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Hard Photodisintegration of Few-Nucleon 
Systems at Medium Energies

Large Momentum Transfer Exclusive Processes

Short-range 
dynamics

Transition from hadronic 
to partonic degrees of 

freedom

 
models,

pQCD extensions,
?

 
χ EFT

 
pQCD

        
Energy

Useful tool to explore strong dynamics in the regime of confinement
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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

3



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
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• 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 constituents.

• 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

p

p

p

p

TH
dσ
dt

~ |M |2

s2 ,  

where [M ] = [TH ] = s( )4−n

dσ
dt

~ 1
sn−2
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Dimensional Scaling Laws: Examples

3 3

pp→ pp

n − 2 = (4 × 3)− 2 = 10

dσ
dt
~ 1
s10

f (t / s)

3

3

1
9

6

3
γ 3He→ pd

n − 2 = (1+ 9 + 3+ 6)− 2 = 17

dσ
dt
~ 1
s17

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

(Pomerantz et al.) 

Preliminary

γpp(n) → pp(n) s11 dσ
dt
~ const.

Extensive Studies of Two-Nucleon Systems 

γd → pn s11 dσ
dt
~ const.

P. Rossi et al., Phys. Rev. Lett. 94, 012301 (2005)
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Onset of Quark-Gluon Dynamics through 
Dimensional Scaling: What have we learned?

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

• pQCD interpretation ruled out.

• Determination of the onset of quark-gluon dynamics 
generally limited to kinematics above the resonance region. 

• Onset of quark-gluon dynamics in A > 2 nuclei expected at 
much higher energies than 1 GeV.
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Dimensional Scaling Laws: 
Where do we stand?

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

• Overwhelming evidence for dimensional scaling, yes, 
but no general framework for interpretation across all 
processes.

What is the origin of the scale-invariance of the 
underlying non-perturbative dynamics in the regime 
of confinement?
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Thomas Jefferson
National Accelerator Facility

• Electron-beam 
accelerator 

• Polarized c.w. electron 
beam

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

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

JLab in Newport News, VA

A B C

D
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Performance
• L = 1034 cm-2 s-1

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

The CEBAF Large Acceptance Spectrometer 
CLAS

Photon Tagger
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 What is the dynamical origin of dimensional 
scaling? 

A New Insight

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

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

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

• Non-perturbative derivation of Dimensional Scaling Laws!

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

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

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

• Scale-invariance is broken in the 
transition between these two 
dynamical regimes
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Fig. 1. (Color online.) !s,g1 (Q )/" obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are !s,# (Q )/" from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and !s,g1 (Q )/"
from the Bjorken (band) and GDH (dashed line) sum rules.

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

!s,g1 = "

!
1 ! 6$

p!n
1

g A

"
, (1)

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

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

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

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

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

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

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

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

log(
Q 2+m2

g (Q )

%2 )
, (2)

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

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

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

conformal 
window

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

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

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

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

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

• The nucleus is an ideal laboratory.
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          Two-Body Photodisintegration of 3He 
Eγ = (0.4 - 1.4) GeV 

• Significant contribution 
of three-body 
mechanisms, especially 
at 0.6-0.8 GeV 

• Resonance contribution 
to the cross section is 
suppressed.

Advantages for Study of Dimensional Scaling

3He

p

d
γ

CLAS Preliminary

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

15



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          

Scaling of invariant cross sections at 90°

I. Pomerantz, YI, R. Gilman, D. Higginbotom, E. Piazetski, S.Strauch et al., in 
preparation (2012)

3He

p

d
γ

 
Data fitted by: dσ

dt
= As−N

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

dσ
dt
~ s−N
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Two-Body Photodisintegration of 3He

General trend

• Above Eγ~0.7 GeV data 
consistent with scale 
invariance for most CM 
angles  

• Fit quality deteriorates 
when scaling power is 
changed by ±3σ                              

Invariant cross sections at other kinematics

CLAS Preliminary

3He

p

d
γ

 
Fitted by: dσ

dt
= As−17
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Why Does it Happen?
A closer look at kinematics

 0.4 GeV

 1.4 GeV

 0.7 GeV

  Eγ > 0.7 GeV, λγ < 1.8 fm

  |
t|

/c
on

sti
tu

en
t

  | u | / constituent

 0.7 GeV

 1.4 GeV
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Why Does it Happen?
A closer look at kinematics: average momentum transfer to a deuteron 
constituent

 0.4 GeV

 1.4 GeV

 0.7 GeV

  Eγ > 0.7 GeV, λγ < 1.8 fm

  |
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/c
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sti
tu
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  | u | / constituent
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Fig. 1. (Color online.) !s,g1 (Q )/" obtained from JLab (triangles and open stars) and
world (open square) data on the Bjorken sum. Also shown are !s,# (Q )/" from
OPAL data, the GLS sum result from the CCFR Collaboration (stars) and !s,g1 (Q )/"
from the Bjorken (band) and GDH (dashed line) sum rules.

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

!s,g1 = "

!
1 ! 6$

p!n
1

g A

"
, (1)

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

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

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

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

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

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

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

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

log(
Q 2+m2

g (Q )

%2 )
, (2)

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

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

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

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

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

!s,g1 = "

!
1 ! 6$
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, (1)

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

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

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

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

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

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

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

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

log(
Q 2+m2

g (Q )

%2 )
, (2)

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

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

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

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

A closer look at kinematics: average momentum transfer to a proton 
constituent
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Conclusion

Two-body photodisintegration of 3He, γ3He → pd

– First systematic study of dimensional scaling of an exclusive photonuclear 
process involving A>2 nucleus at low s and t. 

– Solid experimental evidence for onset of dimensional scaling at CM angles 
of 90°. Indication for onset of dimensional scaling at other CM angles.

– Significance: indicates the quark-gluon picture is relevant for nuclei even 
at energies below 1 GeV.

– Novelty: observed scaling is qualitatively consistent with the hypothesis of 
conformal window at very low momentum transfer.
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Final-State Interactions in Hyperon 
Photoproduction off Deuteron:
 Hyperon-Nucleon Interaction

YN interaction not well known

- not all free parameters of the YN potential can be obtained from 
the NN potential via flavor SU3 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
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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).

- significant ΛN final-state interactions 
around the YN threshold and ΘK < 30°

- sensitivity of observables to YN potentials 
at larger scattering angles at a level of 
~10%

 

γ d→ K +


Λn

Final-State Interactions in Hyperon Photoproduction 
off Deuteron: Hyperon-Nucleon Interaction
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JLab E06-103 Experiment

Circularly Polarized Photons (g13a)

- Ee = 2 GeV; 2.65 GeV

- electron polarization: ~ 80%

- two-sector trigger 

- triggers: ~20×109 triggers

Lineraly 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%

- one-sector trigger

- ~30×109 triggers 

P. Nadel-Turonski, B. Berman, YI, D. Ireland, A. Tkabladze et al., E06-103: Kaon Production on the Deuteron Using Polarized Photons,
2006


γ


Λ

n

d

K + p

π − Fully Exclusive Measurement
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Reaction Selection 
•  We reconstruct the invariant mass and the momentum of the missing 
particle (neutron) 
•  This can help us distinguish quasi-free and rescattering events 

pn =


pγ +


pd −


p
K
+ −

pΛ

These two histograms are produced a6er the previous two cuts are applied 

Quasi‐free 

dominated 

Resca2ering 

dominated 

mn = pn
2 = pγ

2 + pd
2 − pΛ

2 − pK
2( )

2

  

€ 

 
γ d → K

+Λn

  

€ 

 
γ d → K

+Σ0n

  

€ 

 
γ d → K

+Σ*n

 

γ d→ K +


Λn

Final-State Interactions in Hyperon Photoproduction 
off Deuteron

CLAS Preliminary

Work by Weizhi Xiong (USC)
Reduction of quasi-free events is a standard 
procedure
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Final-State Interactions in Hyperon Photoproduction 
off Deuteron: Example Observable

Work by Nicholas Zachariou (USC)

CLAS Very Preliminary

dσ
dΩdϕ

= dσ
dΩ

(1− PlinΣcos2ϕ )

0.75 < pK <1. GeV/c 0.9 < pK <1.3 GeV/c 1.1< pK <1.5 GeV/c

1.2 < pK <1.7 GeV/c 1.4 < pK <1.9 GeV/c

• two-fold differential
Σ(pK,θΛ’)

• interesting features

Λn?
Λn?

Λn?

Λn? Λn?
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Conclusion
FSI in hyperon photoproduction off the deuteron

– the largest world data sample of FSI events allows to 
simultaneously estimate a large set of observables, Σ, Ox, Oz, PΛ, 
Cx, Cz,Ah 

– work on extraction of polarization observables in progress

– preliminary estimate for Σ(pK,θΛ’) shows interesting features

– may be possible to suppress Kn and πn rescattering events by 
kinematic cuts and polarization constraints

– collaborative work with theory colleagues to maximize the 
physics output of observables interpretation

– expect the set of observables to constrain the elementary Λn 
amplitude and eventually the YN potential
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The END
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Photodisintegration of Light Nuclei with the 
CEBAF Large Acceptance Spectrometer CLAS

• 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)
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What is the Dynamical Origin of Scaling at 
Medium Energies?

Models for γd → pn

• Quark Gluon String Model (QGSM)
- Three quark exchange with arbitrary number of gluon 

exchanges
- Nonlinear Regge trajectories

• Hard Rescattering Model (HRM)

QGSM: V. Y. Grishina, L. Kondratyuk, W. Cassing, E. De Sanctis, M. Mirazita, F. Ronchetti, and P. Rossi, Eur. Phys. J. A 19, 117 (2004).
HRM: 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)
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What is the Dynamical Origin of Scaling at 
Medium Energies?

Phenomenological 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)

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 !d data at
"p

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.

!p
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 o!sets also contribute. Potential geometrical
biases are eliminated by requiring that all possible sec-
ondary scattering proton azimuthal angles ($FPP ) fall
into the boundaries of the polarimeter. The induced po-
larization py in ep elastic scattering vanishes – neglect-
ing small e!ects 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 di!erences.

Figure 1 compares the proton recoil polarization of this
work (E00-007), at E! " 2 GeV, with earlier results (Wi-
jesooriya) [22] at E! = 1.86 GeV, and calculations. A
slow energy dependence of the recoil polarizations above
E! " 1 GeV was found in [22], and our new measure-
ments at "cm = 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 "cm = 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(")Cz! =
6!

i=1

!

±

±|Fi,±|
2, (1)

with f(") 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 di"cult 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)

Eγ=2.0 GeV
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Two-Body Photodisintegration of Deuteron
Beam-spin asymmetry (N. Zachariou, PhD Thesis, GWU, 2012)
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Two-Body Photodisintegration of Deuteron
Beam-spin asymmetry (N. Zachariou, PhD Thesis, GWU, 2012)
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Center-of-Mass Reference Frame (CM):

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

s = ( pγ + p3He )
2 = s(Eγ )

t = ( pd − p3He )
2 = t(Eγ ,θ)

u = ( pp − p3He )
2 = u(Eγ ,θ)

  Kinematics of γ 3He → pd

p3He


k

pp
pd

Y X

Z

k + p3He =

pd +
pp = 0

   
p3 He

  
pp

  

k

  
pd
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Two-Body Photodisintegration of 3He at CLAS   

Kinematic cuts applied for reaction identification

Clean sample

 mmi
2 = ( Pγ + P3He − Pi )

2

md
2m p

2
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Two-Body Photodisintegration of 3He
Comparison with previous measurements

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

CLAS Preliminary

3He

p

d
γ

• In the range Eγ=0.2 - 1.5 
GeV, cross sections drop 
4 orders of magnitude.
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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

3He

p

d
γ

s17 dσ
dt
~ const.
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Why does it happen?

Qualitatively: complexity of reaction dynamics via 4th order  Legendre 
polynomial fits to differential cross sections

General trend

• Change in dynamics 
at Eγ ~ 0.7 GeV                              
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Final-State Interactions in Hyperon Photoproduction 
off Deuteron: Example Observable

Reference Frame*Reference Frames* 

•  Lab: 

 
•  Rotated: 

•  Primed:  
 

 
 

*"K."Miyagawa"et.$al.,""Phys."Rev."C"74,"034002"(2006)"

x̂ : Parallel to floor

ẑ : Along � direction

ŷ = ẑ ⇥ x̂

POLARIZATION OBSERVABLES IN EXCLUSIVE KAON . . . PHYSICAL REVIEW C 74, 034002 (2006)

x

z

z’

Kp

Yp

x’

y = y’

!Y

!K

’
"

FIG. 6. Kinematics in the deuteron rest frame. The z axis points
into the photon beam direction p! and the kaon lies in the x-z plane.
The momentum transferred to the YN system, p! ! pK , defines the
z" axis. The hyperon angle " "

Y is measured from the z" axis.
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FIG. 7. Differential cross section and polarization observables
Py, Cz, Cx , and #, for the 2H(! , K+$)n process as a function of the
hyperon lab angle " "

$. The kaon lab momentum and angle are fixed
at pk = 975 MeV/c and "K = 1#. The YN interaction NSC97f is used
and different partial wave contributions are shown. The possible $

angles are limited to less than 17#.
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FIG. 8. Same as Fig. 7, except for kaon lab momentum pk =
944 MeV/c. The results obtained from NSC97f and NSC89 are
compared with the ones obtained from PWIA.

Cx =
Tr{M%=%1M

+
%=%1

&x}
Tr{M%=%1M

+
%=%1

}
, (20)

Cz =
Tr{M%=%1M

+
%=%1

&z}
Tr{M%=%1M

+
%=%1

}
. (21)

In the definitions above, M is the K+YN breakup amplitude

M(µY µN ; µd%) = $'(!)
qY µY (Y µN (N

|t!K (1)|'dµd%, (22)

with M%=%y
as the amplitude where the photon polarization

points into the y axis, ! = !y , and so on. The photon polar-
ization !1 = ! 1&

2
(!x + i!y) describes the helicity state +1.

The beam polarization asymmetry # is obtained with linearly
polarized photon, while the double polarization observables
Cx and Cz are the hyperon polarization along with circularly
polarized photons.

IV. RESULTS AND DISCUSSIONS

As mentioned in Sec. I, the aim of this article is twofold,
i.e., to study the YN final-state interaction (FSI) effects as well
as to extract the information on the elementary amplitude in
the region where FSI effects are negligible. For this purpose,

034002-5
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γ d→ K +Λn dσ

dΩdϕ
= dσ
dΩ

(1− PlinΣcos2ϕ )

Work by Nicholas Zachariou (USC)

pY⊥

ϕY

 

Plin

 

| pY⊥ |=| pY | sinθY

cos(ϕY ) =

Plin ⋅

pY⊥

| Plin || pY⊥ |
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Final-State Interactions in Hyperon Photoproduction 
off Deuteron: Example Observable

Work by Nicholas Zachariou (USC)

CLAS Very Preliminary

dσ
dΩdϕ

= dσ
dΩ

(1− PlinΣcos2ϕ )

0.5 < pK < 0.75 GeV/c 0.4 < pK < 0.9 GeV/c 0.5 < pK <1.1 GeV/c

0.5 < pK <1.2 GeV/c 0.7 < pK <1.4 GeV/c

• two-fold differential
Σ(pK,θΛ’)

• interesting features

Λn?
Λn? Λn?
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