediction

• Non-perturbative contributions 
dominate in the kinematic 
range of measured data.  

G. M. HUBER et al. PHYSICAL REVIEW C 78, 045203 (2008)

FIG. 6. (Color online) Q2F! data from this work, compared to
previously published data. The solid Brauel et al. [14] point has been
reanalyzed as discussed in the text. The outer error bars for the JLab
data and the reanalyzed Brauel et al. data include all experimental
and model uncertainties, added in quadrature, whereas the inner error
bars reflect the experimental uncertainties only. Also shown is the
monopole fit by Amendolia et al. [9] as well as a 85% monopole+15%
dipole fit to our data.

that assume the validity of the monopole parametrization over
a wide range of Q2.

To illustrate the departure from the monopole curve, as well
as to provide an empirical fit that describes the data over the
measured Q2 range, we also show in Fig. 6 a fit that includes
a small dipole component,

Ffit = 85%Fmono + 15%Fdip, (9)

where

Fdip = 1
!
1 + r2

dipQ
2

12h̄2c2

"2
(10)

and r2
dip = 0.411 fm2. This dipole parametrization has nearly

the same "2 for the elastic-scattering data as the monopole
curve shown [9], but it drops much more rapidly with Q2.
The combined monopole plus dipole fit is consistent with our
intermediate Q2 data, while maintaining the quality of fit to the
elastic-scattering data. Because a monopole parametrization
does not converge to the pQCD asymptotic limit [Eq. (2)], it
is expected to fail at some point. Similarly, we should expect
this empirical monopole+dipole parametrization to show its
limitations when additional high Q2 data become available
[41].

IV. COMPARISON WITH MODEL CALCULATIONS

The pion form factor can be calculated relatively easily in
a large number of theoretical approaches that help advance of
our knowledge of hadronic structure. In this sense, F! plays a
role similar to that of the positronium atom in QED. Here, we
compare our extracted F! values to a variety of calculations,
selected to provide a representative sample of the approaches
used.

A. Perturbative QCD

The most firmly grounded approach for the calculation of
F! is that of pQCD. The large Q2 behavior of the pion form
factor has already been given in Eq. (1). By making use of
model-independent dimensional arguments, the infinitely large
Q2 behavior of the pion’s quark wave function (distribution
amplitude, or DA) is identified as

#! (x,Q2 ! ") ! 6f!x(1 # x), (11)

whose normalization is fixed from the !+ ! µ+$µ decay
constant. Equation (2) follows from this expression.

Neither of these equations is expected to describe the pion
form factor in the kinematic regime of our data, and so much
effort has been expended to extend the calculation of F!

to experimentally accessible Q2. In this case, the pion DA,
#! (x,Q2), must be determined at finite Q2. Additional effects,
such as quark transverse momentum and Sudakov suppression
(essentially a suppression of large quark-quark separation
configurations in elastic-scattering processes), must be taken
into account. A number of authors [42–46] have performed
leading-twist next-to-leading order (NLO) analyses of F! at
finite Q2. The hard contributions to F! expand as a leading
order part of order %s and an NLO part of order %2

s .
Bakulev et al. [47] have investigated the dependence of the

form of the DA on the form factors, using data from a variety of
experiments. These were the !& & transition form-factor data
from CLEO [48] and CELLO [49], as well as our F! data. Their
results are insensitive to the shape of the DA near x = 1/2,
whereas its behavior at x = 0, 1 is decisive. The resulting
hard contribution to the pion form factor is only slightly larger
than that calculated with the asymptotic DA in all considered
schemes. The result of their study, shown as F hard

! in Fig. 7, is
far below our data. The drop at low Q2 is due to their choice
of infrared renormalization, which is not necessarily shared

FIG. 7. (Color online) The F! data of Fig. 6 are compared with
a hard LO+NLO contribution by Bakulev et al. [47] based on an
analysis of the pion-photon transition form-factor data from CLEO
[48] and CELLO [49]. A soft component, estimated from a local
quark-hadron duality model, is added to bring the calculation into
agreement with the experimental data. The band around the sum
reflects nonperturbative uncertainties from nonlocal QCD sum rules
and renormalization scheme and scale ambiguities at the NLO level.

045203-10
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Two-Body Photodisintegration of 3He

• Difficulty: lack of good statistics data in the higher-energy end 
• χ2/ ndf may not be a reliable criterion to conclude about scaling

• With limited energy coverage, a minimum length of fitted energy range may be needed.

• Using only CLAS data, it is difficult to make conclusive statements.

Can we make quantitative statements at other angles?

3He

p

d
γ
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narrow energy range

broad energy range
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