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Outline
• Experimentally Accessible Phenomena: 

Dimensional scaling

• Study of dimensional scaling in the two-body 
photodisintegration of 3He 

• Study of the beam-spin asymmetry of two-body 
photodisintegration of deuteron

2

�d ! pn

� 3He ! pd
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Fig. 1. (Color online.) αs,g1 (Q )/π obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are αs,τ (Q )/π from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and αs,g1 (Q )/π
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 αs,g1 is defined by the Bjorken sum rule ex-
pressed at first order in pQCD and at leading twist. This leads to
the relation:

αs,g1 = π

(
1 − 6Γ

p−n
1

g A

)
, (1)

where g A is the nucleon axial charge. We used Eq. (1) to ex-
tract αs,g1/π . 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 αs,g1 from [5]
and from the world data of the Bjorken sum evaluated at 〈Q 2〉 =
5 GeV2 [16], αs,F3 from the Gross–Llewellyn Smith (GLS) sum
rule [17] measured by the CCFR Collaboration [18], and αs,τ [19].
See [5] for details. The behavior of αs,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 ΛQCD.

The values for αs,g1 from the new data are in good agreement
with the previous JLab data. While the previous data were sug-
gestive, the freezing of αs,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 αs , with an additional term mg(Q )

that prevents α f it
s,g1 from diverging when Q 2 → Λ2 and another

term n(Q ) that forces α f it
s,g1 to π when Q 2 → 0. Note that the lat-

Fig. 2. (Color online.) The effective coupling constant αs,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 αs are: top left panel: Schwinger–Dyson calculations Cornwall [21]; top
right panel: Schwinger–Dyson calculations from Bloch et al. [24] and αs 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:

α f it
s,g1 = γn(Q )

log(
Q 2+m2

g (Q )

Λ2 )
, (2)

where γ = 4/β0 = 12/(33 − 8), n(Q ) = π(1 + [γ /(log(m2/Λ2)(1 +
Q /Λ) − γ ) + (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 χ2 are: Λ = 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
χ2 of 0.84. The inclusion of the systematic uncertainties in the fit
explains why the reduced χ2 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 αs . Finally, we show the αs,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 αs 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 αs rather than strict
predictions.

The data show that αs,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

A. Deur et al, Phys. Lett B 665, 349 (2008)

Motivation
• One of the long standing challenges in nuclear 

physics has been to understand hadron interactions 
and nuclear structure

• High-energy regime 
pQCD (asymptotic freedom)

• Low-energy regime
Hadronic degrees of freedom (confinement)

• Intermediate energies
Hadronic                                pQCD

• Standing questions:
• What are the relevant degrees of freedom?

• Is there a clear transition?

• Can we understand nuclei in terms of quarks and gluons?

transition region

3
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Photodisintegration of Few-Nucleon Systems at Medium 
Energies

Transition from hadronic 
to partonic degrees of 

freedom

Tuesday, August 14, 12

Large momentum transfer 

Access to quark-gluon 
dynamics

transition 

Dimensional scaling: Evidence for onset of quark-gluon dynamics in nuclear 
processes

Exclusive processes

Large momentum
 transfer

Hadron Helicity
ConservationDimensional Scaling

Experimentally accessible phenomena predicted by QCD
4
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Dimensional Scaling Laws

5

From dimensional analysis and perturbative QCD

dσ
dt

~ | M |2

s2 ,  

where [M ] = [TH ] = s( )4−n

dσ
dt

~ 1
sn−2

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.

d�

dt
=

1

sn�2
f(t/s)

V. A. Matveev, R. M. Muradian, and A. N. Tavkhelidze, Nuovo Cimento Lett. 7, 719 (1973). 

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)

�d ! pn

1

6

3

3

n = 1 + 6 + 3 + 3 = 13
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Previous Studies of Two-Nucleon Systems
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γd → pn s11 dσ
dt
~ const.

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

(Pomerantz et al.) 

Preliminary

I. Pomerantz et al., Phys. Lett. B 684, 106 (2010)
Figure from R. Gilman

γpp(n) → pp(n) s11 dσ
dt
~ const.



EFB22 Krakow, PolandNicholas Zachariou

Dimensional Scaling Laws

From the standpoint of a nonperturbative approach, the
scaling laws have been reviewed and derived using the
AdS/CFT correspondence between string theories in
anti–de Sitter space-time and conformal field theories in
physical space-time [25]. Within this approach, the inter-
actions between hadron constituents are scale invariant at
very short but also at very large distances in the so-called
‘‘conformal window’’ where the effective strong coupling
is large but constant, i.e., scale independent [26]. Thus,
dimensional scaling laws may be probing the limits of two
very different dynamical regimes of asymptotically large t
and s, and of small t. In order to better understand the
origin of scaling, we would need to also probe rigorously
exclusive nuclear processes at very small t.

For reactions that are dominated by resonances, the
study of scaling at smaller t is difficult since the resonances
make it hard to determine whether scaling is observed. We
chose to probe dimensional scaling in the reaction !3He !
pd in the photon energy range 0.4–1.4 GeV. In this energy
range, photoreactions on the proton and deuteron have
shown signatures of scaling [7,9–16], but their interpreta-
tion is unclear. This reaction has the advantage that
resonance mechanisms are suppressed (as shown by low-
energy studies) [27]. In addition, there is evidence that
two- and three-body mechanisms are important at large
c.m. angles [28]; i.e., the momentum transfer is shared
among two or three nucleons so that the average momen-
tum transfer to each quark constituent would be small
(maybe in the range of the conformal window). Our mea-
surement is the first of this reaction in the GeV energy
region. As previous measurements of photoinduced reac-
tions have only involved A ¼ 1 or 2, the expected quark-
counting scaling power of d"=dt / s"17 is higher than any
previous observation in photoproduction.

The data presented here were taken as part of Jefferson
Lab (JLab) experiments 03-101 and 93-044, which ran at
the continuous electron beam accelerator facility in Hall A
[29] and in Hall B [30], respectively.

E03-101 was a measurement of the #c:m: ¼ 90# energy
dependence of the 3Heð!; ppÞnspectator reaction [17]. In two

kinematics at an incident electron energy of 1.656 GeV
we could identify two-body photodisintegration of 3He
into a proton and a deuteron at angles corresponding to
#p c:m: ¼ 85#.
In this experiment, untagged bremsstrahlung photons

were generated when the electron beam impinged on a
copper radiator. The 6%-radiation-length radiator was
located in the scattering chamber 38 cm upstream of the
center of a 20-cm long cylindrical 0:079 g=cm3 3He gas
target. The size of the photon beam spot on the target,
& 2 mm, results from electron beam rastering intended to
distribute the heat load across the target. The size of the
target is much smaller than the & 1-cm size of the target
windows and apertures. Protons and deuterons from the
target were detected in coincidence with the Hall-A high-
resolution spectrometers [29]. The two spectrometers
were set symmetrically on the two sides of the beam
line in two kinematical settings corresponding to central
momenta of 1:421 GeV=c at a scattering angle of 63.16#

and 1:389 GeV=c at a scattering angle of 65.82#.
For each spectrometer, the scattering angles, momenta,

and interaction positions at the target were reconstructed
from trajectories measured with vertical drift chambers
located in the focal plane. Two planes of plastic scintil-
lators provided triggering and time-of-flight information
for particle identification. Figure 1 shows the speed $ of
the two particles detected in coincidence. One clearly
sees protons and deuterons in coincidence, with no vis-
ible backgrounds, such as pp and dd coincidences, or
pions.
In analyzing the data from E03-101, the incident photon

energy of the untagged beam was reconstructed event by
event from the momentum and angles of the scattered
particles under the assumption of two-body pd final-state
kinematics. In order to assure the validity of this assump-
tion and reduce backgrounds, the analysis is limited to
events that fulfill two energy and momentum constraints:
(1) pTmissing'pTðpÞþpTðdÞ<5MeV=c, and (2) %missing '
%d þ %p " %3He " %! < 5) 10"3, where % is the light

cone variable for each particle participating in the reaction

TABLE I. Selected hard exclusive hadronic and nuclear reactions that have been previously measured.

Reaction s (GeV2) #c:m: (deg) n Predicted n Measured Reference

pp ! pp 15–60 38–90 10 9:7* 0:5 [2]

p&" ! p&" 14–19 90 8 8:3* 0:3 [3]

!p ! !p 7–12 70–120 6 8:2* 0:5 [4]

!p ! '0p 6–10 80–120 7 7:9* 0:3 [5]

!p ! p&0 8–10 90 7 7:6* 0:7 [6]

!p ! n&þ 1–16 90 7 7:3* 0:4 [7]

!p ! Kþ! 5–8 84–120 7 7:1* 0:1 [8]

!d ! pn 1–4 50–90 11 11:1* 0:3 [9–16]

!pp ! pp 2–5 90 11 11:1* 0:1 [17]

!3He ! pd 11–15.5 90 17 17:0* 0:6 (This work)

PRL 110, 242301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
14 JUNE 2013

242301-3

Extensively studied in hadronic and 
nuclear reactions

I. Pomerantz, et al. Phys. Rev. Lett. 110, 242301 (2013)

To date there is no common model or theory that can describe all the available data 
in a consistent manner. 
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Fig. 1. (Color online.) αs,g1 (Q )/π obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are αs,τ (Q )/π from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and αs,g1 (Q )/π
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 αs,g1 is defined by the Bjorken sum rule ex-
pressed at first order in pQCD and at leading twist. This leads to
the relation:

αs,g1 = π

(
1 − 6Γ

p−n
1

g A

)
, (1)

where g A is the nucleon axial charge. We used Eq. (1) to ex-
tract αs,g1/π . 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 αs,g1 from [5]
and from the world data of the Bjorken sum evaluated at 〈Q 2〉 =
5 GeV2 [16], αs,F3 from the Gross–Llewellyn Smith (GLS) sum
rule [17] measured by the CCFR Collaboration [18], and αs,τ [19].
See [5] for details. The behavior of αs,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 ΛQCD.

The values for αs,g1 from the new data are in good agreement
with the previous JLab data. While the previous data were sug-
gestive, the freezing of αs,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 αs , with an additional term mg(Q )

that prevents α f it
s,g1 from diverging when Q 2 → Λ2 and another

term n(Q ) that forces α f it
s,g1 to π when Q 2 → 0. Note that the lat-

Fig. 2. (Color online.) The effective coupling constant αs,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 αs are: top left panel: Schwinger–Dyson calculations Cornwall [21]; top
right panel: Schwinger–Dyson calculations from Bloch et al. [24] and αs 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:

α f it
s,g1 = γn(Q )

log(
Q 2+m2

g (Q )

Λ2 )
, (2)

where γ = 4/β0 = 12/(33 − 8), n(Q ) = π(1 + [γ /(log(m2/Λ2)(1 +
Q /Λ) − γ ) + (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 χ2 are: Λ = 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
χ2 of 0.84. The inclusion of the systematic uncertainties in the fit
explains why the reduced χ2 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 αs . Finally, we show the αs,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 αs 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 αs rather than strict
predictions.

The data show that αs,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)

8

• Non-perturbative derivation of 
Dimensional Scaling Laws

• At short distances, dimensional 
scaling laws reflect the scale 
independence of as

• At large distances, interactions 
amongst hadron constituents are 
also scale invariant (conformal 
window)

Dimensional Scaling

• Dimensional Scaling Laws probe two very different dynamical regimes

• Nuclear photodisintegration provides an excellent tool to study these two 
regimes
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Photodisintegration of Light Nuclei with the CEBAF 
Large Acceptance Spectrometer (CLAS)
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Efficient detection of charged particles over a large fraction of the full solid angle.

Angular Coverage
8� < ✓ < 140�

� ⇠ 1.7⇡

Angular Resolution
�✓ ⇠ 1 mrad

�� ⇠ 4 mrad

Momentum Resolution
�p/p ⇠ 1%

• Measured beam-spin asymmetry of two-
body photodisintegration of d at Eγ=1.1 - 
2.3 GeV, θp,c.m.=35° - 145° with linearly 
polarized photon beam (JLab E06-103)

• Measured differential cross sections of 
two-body photodisintegration of 3He at 
Eγ=0.4 - 1.4 GeV, θp,c.m.=30° - 140° 
(JLab E93-044)

Photon Tagger
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Two-body Photodisintegration of 3He
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• Extracted value from fits to 
JLab 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

• Our data are qualitatively 
consistent with the hypothesis 
of conformal window from 
AdS/CFT           

Scaling of invariant cross sections at 90°

I. Pomerantz, et al., Phys. Rev. Lett. 110, 242301 (2013)

⦁CLAS
⃝Hall A
△DAPHNE

◇Picozza
☆O’Fallon

3He

p

d
γ

Data fitted by:
d�

dt
= As�N
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Where do we Stand?

11

• Supports qualitatively the non-perturbative interpretation of 
scaling.

• Indicates the quark-gluon picture maybe relevant for nuclei even 
at energies below 1 GeV. 

• Deuteron photodisintegration can be used to better understand the 
origin of dimensional scaling and the role of quark and gluons in 
nuclear reactions in the GeV energy region.
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Deuteron Photodisintegration

12

[

−igT F
c γν

] u(k1 + q)ū(k1 + q)

(k1 + q)2 − m2
q + iε

[

−ieqε
⊥ · γ⊥]

u(k1)
ψN (x1, p1⊥, k1⊥)

x1

)

{

ψ†
N (x′

1, pA⊥, k1⊥)

x′
1

ū(pA − p1 + k1)
[

−igT F
c γµ

]

u(k2)
ψN (x2, p2⊥, k2⊥)

x2

}

Gµν Ψd(α, p⊥)

1 − α

dx1

1 − x1

d2k1⊥

2(2π)3
dx2

1 − x2

d2k2⊥

2(2π)3
dα

α

d2p⊥
2(2π)3

. (1)

The deuteron is composed of nucleons of momenta p1 and
p2 with α ≡ p1+

pd+
, p2 = pd − p1 and p1⊥ = −p2⊥ ≡ p⊥

[15]. Each of these consists of one active quark of mo-
menta k1 and k2 and a residual quark-gluon spectator
system of momenta p1 − k1 and p2 − k2. It is useful
to define the momentum fractions: x1 ≡ k1+

p1+
= k1+

αpd+
,

x2 ≡ k2+

p2+
= k2+

(1−α)pd+
, 1 − x′

1 = p1+−k1+

pF+
and 1 − x′

2 ≡
p2+−k2+

pB+
. The amplitude in Eq. (1) is a convolution of

several blocks. a) ΨD(α, p2⊥) describes the transition of
the deuteron into a two-nucleon system. b) The term
in the (...) describes the “knocking out” of the quark of
one nucleon by the incoming photon, with intact quark-
gluon recoil of interacting nucleon and subsequent gluon
exchange of that quark with the quark of the second nu-
cleon. It consists of ψN ; the γ-quark vertex −ieqε⊥ · γ⊥,
where ε⊥ is polarization vector of incoming photon, the
intermediate-state propagator of the knocked-out quark

uū
(k1+q)2−m2

q+iε [16], with current quark mass mq; the

quark-gluon vertex = igT F
c γµ; and the wave function

of the final nucleon ψ†
N . c) The expression in {...} de-

scribes the interaction of the quark from second nucleon
with the knocked-out quark; d) The propagator of the

exchanged gluon is Gµν = idµν

[l−q+(p1−k1)−(p2−k2)]2+iε
with

polarization matrix dµν (fixed using the light-cone gauge)
and l ≡ (pB − p1). We use the reference frame where

pd = (pd0, pdz, p⊥) ≡ (
√

s′

2 + M2
d

2
√

s′
,
√

s′

2 − M2
d

2
√

s′
, 0), with

s = (q + pd)2, s′ ≡ s − M2
D, and qµ = (

√
s′

2 ,−
√

s′

2 , 0⊥).

  k  + qpd
p

p

p

p2

1

B

q

A

  
  k 2

  k 1

1

FIG. 1. Quark Rescattering diagram.

To proceed we analyze the denominator of the knocked
- out quark propagator when recoil quark-gluon system
is on mass shell. We are concerned with momenta such
that p2

⊥ # m2
N # s′ and α ∼ 1

2 so we neglect terms of
order p2

⊥, m2
N/s′ # 1 to obtain:

(k1 + q)2 − m2
q + iε ≈ x1s

′(α − αc + iε), (2)

where αc ≡ x1m2
R+k2

1⊥

(1−x1)x1s̃ , s̃ ≡ s′(1 + M2
d

s′ ) and mR is the re-
coil mass of the spectator quark-gluon system of the first

nucleon. The deuteron wave function is very strongly
peaked at α = 1

2 and p⊥ = 0, so the dominant con-
tribution to T corresponds to αc ≈ 1/2. According to
Eq.(2) the integration in Eq.(1) over k1⊥ in the region

k2
1⊥ ∼ (1−x1)x1s̃

2 & x1m2
R does provide αc = 1

2 . Keep-
ing only the imaginary part of the quark propagator (the
knocked-out quark is on-mass shell in the intermediate
state) leads to α = αc and corresponds to keeping the
contribution from the soft component of the deuteron
wave function.

Note that produced in the intermediate state quark-
gluon system is typical for the hard processes in DIS
but not for nucleon and even for baryon resonances. It
has mass2 ∝ s. (Off shell quark can not propagate dis-
tances as large as 1 fm necessary to hit quark of other
nucleon and to produce considered process.) Another
consequence of on-mass shellness of knock-out quark (and
recoil quark-gluon system) is that gauge invariance and
conservation of e.m. current are easily fulfilled.

Next we calculate the photon-quark hard scattering
vertex– ū(k1 + q)[γ⊥]u(k1) and use Eq. (2) to integrate
over α, by taking into account only second term in the
decomposition of struck quark propagator: (α − αc +
ε)−1 ≡ P(α − αc)−1 − iπδ(α − αc):

T =
i

2

∑

q
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, (3)

where ε± ≡ 1
2 (εx ± iεy). The dominant contribution aris-

ing from the soft component of the deuteron occurs when
αc ∼ 1

2 . Thus we may substitute αc = 1
2 . After factoring

out electromagnetic term, one can identify the remaining
integral in Eq.(3) (up to a scaling factor f(l2/s)) as a par-
ticular contribution to the quark interchange mechanism
for the wide angle nucleon-nucleon scattering amplitude
-AQIM

pn (s, l2). Then summing over the struck quark con-
tributions from photon scattering off neutron and proton
[17] one obtains:

T ≈
i(eu + ed)(ε+ + ε−)

2
√

s′

×
∫

f(
l2

s
)AQIM

pn (s, l2)Ψd(
1

2
, p⊥)

d2p⊥
(2π)2

, (4)

2

Figure 1: Diagrams describing three valence quark exchanges in t- (a) and u-channels (b).

16

Hard Rescattering Mechanism 
(HRM)

Photon is absorbed by a quark of one 
nucleon, followed by a high-
momentum (hard) rescattering with a 
quark from the second nucleon

Quark-Gluon String Model 
(QGSM)

The amplitude is calculated by the 
exchange of three valence quarks with 
any number of gluon exchanges 
between them

L. Frankfurt et al., Phys. Rev. Lett. 84 3045 (2000) A.B. Kaidalov, Z. Phys C 12, 63 (2001) 
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discrepancy is found at 30�-40� above 3 GeV where it suggests a slower decrease of the cross section with
energy than is observed.

Summarizing the results on the production cross sections, one can conclude that the approaches based
on various physical principles describe, with about the same degree of success, the available data on
the angular and energy dependence of the reaction. Thus, for a better understanding of the underlying
mechanism, complementary information on the spin-dependent observables is necessary.

Concerning the polarization observables, there are only three sets of data for deuteron photodisin-
tegration at energies above 1 GeV. The azimuthal beam-spin asymmetry � was measured at Yerevan
[11, 12]; the induced proton polarization py and the polarization transfers Cx0 and Cz0 were measured at
JLab [11, 12]. On the theoretical side, two calculations of the spin observables are available, within the
QGSM [53] and HRM [54] frameworks.

The data on the recoil proton polarization parameters obtained in two recent JLab experiments at
E� � 2 GeV are presented in Fig. 2. We see that the QGSM [53] predicts the longitudinal polarization
transfer Cz0 in good qualitative agreement with the measured data, but makes no prediction for the
transverse polarizations py and Cx0 due to their sensitivity to the relative phase of the helicity amplitudes.

Figure 1: Deuteron photodisintegration cross sections s11d�/dt as a function of E� for the proton scattering angles
noted. Results from CLAS [8] (full/red circles), Mainz [4] (open squares), SLAC [1, 2, 3] (full/green down-triangles),
JLab Hall A [7] (full/blue squares) and Hall C [5, 6] (full/black up-triangles) are included, as well as predictions
of the QGSM [48] (solid line), AMEC [52] and RNA [43] models (dotted and dashed lines, respectively), and the
HRM [45] model (hatched area).

5

CLAS 
Mainz 
SLAC  
JLab Hall A 
JLab Hall C  
       

Both,  QGSM and HRM 
describe the differential cross 
section with the same degree 
of success

Cross section alone does not 
provide enough information 
to understand the underlying 
dynamics

M. Mirazita et al., Phys. Rev. C 70, 014005 (2004); P. Rossi et al., Phys. Rev. Lett. 94, 012301 (2005)

Theoretical Predictions
QGSM (solid line)

HRM (hatched area)

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

✓c.m. = 90�

Polarization observables
Only two sets of data for the 
recoil proton polarization 
obtained at JLab Hall A
K. Wijesooriya et. al., Phys Rev Lett 86, 2975 (2001)

pQCD Limits (HHC) 

P
y

! 0

C
x

0 ! 0

C
z

0 ! 0

Py consistent with 0 for Eγ > 1 GeV
Cx’ and Cz’ do not vanish above 1 GeV, 
inconsistent with HHC

Comparison between theoretical 
predictions and available data is 
inconclusive

Deuteron Photodisintegration
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Polarization observables
Only two sets of data for the 
recoil proton polarization 
obtained at JLab Hall A
K. Wijesooriya et. al., Phys Rev Lett 86, 2975 (2001)

pQCD Limits (HHC) 

P
y

! 0

C
x

0 ! 0

C
z

0 ! 0

Py consistent with 0 for Eγ > 1 GeV
Cx’ and Cz’ do not vanish above 1 GeV, 
inconsistent with HHC

Comparison between theoretical 
predictions and available data is 
inconclusive

Deuteron Photodisintegration

Figure 2: Polarization transfers Cx� , Cz� and induced polarization py in deuteron photodisintegration.

In this respect, calculations of Cz0 are more stable because they do not depend on this phase but only on
the moduli squared of the helicity amplitudes.

Figure 2 also shows predictions for all three observables from the HRM [54]. It should be noted that
these calculations are at the lower edge of the nominal validity range of the model. Also, since the pn

spin amplitudes are not well constrained by data, the pn amplitudes are based on pp data. Thus, there
are large uncertainties in the predictions. One calculation (dotted line) assumes that there is only small
helicity nonconservation, leading to small values of Cx0 and py, and Cz0 being nearly unity. The second
(dash-dot line) calculation assumes large helicity non-conservation. The comparison with all observables
supports large helicity nonconservation, but clearly the predictions for the transverse polarization do not
agree with the data. Thus, the two models, QGSM and HRM, which predict the longitudinal polarization
transfer are in qualitative agreement with available data, while neither model adequately explains the
transverse polarizations.

The situation is completely unclear for the case of the azimuthal beam-spin asymmetry �, defined as

� =
1
P�

N⇤ �N⇥

N⇤ + N⇥
, (3)

where P� is the degree of linear polarization of the incident photon beam and N⇤ and N⇥ are the numbers
of events produced in the parallel and perpendicular (relative to the photon polarization) directions,
respectively. For the asymmetry �, there are only Yerevan data in the energy range 0.8-1.6 GeV and at
�cm = 90� [11, 12]. Unfortunately, the data at E� ⇥ 1.4-1.6 GeV have large uncertainties, which do not
allow us to test the models under consideration. However, the Yerevan data indicate that �(90�) might

6

X. Jiang et. al., Phys. Rev. Lett. 98 182302   

E� = 1.86 GeV
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Summary and Outlook

19

• Dimensional scaling probes two different dynamical regimes.

• Studies of 3He breakup at low energies qualitatively support the conformal 
window interpretation of the scaling. This may be validated through the study 
of 3He breakup at higher energies.

• Beam-spin asymmetry of deuteron photodisintegration is very sensitive to the 
underlying reaction mechanism.

• The available theoretical predictions, at their current state fail to adequately 
predict the energy and angular dependence of the beam-spin asymmetry.

• Ongoing collaboration with theorists to better describe and understand the 
underlying dynamics.
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Two-body Photodisintegration of 3He

21

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

• Onset of dimensional 
scaling depends on the 
momentum transfer to 
individual constituents: 
supports AdS/CFT 
hypothesis                               

Scaling of invariant cross sections

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

s17 dσ
dt
~ const.

PR
EL

IM
INA

RY



EFB22 Krakow, PolandNicholas Zachariou

Dimensional Scaling 

22

• Overwhelming experimental evidence for success at momentum transfer as 
low as 1 GeV. Kinematics depends on the exclusive process.

• pQCD interpretation ruled out.

• A comprehensive theoretical description of exclusive processes in the non-
perturbative regime has proved difficult.

• Overwhelming evidence for dimensional scaling. However, there is no general 
framework for interpretation across all processes.
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Background subtraction
Probabilistic event weighting: Calculate probability of a given event being a signal event by 

fitting the missing-mass distribution of the events closest neighbors (in θ and φ) with a 
predetermined function 

g(m2
X) = Ae

� 1
2

✓
m2

X�µ

�

◆2

b(m2
X) = A1e

A2m
2
X +B1e

B2m
2
X

Signal:
Background:

Dynamic bin width: number of closest 
neighbors determine the size of the bin

P (s) =
g(m2

Xi)

g(m2
Xi) + b(m2

Xi)
Probability:
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Degree of photon polarization was determined by fitting enhancement distributions with the 
Analytic Bremsstrahlung Calculation (ANB)

Degree of polarization depends on:
•Orientation of the crystal radiator
•Beam collimation
•Beam energy and divergence

5 fit parameters
Angle: Beam/crystal plane
Gaussian smearing of      to account 
for beam divergence and multiple 
scattering
Angle of collimation
Smearing factor
Amplitudes of peaks

✓
� ✓

✓r
�r

I02 , I
0
4 , . . . , I

0
6

Tight photon beam collimation used during the 
experiment resulted in a good separation between 
primary and secondary coherent peaks 



Nicholas Zachariou

Analysis
Photon polarization

25

Event number
0 5 10 15 20 25 30 35 40 45

610×

C
oh

er
en

t E
dg

e 
En

er
gy

 (M
eV

)

2100

2150

2200

2250

2300

2350

2400

2450

2500

Edge history, PARA, Run 54904, ..to event 42952625

Para

Event number
0 5 10 15 20 25

610×

C
oh

er
en

t E
dg

e 
En

er
gy

 (M
eV

)

1700

1750

1800

1850

1900

1950

2000

2050

2100

Edge history, PERP, Run 54436, ..to event 23711807

Perp

 (MeV)aE
1000 1100 1200 1300 1400 1500 1600 1700 1800

En
ha

nc
em

en
t

0

2

4

6

8

10

12

14

16

18

20

gDataHist_PARA_enh_1523.0.dat_fitted

 (MeV)aE
1000 1100 1200 1300 1400 1500 1600 1700 1800

Po
la

riz
at

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fit
Corrected for diff

Reduce effect due to stat. fluc.

 (MeV)aE
1000 1100 1200 1300 1400 1500 1600 1700 1800

En
ha

nc
em

en
t

0

2

4

6

8

10

12

14

16

18

20

gDataHist_PARA_enh_1501.0.dat

 (MeV)aE
1000 1100 1200 1300 1400 1500 1600 1700 1800

En
ha

nc
em

en
t

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

gPolHist_PARA_enh_1501.0.dat

Key features

200 MeV cut to reduce systematic 
uncertainties



Nicholas Zachariou

Analysis
Determination of Σ

26

φ-bin method

Chapter 7

Determination of the Azimuthal
Asymmetry

7.1 Overview

The beam asymmetry, ⌃, was extracted from the di↵erential cross section of

deuteron photodisintegration. The di↵erential cross section of Eq. (2.14) reduces to

d�

d⌦
=

✓
d�

d⌦

◆

0

(1 + P
�

⌃ cos[2�]) (7.1)

in the case of a linearly polarized photon beam. In Eq. (7.1) P
�

corresponds to the degree

of linear polarization (see Chap. 6), whereas � corresponds to the azimuthal angle between

the photon polarization vector and the reaction plane (see Fig. 2.1). This chapter presents

the method used by the author to extract ⌃ from the data.

7.2 Choice of Bin Size

The beam asymmetry is a function of both the incident photon energy, E
�

, and

the polar angle, ✓. It is common to describe the observables of a two-body reaction in the

center-of-mass frame since the ✓
c.m.

dependence of the observables is symmetric between the

two final-state particles. The boost velocity to the center-of-mass frame, �, is calculated

to be

~� =
~p

�

|~p
�

| + m
d

, (7.2)

using the fact that in the center-of-mass frame the momentum of the deuteron is equal

and opposite to that of the incident photon. The choice of photon-energy bin width was

determined to be 200 MeV at the initial stages of the experiment. Specifically, data were

collected for six di↵erent positions of the coherent peak, between 1.1 and 2.3 GeV (see

Chap. 3). The same bins were used for the determination of ⌃. In principle, smaller bins

could have been used but that would increase the statistical uncertainties in ⌃, especially

in the higher photon-energy bins where statistics are quite low. In addition, a large photon-

132

For linearly polarized photons

~P�
�0

if F|| = F�

and P|| = P� = P
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Figure 7.1. � distribution of protons in events collected with a parallel (left) and perpendicular
(right) to the Hall B floor beam polarization.

form
N(�)||,?

N(�)a

=
F ||,?

F a

(1 ± P ||,?
�

⌃ cos[2�]). (7.4)

By fitting the ratio of � distributions between the polarized and the amorphous data with

a function of the form A(1 + B cos[2�]), one can determine ⌃ from the fit parameter B

using the determined photon polarization P
�

.

Another way of determining ⌃ from the data is by taking the ratio between a linear

combination of the polarized data. Specifically, by calculating the quantity N(�)||�N(�)?

N(�)||+N(�)?
,

the acceptance e↵ects cancel out and the asymmetry can be easily extracted from fitting.

Using Eq. (7.3), this ratio results in

N(�)|| � N(�)?

N(�)|| + N(�)? = P⌃ cos[2�] (7.5)

in the case where the incident photon flux is well known and the data can be scaled reliably

to make F || = F?, and under the general case of having P
||
�

= P?
�

= P . The asymmetry,

⌃, can then be determined by fitting this distribution with the function B cos[2�].

A complication arises, however, due to the accuracy with which the orientation of

the photon polarization plane is known. Ideally this is known accurately enough (within

less than a degree). However, there is likely to be some systematic o↵set �0, which is

required to make the cos[2�] distribution consistent with the data. This systematic o↵set

is expected to be the same between the Para and Perp data, since the photon polarization
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φ-bin method

Chapter 7

Determination of the Azimuthal
Asymmetry

7.1 Overview

The beam asymmetry, ⌃, was extracted from the di↵erential cross section of

deuteron photodisintegration. The di↵erential cross section of Eq. (2.14) reduces to
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in the case of a linearly polarized photon beam. In Eq. (7.1) P
�

corresponds to the degree

of linear polarization (see Chap. 6), whereas � corresponds to the azimuthal angle between

the photon polarization vector and the reaction plane (see Fig. 2.1). This chapter presents

the method used by the author to extract ⌃ from the data.

7.2 Choice of Bin Size

The beam asymmetry is a function of both the incident photon energy, E
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, and

the polar angle, ✓. It is common to describe the observables of a two-body reaction in the

center-of-mass frame since the ✓
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dependence of the observables is symmetric between the

two final-state particles. The boost velocity to the center-of-mass frame, �, is calculated

to be
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~p
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, (7.2)

using the fact that in the center-of-mass frame the momentum of the deuteron is equal

and opposite to that of the incident photon. The choice of photon-energy bin width was

determined to be 200 MeV at the initial stages of the experiment. Specifically, data were

collected for six di↵erent positions of the coherent peak, between 1.1 and 2.3 GeV (see

Chap. 3). The same bins were used for the determination of ⌃. In principle, smaller bins

could have been used but that would increase the statistical uncertainties in ⌃, especially

in the higher photon-energy bins where statistics are quite low. In addition, a large photon-
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Figure 7.1. � distribution of protons in events collected with a parallel (left) and perpendicular
(right) to the Hall B floor beam polarization.

form
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N(�)a

=
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(1 ± P ||,?
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⌃ cos[2�]). (7.4)

By fitting the ratio of � distributions between the polarized and the amorphous data with

a function of the form A(1 + B cos[2�]), one can determine ⌃ from the fit parameter B

using the determined photon polarization P
�

.

Another way of determining ⌃ from the data is by taking the ratio between a linear

combination of the polarized data. Specifically, by calculating the quantity N(�)||�N(�)?

N(�)||+N(�)?
,

the acceptance e↵ects cancel out and the asymmetry can be easily extracted from fitting.

Using Eq. (7.3), this ratio results in

N(�)|| � N(�)?

N(�)|| + N(�)? = P⌃ cos[2�] (7.5)

in the case where the incident photon flux is well known and the data can be scaled reliably

to make F || = F?, and under the general case of having P
||
�

= P?
�

= P . The asymmetry,

⌃, can then be determined by fitting this distribution with the function B cos[2�].

A complication arises, however, due to the accuracy with which the orientation of

the photon polarization plane is known. Ideally this is known accurately enough (within

less than a degree). However, there is likely to be some systematic o↵set �0, which is

required to make the cos[2�] distribution consistent with the data. This systematic o↵set

is expected to be the same between the Para and Perp data, since the photon polarization
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Photon polarization Comparing asymmetries determined 
using overlapping coherent peaks 5%

φ0 offset Simulated data by sampling φ0 from a 
Gaussian distribution  <0.01%

Photon flux ratio Simulated data by sampling FR from a 
Gaussian distribution  <0.1%

φ-bin width
Systematic error well understood and under 
control. Can be accounted for. Uncertainty is 

a result of a variable bin width
<0.001%

Particle ID cuts 3σ vs 2σ PID cut 0.1%

Fiducial cuts Nominal vs 3o tighter cuts 0.05%

Missing-mass cut 3σ vs 2σ MM cut 0.1%

Detector acceptance Simulated data by using three 
functional form of acceptance <1%

Background subtraction Probabilistic event weighting vs bin 
scaling 0.5%
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What are the underlying dynamics in 
the transition regime?

29

d2�

dtd�
(s, t,�) =

1

2⇡

d�unp

dt
(s, t)[1 + P�⌃(s, t) cos 2�]

QGSM HRM
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Figure 4.4 : The CLAS detector, photon tagger, and beamline devices in experimental Hall B at Je�erson Lab [81].

Beam Position Monitors
•RF Cavities to monitor position and 
intensity of electron beam

Faraday Cup
•4000-kg block of lead used to measure 
electron-beam current

Harps
•Set of wires oriented perpendicular to 
the beam used to determine the beam 
profile

Moller Polarimeter
•Metal foil and quadruple magnets used 
to determine electron polarization

Pair Spectrometer
•Used to identify the incident photon 
flux by detecting electron-positron pairs

Tagger Spectrometer
•Used to produce and tag photon beam 

CLAS
•Used to detect charged and neutral 
particles over a large fraction of the full 
solid angle


