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Thomas Jefferson National Accelerator 
Facility

• Polarized c.w. electron 
beam: Pe ~ 86% 

• Beam energies up to 
E0 = 6 GeV (recently 
upgraded to 12 GeV)

• Four experimental Halls 
A, B, C, and D 

JLab in Newport News, VA

A B C

D

Premier U.S. Facility to study Quantum Chromodynamics: 
quantitative understanding of the internal structure of nucleons and 
nuclei



The CEBAF Large Acceptance Spectrometer 
CLAS

Performance
• L = 1034 cm-2 s-1

• ∫ B dl = 2.5 T m 
• Δp/p ~ 0.5-1 % 
• ~ 4π  acceptance
• Best suited for charged multiparticle final 
states
• Bremsstrahlung Photon Tagger (ΔEγ/Eγ ~10-3)

Photon Tagger
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Transition from Hadronic to Partonic Degrees of Freedom 
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Transition from Hadronic to Partonic Degrees of 
Freedom 



Photodisintegration of Few-Nucleon Systems 
at Medium Energies

Large Momentum Transfer Exclusive Processes (Hard Scattering)

Transition from hadronic 
to partonic degrees of 

freedom

Short-range 
dynamics (quark 

content of nuclei)
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    Studying the Strong Interaction 
through Hard Scattering

• Identify large-momentum-transfer (hard) subprocess

• Apply factorization (separation of scales):

-Apply pQCD to hard subprocess

-Non-perturbative contributions expressed through 
measurable/calculable quantities



Why Hard Photodisintegration? 

• Real photon: Q2=0. Factorization not proved.  

• Hard scale is given by the overall momentum transfer in the 
reaction (size of interaction volume): search for onset of 
partonic dynamics in nuclei

- experimental tool: dimensional scaling of invariant cross 
sections



• 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

10

p

p

p

p

TH
dσ
dt

~ | M |2

s2 ,  

where [M ] = [TH ] = s( )4−n

dσ
dt

~ 1
sn−2



Previous Experimental Findings in Two-
Nucleon Systems 

(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.

•Scaling at pT > 1.4 GeV/c

γd → pn s11 dσ
dt
~ const.

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

•Scaling at pT > 1.1 GeV/c



Dynamics of Hard Deuteron 
Photodisintegration in the Scaling Regime

Quark Gluon String Model 
(QGSM)
- Three quark exchange with arbitrary 

number of gluon exchanges
- Nonlinear Regge trajectories

V. Y. Grishina, L. Kondratyuk, W. Cassing, E. De Sanctis, 
M. Mirazita, F. Ronchetti, and P. Rossi, 
Eur. Phys. J. A 19, 117 (2004).

EFB22 Krakow, PolandNicholas Zachariou

Deuteron Photodisintegration
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(k1 + q)2 − m2
q + iε

[

−ieqε
⊥ · γ⊥]

u(k1)
ψN (x1, p1⊥, k1⊥)

x1

)

{

ψ†
N (x′

1, pA⊥, k1⊥)

x′
1
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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
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√
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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):
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i

2

∑

q

eq(ε+ + ε−)

2
√

s′

∫





(

(1 − αcx1)2 + 4k2
1⊥

s′

α2
cx

2
1 +

4k2
1⊥

s′

)

1
4

αcx1

+

(

α2
cx

2
1 + 4k2

1⊥

s′

(1 − αcx1)2 +
4k2

1⊥

s′

)

1
4

(1 − αcx1)





1

x1

ψ†
N (x′

2, pB⊥, k2⊥)

x′
2
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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
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×
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2
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2

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

Hard Rescattering Model 
(HRM)
- Photon absorbed by a quark in one 

nucleon, followed by a hard scattering 
off a quark in the second nucleon

- Requires phenomenological input on pn 
elastic scattering

L.L. Frankfurt, G.A. Miller, M.M. Sargsian, and M.I. Strikman, 
Phys. Rev. Lett. 84, 3045 (2000)

Models for Deuteron Photodisintegration
QCD Hard Rescattering Model (HRM)

Photon is absorbed by a quark in one nucleon, followed by a high
momentum transfer interaction with a quark of the other nucleon.

  k  + qpd
p

p

p

p2

1

B

q

A

  
  k 2

  k 1

1

Scattering amplitude expressed as convolution of the large-angle
pn scattering amplitude, the hard photon–quark interaction
vertex, and the low-momentum nuclear wave function.

HRM: L.L. Frankfurt, G.A. Miller, M.M. Sargsian, and M.I. Strikman, Phys. Rev. Lett. 84, 3045 (2000)

Previous Cross-Section and Polarization-Transfer cannot select between 
the models ➝ New Spin Observable is expected to make an impact.
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Dynamics of Hard Deuteron 
Photodisintegration in the Scaling Regime 

N. Zachariou — Studies of Hyperon Nucleon Interaction  — FB21, May 18-22 | Chicago 

Experimentally Accesible 
Observables
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ẑ

ẑ
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Linearly Polarized Photons: 
dσ
dΩ = dσdΩ0

1−PlinΣcos2ϕ⎡⎣ ⎤⎦

Linearly Polarized Photons (E06-103)

- CLAS Detector

- Ee = 3.3 - 5.2 GeV

- coherent edge at: 1.3, 1.5, 1.7, 1.9, 
2.1, 2.3 GeV

- Pγ	  = 70% - 90%

- ~30×109 triggers Figure from Nick Zachariou

New Spin Observable: Beam Spin Asymmetry
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Dynamics of Hard Deuteron 
Photodisintegration in the Scaling Regime

N. ZACHARIOU et al. PHYSICAL REVIEW C 91, 055202 (2015)
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FIG. 13. (Color online) Beam-spin asymmetry as a function of
the incident photon energy for θc.m. = 90◦. The red (gray, triangle) and
cyan (light gray, circle) points show the results from Yerevan [11,12],
whereas the blue (dark gray, square) points are the results from the
present work. The solid and dash-dotted lines are the QGSM [53] and
HRM [54,55] predictions, respectively. The blue band (gray) indicates
the systematic uncertainties of the present CLAS measurements.

amplitude. However, the model underpredicts the values of the
asymmetries over the entire energy range.

Figure 14 shows the energy dependence of " for four
different proton center-of-mass angles. The width of the
photon-energy bin is kept constant at 200 MeV, whereas the
width of the angular bins varies in an attempt to have similar
statistical uncertainties. The results indicate positive asym-
metries for angles larger than 50◦ and negative asymmetries
for forward-going protons. The θc.m. = 90◦ result displays the

largest asymmetry and suggests a local maximum at Eγ =
2.0 GeV.

B. Angular distributions

Figure 15 shows the angular dependence of " for the six
photon-energy bins (200-MeV wide) between Eγ = 1.1 and
Eγ = 2.3 GeV, as well as the QGSM and HRM predictions.
The width of the angular bin varies in an attempt to have
constant statistical uncertainties. The results indicate that the
beam-spin asymmetry has a local minimum at θc.m. = 90◦ for
the lowest photon-energy bins. This minimum evolves to a
maximum for the higher photon-energy bins. The data exhibit,
especially at the three lower energies, complex structures. At
small angles the observable is negative, but increases with
the production angle and reaches a positive maximum below
θc.m. = 90◦. Then, it decreases to a positive minimum shortly
above θc.m. = 90◦, and reaches a second maximum at large
angles. As the photon energy increases, the position of the first
maximum shifts towards θc.m. = 90◦, while the magnitude of
the second maximum, observed at large angles, continuously
decreases and " becomes negative at these large angles for
Eγ above 1.7 GeV. While the QGSM model predicts similarly
complex angular distributions, there are significant differences
between the data and the model. The latter predicts positive "
at all energies and angles, while data show that in some bins
" is negative. The positive maximum at small angles in the
model is not confirmed by the data. The positive maximum at
large angles is confirmed only by the lowest-energy data, but
at a different angle.

The QGSM seems to predict well the maxima at θc.m. = 90◦,
observed in the higher photon energy data. The discrepancies
between the data and the QGSM may be due to resonance

FIG. 14. (Color online) Beam-spin asymmetry as a function of photon energy for four different proton angles in the center-of-mass frame:
(a) θc.m. = 30◦, (b) θc.m. = 55◦, (c) θc.m. = 90◦, and (d) θc.m. = 135◦. The angular bin size varies with photon energy. The blue (gray) bands
indicate the systematic uncertainties of the present CLAS measurements.

055202-14

N. Zachariou, Y. Ilieva,  B.L. Berman, N.Ya. Ivanov, M.M. Sargsian,  
R. Avakian, G. Feldman, P. Nadel-Turonski et al., 
Phys. Rev. C 91, 055202 (2015)

• Σ at θcm= 90º

• σstat = 6% — 15%

• σsyst < 6% 

• The beam spin asymmetry is 
positive at Eγ = 0.75 - 2.3 GeV.

• Data suggest a continuous  
increase up to Eγ  of 2 GeV.

• Current QGSM calculations do 
not reproduce the shape of the 
energy distribution.

• HRM reproduces the shape, 
underestimates the magnitude.          

Beam Spin Asymmetry: New Results 
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Dynamics of Deuteron Hard 
Photodisintegration in the Scaling Regime

DETERMINATION OF THE BEAM-SPIN ASYMMETRY OF . . . PHYSICAL REVIEW C 91, 055202 (2015)

FIG. 15. (Color online) Beam-spin asymmetry as a function of the proton center-of-mass angle, θc.m.. Each panel (a)–(f) indicates the
results for the different photon-energy bins between 1.1 and 2.3 GeV. The solid and dash-dotted lines are the QGSM [53] and HRM [54,55]
predictions, respectively. The blue (gray) bands indicate the systematic uncertainties of the present CLAS measurements.

contributions to the reaction dynamics, which are not well
described in the model. The HRM model is expected to be
valid only for θc.m. = 90◦ angles, where both tN and uN

are large. Nevertheless, predictions of the HRM model are
shown to demonstrate the kinematics where the data exclude
applicability of the model.

C. Conclusions

The work presented here increases significantly the kine-
matical coverage and precision of the available data for
the beam-spin asymmetry, ", of the reaction γ d → pn.
State-of-the-art models have limited success in reproducing
the details of the data. The fact that the models capture
only some of the most general features of the data suggests
that improvements are needed in the details of the reaction
dynamics. For example, a better phenomenological input to the
HRM for the spin dependence of the elementary pn amplitudes
could bring the calculation closer to the data. Alternatively,
the comparison at θc.m. = 90◦ may suggest that the energy
range of our data are below the full applicability of the model.
The CLAS data provide stringent constraints that can be used

in the development of the existing models or even aid in
the development of new phenomenological approaches that
attempt to describe the underlying dynamics in the transition
region from hadronic to partonic degrees of freedom.
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055202-15

•Rich structures at 
low energies evolving 
to a single peak at 
90º at higher Eγ.
•Kinematics at the 
limit of applicability 
of HRM.
•Complex dynamics - 
QGSM needs more 
work.

QGSM
HRM

N. Zachariou, Y. Ilieva,  B.L. Berman, N.Ya. Ivanov, M.M. Sargsian,  R. Avakian, G. Feldman, P. Nadel-Turonski et al., 
Phys. Rev. C 91, 055202 (2015)

Beam Spin Asymmetry: New Results 



Two-Body Photodisintegration of 3He
Scaling in A > 2 expected at energies much higher than 1 GeV, however... 

3He

p

d
γ
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Two-Body Photodisintegration of 3He
Scaling in A > 2 expected at energies much higher than 1 GeV, however... 
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Data fitted by: dσ

dt
= As−N

⦁CLAS Preliminary
⃝Hall A Preliminary
△DAPHNE
◇Picozza
☆O’Fallon

dσ
dt
~ s−N

θcm = 90°



Two-Body Photodisintegration of 3He

• 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

• What is the 
phenomenology of the 
observed scaling?          

Scaling in A > 2 expected at energies much higher than 1 GeV, however... 

3He

p

d
γ

16I. Pomerantz, Y. Ilieva, R. Gilman, D. Higginbotom, E. Piazetski, S.Strauch et al., 
Phys. Rev. Lett. 110, 242301 (2013).

 
Data fitted by: dσ

dt
= As−N

⦁CLAS Preliminary
⃝Hall A Preliminary
△DAPHNE
◇Picozza
☆O’Fallon

dσ
dt
~ s−N

θcm = 90°



Why does it scale at such low energies? 
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Dynamics of 3He Hard 
Photodisintegration in the Scaling Regime

 

u
constituent

= 0.06 − 0.6 GeV/c

t
constituent

= 0.035 − 0.35 GeV/c

 0.4 GeV

 1.4 GeV

 0.7 GeV

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

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)

conformal 
window

AdS/CFT

of up to s = 17.3 GeV2, corresponding to E� = 1.67 GeV for the reaction (2). In Fig.(5)

we present the comparison of our calculation of the energy dependence of the s17 scaled

di↵erential cross section at ✓CM = 900 with the data of Ref.[17].
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FIG. 5: Energy dependence of the di↵erential cross section at ✓CM = 900 scaled by the

factor of s17. The solid curve is the calculation according to Eq.(39). The experimental

data are from Refs.[17, 26, 27]. See also discussion in Ref.[17] on disagreement between

DAPHNE and JLAB/CLAS data.

As the comparison shows, Eq.(39) describes surprisingly well the Je↵erson Lab data

considering the fact that the cross section between E� = 0.4 GeV and E� = 1.3 GeV drops

by a factor of ⇠ 4000.

The HRM model allows also to calculate the angular distribution of the di↵erential cross

section for fixed values of s. In Fig.(6) we present the prediction for the angular distribution

of the energy scaled di↵erential cross section at largest photon energies for which there are

available data[28].

The interesting feature of the HRM prediction is that due to the fact that the magnitude

of invariant momentum transfer of the reaction (2), t is larger than that of the pd ! pd

scattering, tpd (Eq.(33)) the e↵ective center of mass angle in the latter case, ✓⇤cm < ✓cm

(see Eq.(34) and Fig.(3)) as a result HRM predicts angular distributions monotonically
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Hard Rescattering Model

 

u = 0.01− 3.2 (GeV/c)2

t = 0.04 − 4.4 (GeV/c)2

H. Maheswari, M. Sargsian, arXiv:1606.09617 (2016)



Photodisintegration of Few-Nucleon 
Systems: Summary

Hard Deuteron Photodisintegration

• New data on the beam-spin asymmetry is in general consistent with the hard-
rescattering mechanism.

• Data can be used to constrain the helicity amplitudes of the underlying pn 
elastic scattering (at kinematics where no data exist).

Hard 3He Photodisintegration

• Unexpected dimensional scaling observed at Eγ > 0.7 GeV.

• The origin of dimensional scaling is a puzzle (regime of conformal window or 
hard rescattering?).

The phenomenology of QCD transition between scales will be further explored 
at 12 GeV.
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Studies of Hyperon-Nucleon Interaction



Why Study?
YN interaction not well known

- not all free parameters of the YN potential can be obtained from 
the NN potential via flavor SU(3) symmetry

- example: large uncertainties of YN scattering lengths: 
 a(1S0) = −0.7 – −2.6 fm,

      a(3S1) = −1.7 – 2.15 fm

- YN elastic scattering database poor

- alternative approaches:

•hypernuclear spectroscopy
•studies of FSI in production reactions:

pp→ K +Λpγ d→ K +Λn
γ d→ K 0Λp



YN Interaction and Exclusive Hyperon 
Photoproduction off Deuteron

New approach

- Hyperon Beam produced in first 
step

- Hyperons scatter off neutrons in a 
second step

Theoretical Studies

- Observables sensitive to YN 
potentials at certain kinematics at a 
level of ~10% (K. Miyagawa et al., Phys. Rev. C 74, 

034002 (2006); A. Salam et al., Phys. Rev. C 74, 044004 

(2006); H. Yamamura et al., Phys. Rev. C 61, 014001 (1999))

- Spin-averaged scattering length can 
be extracted from data close to 
threshold (A. Gasparian et al., Phys. Rev. C 69, 034006 

(2004))
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Exclusive Hyperon Photoproduction off Deuteron
Background Mechanisms
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Exclusive Hyperon Photoproduction off Deuteron
Polarization Observables
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Λ self-analysing power: 
α = 0.642 ± 0.013

Relevant Kinematic Variables:

- From Λn→Λn: θΛ’, WΛn≡IMΛn

- From γp→K+Λ: Eγ, pK, θK

Σ(Eγ, pK, θK, θΛ’, WΛn)

Cx(Eγ, pK, θK, θΛ’, WΛn)
Cz(Eγ, pK, θK, θΛ’, WΛn)
…

Figure from Tongtong Cao



Experimental Facility: CLAS at Jefferson Lab
Experiment E06-103 (g13)

P. Nadel-Turonski, B. Berman, Y. Ilieva, D. Ireland, A. Tkabladze et al., E06-103: “Kaon Production on the Deuteron Using Polarized Photons”

Circularly Polarized Photons (g13a)

- Ee = 2 GeV; 2.65 GeV

- electron polarization: ~ 80%

- triggers: ~20×109 triggers

Linearly Polarized Photons (g13b)

- Ee = 3.3 - 5.2 GeV

- coherent edge at: 1.3, 1.5, 1.7, 1.9, 
2.1, 2.3 GeV

- Pγ	  = 70% - 90%

- ~30×109 triggers 

Fully Exclusive Measurement

 

Λ

n

K + p

π −


γ d

detected

K+ and Λ: measured
n: reconstructed from 4-momentum 
vector conservation



Selection of Quasi-Free and FSI Mechanisms

 

Event Distribution over Spectator Momentum
Pn  (γ d→ K +Λn)

The removal of events with Pn < 0.2 GeV/c 
provides a sample that is by far dominated by 
FSI events. Standard analysis procedure.

Work of Tongtong Cao
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Figure 5: Fit of missing momentum distribution of real data. The blue line shows missing momentum distribution of real

data. The red line shows fit. The black line shows FSI. The green line shows QF.

Figure 6: Missing momentum distribution for FSI of simulated data. The red line shows missing momentum at 0.2 GeV/c.

A
0
FSI

denotes number of events for FSI of real data with missing momentum less than 0.2 GeV/c, and the value is 23075.4.

5

QF: Paris Potential

Paris Potential describes well low Pn data.
High-momentum tail drops off at ~0.6 GeV/c: 
effect on data interpretation.

 Comparison with Model Distribution
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Preliminary Results 
Observables for Circularly-Polarized Photons

Work by Tongtong Cao
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Model Comparison: Perspectives

0 10 20 30 40 50-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0 10 20 30 40 500

0.2

0.4

0.6

0.8

1

✓
0

⇤(deg) ✓
0

⇤(deg)

FSI

FSI

Cz

Cx
Eγ=1.38 GeV
pK=856 GeV/c
θK=23.2°

Eγ=1.3 GeV
pK=900 GeV/c
θK=17°

CLAS Preliminary

CLAS Preliminary

- one-, ..., four-fold 
differential observables 
will be extracted

- experimental observables 
are integrated over the 
CLAS acceptance

- direct comparison with 
models is not trivial

• collaboration with 
theorists

• use the model as event 
generator and process 
through CLAS 
simulation

• provide a sample of 
FSI events that can be 
binned in any way

Work by Tongtong CaoK. Miyagawa et al., Phys. Rev. C 74, 034002 (2006)



Exclusive Hyperon Photoproduction off Deuteron
Polarization Observables: Beam-Spin Asymmetry

  
Linearly Polarized Photons: dσdΩ = dσdΩ0

1−PlinΣcos2ϕ +…⎡⎣ ⎤⎦

N. Zachariou — Studies of Hyperon Nucleon Interaction  — FB21, May 18-22 | Chicago 

Experimentally Accesible 
Observables
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ẑ

ẑ
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FIG. 11: Same as Fig. 9, but for kaon lab angle θK = 17◦.

threshold, and the available lab angles of the hyperon θ′Σ are limited to less than 21◦. As

in Fig. 10, FSI effects are prominent. The Σ−p channel gives more visible FSI effects than

Σ0n, where both of the 1
2 and 3

2 ΣN isospin components are included. Not only the 3S1-3D1,

but also 1S0 contributions can be seen, especially in Cz.

The results for pK = 810 MeV/c and θK = 1◦ which corresponds to the Σ QFS peak

position in Fig. 2 are given in Fig. 14 (Σ−p channel) and in Fig. 15 (Σ0n channel). In

contrast to the case for pK = 944 MeV/c (Λ QFS), most observables show significant FSI

effects starting from θ′Σ less than 20◦. This is the reason why fairly large FSI effects are seen

on the top of the Σ QFS peak around pK = 810 MeV/c in Fig. 2.

In Fig. 16, the three-dimensional plots of the five observables as functions of kaon lab
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K. Miyagawa et al., Phys. Rev. C 74, 034002 (2006);

Theoretical Prediction

Quasi-Free

QF+NSC97F

QF+NSC89

- Single-polarization observable, i.e. 
smallest statistical uncertainties

- For the K+Λn final state, ϕ is not 
uniquely defined: ϕK, ϕΛ, ϕn, ϕKΛ, ϕΛn, ϕKn  

- Observable can be used as a probe for 
dominance of various FSI mechanisms

Figure from Nick Zachariou



Preliminary Results: Beam Spin Asymmetry
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Preliminary Results 
Observables for Linearly-Polarized PhotonsN. Zachariou — Studies of Hyperon Nucleon Interaction  — FB21, May 18-22 | Chicago 
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Hyperon-Nucleon Interaction: 
Summary

First ever estimates of a large set of polarization observables for FSI in 
the reaction γd→K+Λn have been obtained from JLab g13 experiment.

• One-, two-, three-, and four-fold differential estimates are obtained 
with adequate statistical uncertainty.

• Beam-spin asymmetry provides indication that Λn→Λn mechanism may 
be dominant at large θΛ’.

• Beam-spin asymmetry can be binned sufficiently fine at low WΛn to be 
suitable for extraction of the Λn scattering length. 

• Data have sufficient coverage and statistical significance to impact YN.



Future Perspectives: Studies at 12 GeV



•Determination of the elementary J/ψN total cross section (lF~1fm).

• Studies of the gluonic structure of deuteron 

• gluonic structure of short-range correlations

• deuteron gluonic form factor

• Studies of the hidden color component of deuteron?

Why Study?

Near-Threshold J/ψ Production off Deuteron

0.1. CHARM PRODUCTION NEAR THRESHOLD 3

that the two-gluon exchange mechanism remains dominating down to lower energies. It is
pointed out that a better data at low energies are needed to verify this approach and stressed
that the knowledge of the transverse gluon distribution is important as a key ingredient for
the understanding of relative importance of soft and hard processes for high energy nucleon-
nucleon collisions at different impact parameters and is needed for description of data from
hadron colliders.

On few body targets, each exchanged gluon may couple to a colored quark cluster and
reveal the hidden color part of the nuclear wave function, a domain of short range nuclear
physics where nucleons lose their identity (Fig. 3). It is striking that in γd → J/ψpn the
|8c8c > hidden color state of the deuteron couples so naturally by two gluons to the J/ψpn
final state [8]. Such exotic configurations are more likely to appear below the threshold for
charm creation on a nucleon at rest, where quasi free production is suppressed. On deuterium
the threshold for J/ψ production is ∼ 5.65 GeV, while on heavy nuclei the threshold is simply
the J/ψ mass 3.1 GeV.

a s

Figure 3: The simplest diagram to reveal hidden color state in deuterium [8].

The formation length, lF , over which the cc pair evolves into a J/ψ after its interaction
with a nucleon, is given by:

lF ∼=
2

mψ′ − mJ/ψ

[
EJ/ψ

2mc

]
∼= 0.22Eγ (3)

Near threshold lF is about 1 fm, closer to the size of the nucleon than to the size of the
nucleus.

This is the ideal situation for determining the scattering cross section of a full sized
charmed meson on a nucleon, in contrast to the situation at high energies where the cross
section is sensitive to the interaction of a compact cc pair with the entire nucleus. There is
an interest in knowing the cross section σψN due to several reasons. Since there is no Pauli
blocking for charm quarks in nuclei, a large attractive Van der Waals potential binding the
pair to the nucleus may occur [9]. This potential may yield a relatively large value of the ψ-
nucleon cross section of σψN ≈ 7 mb at low energies [10]. Such a gluonic potential between
color-neutral states would open up a possibility to trace part of the short-range nucleon-

J.-M. Laget, Nucl. Phys. A 581, 397 (1995)
M. Sargsian, private communication 
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=
∑

mJ/Ψ

< m′
J/Ψ, m

′
jN
|tJ/Ψp,J/Ψp(!k

′

,!k;W )|mJ/Ψ, mjN >
e

fJ/Ψ
δmJ/Ψ,λγ

+
∑

mρ

< m′
J/Ψ, m

′
jN
|tJ/Ψp,ρ0p(!k

′

,!k;W )|mρ0, mjN >
e

fρ
δmρ0 ,λγ

, (38)

where fJ/Ψ = 11.2 and fρ = 5.33.

Obviously we can get the γ(!q) + p(−!q) → ρ0(!k
′

) + p(−!k ′

) amplitude from Eq.(38) by
interchanging J/Ψ and ρ0. This will allow us to calculate the total cross section σγp,ρ0p of
γp → ρ0p. Clearly, within this model based on the vector meson dominance hypothesis,
σγp,ρ0p is closely related to the total cross section of ρ0p → ρ0p which can not be obtained
experimentally, but can be essential in determining the parameters associated with our
phenomenological potential VρN,ρN(E).

FIG. 2: Graphical representation of J/ψ photo-production on the deuteron. Graphs(a), (b), and
(c) correspond, respectively, to the impulse contribution, Eq.(43); NN re-scattering, Eq.(50); and

J/ψN re-scattering, Eq.(49).

D. Cross sections for γ + d → J/Ψ + n+ p

In Fig.2, we illustrate the mechanisms included in our calculations of the cross sections
of J/Ψ production on the deuteron target. Since we are mainly interested in the J/Ψ-N
interaction (Fig.2.(c)), we will examine how the predicted cross sections depend on the J/Ψ-
N relative momentum in the final J/Ψ+ n + p state. This can be done most effectively by
considering the following differential cross section in the CM frame of the γ(!q) + d(−!q) →
J/Ψ(!k) + n(!pn) + p(!pp) reaction

d2σ

dΩpd|!κJ/ψ|
= (2π)4

Eγ(!q)Ed(!q)

|!q|W

∫

dΩ%̂κJ/ψ!κ
2
J/ψ

En(!pn)EJ/ψ(!k)Ep(!pp)

En(−!κJ/ψ)EJ/ψ(!κJ/ψ)

M0|!pp|
W

1

2(2Jd + 1)

∑

λγ , md

∑

mJ/ψ , mn, mp

9

FIG. 9: The differential cross section dσ/(dΩpdκJ/Ψ) of γ+d → J/Ψ+p+n vs the momentum κJ/Ψ
of J/Ψ in the center of mass frame of the J/Ψ+n sub-system. The results are from coupled-channel

calculations using the J/Ψ-N potential, Eq.(11), with µ = 0.6 GeV and α = 0.20. θp in (a) and (b)
are the angle between the incoming photon and the outgoing proton. The red dashed, blue dotted
and pink dashed-dotted lines are the contributions from the amplitudes of the Impulse term, J/ΨN

re-scattering, and NN re-scattering, respectively. The black solid lines are the coherent sum of
these three amplitudes.

FIG. 10: The differential cross section dσ/(dΩpdκJ/Ψ) of γ + d → J/Ψ+ p+ n vs the momentum
κJ/Ψ of J/Ψ in the center of mass frame of the J/Ψ + n sub-system. θp is the angle between the
incoming photon and the outgoing proton. The black solid, blue dotted, and red dashed-dotted

lines are from the coupled-channel calculations using the J/ΨN → J/ΨN potential, Eq.(11), with
µ = 0.6 GeV and α = 0.20, 0.09, 0.06, respectively.

C. π+ + d → J/Ψ+ p+ p

For the calculated dσ
dΩpd|"κJ/Ψ| of the π

+d → J/Ψ+ p+ p reaction, we find that the impulse

term dominates at all angles. Furthermore, the contributions from the J/Ψ-N re-scattering
(Fig.2(c)) are weaker than those of the NN re-scattering (Fig.2(b)). Nevertheless, the data
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 J/ψ Photoproduction off Deuteron 
with CLAS 12 

Fully Exclusive Measurement of Incoherent Photoproduction of J/ψ

Types of data samples:
• Quasi-real Photoproduction:

e’, p, J/ψ - measured
n - reconstructed
Q2 ≧ 0.05 (GeV/c)2

• Untagged real photoproduction
n, p, J/ψ - measured
γ - reconstructed

γ *

detected

J /ψ

n

p e+

e−

d

e '
e



 Summary

The CLAS detector at 6 GeV produced a wealth of unpolarized and 
polarized data that have been critical for the quantitative description of 
baryon structure and baryon dynamics

• Phenomenology of the transition from long to short scales in few-
nucleon systems 

• Final-State Interactions: key to access YN properties

The 12 GeV upgrade will allow to study charm baryons near threshold

• Gluonic structure of deuteron

• Elementary J/ψN elastic cross section



The End



Both, QGSM and HRM, models for γd → pn describe well 
measured experimental observables.

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

QGSM (solid)
HRM (hashed)

Eγ=2.0 GeV

Dynamics of Hard Photodisintegration in 
the Scaling Regime



Both, QGSM and HRM, models for γd → pn describe well 
measured experimental observables.

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

3

electromagnetic form factors [35–38] and the FPP cali-
bration, after accounting for beam polarization and spin
transport through the spectrometer; see Table II. Our
measurements agree well with previous data for analyz-
ing powers of carbon and CH2 analyzers [27, 28, 39, 40]
and for the form factor ratio [27]. For the γd data at
θp

cm = 109.5◦, only the carbon analyzer was used due to
the low outgoing proton momentum; the analyzing power
was taken from an earlier #ep calibration run with the
same FPP set up [34]. For the four kinematics with dual
analyzers, recoil polarizations were consistent between
the two analyzers within uncertainties, and the weighted
averages are given as the final results in Table III.

TABLE III: Center-of-mass frame proton recoil polarization
components, with statistical and systematical uncertainties.

θp
cm py C′

x C′
z

36.9◦ -0.301 ± 0.053 -0.170 ± 0.041 0.654 ± 0.056

± 0.029 ± 0.020 ± 0.051

52.9◦ -0.209 ± 0.041 -0.205 ± 0.040 0.573 ± 0.071

± 0.052 ± 0.031 ± 0.092

69.8◦ 0.008 ± 0.033 -0.228 ± 0.045 0.835 ± 0.108

± 0.039 ± 0.033 ± 0.116

89.8◦ -0.090 ± 0.049 0.065 ± 0.074 0.453 ± 0.162

± 0.045 ± 0.034 ± 0.065

109.5◦ 0.226 ± 0.073 0.316 ± 0.082 0.001 ± 0.119

± 0.053 ± 0.035 ± 0.037

There are several systematic uncertainties. The sta-
tistical uncertainties of the measured analyzing powers
dominate over the beam polarization uncertainty. Spec-
trometer offsets also contribute. Potential geometrical
biases are eliminated by requiring that all possible sec-
ondary scattering proton azimuthal angles (φFPP ) fall
into the boundaries of the polarimeter. The induced po-
larization py in ep elastic scattering vanishes – neglect-
ing small effects from two-photon exchange – allowing a
direct measurement of the false asymmetries in the po-
larimeter. The ep induced polarization measurements
were all consistent with vanishing, so the statistical accu-
racies of py in the ep calibration (≤ 0.04), were assigned
as the false asymmetry systematic uncertainties of the in-
duced polarization in deuteron photodisintegration. For
the polarization transfer, the false asymmetries largely
cancel in forming the helicity differences.

Figure 1 compares the proton recoil polarization of this
work (E00-007), at Eγ ≈ 2 GeV, with earlier results (Wi-
jesooriya) [22] at Eγ = 1.86 GeV, and calculations. A
slow energy dependence of the recoil polarizations above
Eγ ≈ 1 GeV was found in [22], and our new measure-
ments at θcm = 90◦ are compatible with the earlier re-
sults. All three polarization components are consistent
with a smooth variation with angle, and with crossing

FIG. 1: (Color online) Polarization transfers C′
x, C′

z and in-
duced polarization py in deuteron photodisintegration. Only
statistical uncertainties are shown. See text for details.

zero near θcm = 90◦. Both Cx′ and py start out negative
and moderately sized at forward angles, while Cz′ is pos-
itive and large. As py and Cx′ do not generally vanish,
we again confirm that HHC does not hold.

The longitudinal polarization is given by [41]

f(θ)Cz′ =
6∑

i=1

∑

±

±|Fi,±|
2, (1)

with f(θ) the cross section. It is insensitive to phases
of amplitudes. Except for the negative signs, Cz′ would
equal the cross section, and could be predicted as reliably.
In contrast, Cx′ and py are the real and imaginary parts
of the same sum of interfering amplitudes [13, 41], and
are highly sensitive to phases, and difficult to predict.

Two calculations of the spin observables are available.
Figure 1 shows that the QGS model [19] predicts a lon-
gitudinal polarization transfer in good qualitative agree-
ment with the measured data, but makes no prediction
for the transverse polarizations, due to their sensitivity
to phases. Given the good agreement with deuteron pho-
todisintegration cross sections in the few GeV region [10],
the QGS model must be regarded as the most successful
existing model of photodisintegration at a few GeV.

Figure 1 also shows predictions for all three observables
from the HR model [20]. 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

X. Jiang et al., Phys. Rev. Lett. 98, 182302 (2007)

QGSM (solid)
HRM (hashed)

Eγ=2.0 GeV

Dynamics of Hard Photodisintegration in 
the Scaling Regime



AdS/CFT: Conformal Window

• 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.) 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)
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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).



Two-Body Photodisintegration of 3He

• Indication that above 
~ 0 . 7 G e V d a t a 
consistent with scale 
invariance for all CM 
angles  

• Onset of dimensional 
scaling depends on the 
momentum transfer to 
i n d i v i d u a l 
constituents: supports 
AdS/CFT hypothesis                               

Scaling of invariant cross sections

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

JLab Preliminary
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Event Distribution over Missing Momentum
Px  (γ d→ K +ΛX)

The removal of events with Px < 0.2 GeV/c 
provides a sample that is by far dominated by 
FSI events. Standard analysis procedure.
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Figure 6.78: Case 4 from Tab III. Missing-mass distributions fitted with simu-
lated data, accidentals, and a double Gaussian to perform background subtrac-
tion. Contributions from each source are shown separately – cyan for double
gaussian; green for ⌃

0 FSI and QF, and blue for ⌃

⇤� and ⌃

⇤0. Accidental
background is also shown in purple, and black indicates contributions from
misidentified pions
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gaussian; green for ⌃

0 FSI and QF, and blue for ⌃

⇤� and ⌃

⇤0. Accidental
background is also shown in purple, and black indicates contributions from
misidentified pions
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The removal of events with Px < 0.2 GeV/c 
provides a sample that is by far dominated by 
FSI events. Standard analysis procedure.
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Figure 6.78: Case 4 from Tab III. Missing-mass distributions fitted with simu-
lated data, accidentals, and a double Gaussian to perform background subtrac-
tion. Contributions from each source are shown separately – cyan for double
gaussian; green for ⌃

0 FSI and QF, and blue for ⌃

⇤� and ⌃

⇤0. Accidental
background is also shown in purple, and black indicates contributions from
misidentified pions
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provides a sample that is by far dominated by 
FSI events. Standard analysis procedure.
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Figure 6.78: Case 4 from Tab III. Missing-mass distributions fitted with simu-
lated data, accidentals, and a double Gaussian to perform background subtrac-
tion. Contributions from each source are shown separately – cyan for double
gaussian; green for ⌃

0 FSI and QF, and blue for ⌃

⇤� and ⌃

⇤0. Accidental
background is also shown in purple, and black indicates contributions from
misidentified pions
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Figure 6.78: Case 4 from Tab III. Missing-mass distributions fitted with simu-
lated data, accidentals, and a double Gaussian to perform background subtrac-
tion. Contributions from each source are shown separately – cyan for double
gaussian; green for ⌃

0 FSI and QF, and blue for ⌃

⇤� and ⌃

⇤0. Accidental
background is also shown in purple, and black indicates contributions from
misidentified pions
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X ≡ n

X ≡ nπX ≡ nγ

Removal of physics background based on 
realistic simulation of reactions, detector, 
and accidentals, followed by histogram or 
event-by-event fits for each kinematic bin.


