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The Nucleus as an Experimental Laboratory

Access to Elementary Scattering off 
the bound nucleon

- Scattering off quasi-bound nucleons 
(neutrons).

- Extraction of observables for 
scattering off the free neutron.
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Access to Second-Step Scattering

- Hadron Beam produced in first step.

- Hadrons scatter off neutrons in a 
second step.



The Nucleus as an Experimental Laboratory
Challenges

- Contribution of FSI events to QF 
sample.

- Bound nucleon is not a free nucleon: 
off-shell and nuclear effects on 
observables.

Typically, theoretical corrections are 
needed.
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Challenges

- Contributions of QF to FSI sample.

- Contributions of other FSI to re-
scattering sample.

Theoretical interpretation of 
experimental observables is needed.



Outline
1.Experimental studies of extraction of observables off the free nucleon from 

data off the bound nucleon.

• Determine the evolution of observables with target-nucleon Fermi 
momentum.

• Test results for method

• Helicity Asymmetries of γd→pπ+π-(ns)

• Hyperon polarizations in γd→K+Λ(ns)

2.Experimental studies of specific FSI selection.

• Kinematics.

• Helicity Asymmetries of γd→K+Λn.

3.Summary and Outlook.



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

P. Nadel-Turonski, B. Berman, YI, 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

Fully Exclusive Measurements
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Suppression/Selection of Quasi-Free Mechanism/FSI

 

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.

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 Px data.
High-momentum tail drops off at ~0.6 GeV/c: 
effect on data interpretation.

 Comparison with Model Distribution
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Helicity Asymmetries: γ(ps)→pπ+π-

Aexp =
1
Pγ
N + − N −

N + + N −

ϑφ
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p

zx5 Shilling, Seyboth and Wolf
Coordinates

The kinematics of the �p ! p⇡ + ⇡� reaction chan-
nel is described in figure 9, where ~

k is the incident
photon, and p is the proton target. The ~a, ~b1, and ~

b2

are momentum vectors of the three final state parti-
cles that can be in one of three configurations. The
three configurations of the final state particles are:
a [b1, b2] = {p [⇡+

,⇡

�] ,⇡+ [⇡�
, p] ,⇡� [p,⇡+]}.

Figure 9: This figure describes the particles and an-
gles used in the study. Source: Steffen Strauch. Helicity Asymme-

tries in Double-Charged-Pion Photoproduction from Hydrogen with Circularly

Polarized Photons,

The Shilling, Seyboth and Wolf Convention defines
the coordinates x̂, ŷ, ẑ in figure 9 as:

ẑ =
~

b1 +~

b2���~b1 +~

b2

���
(9)

ŷ = k̂ ⇥ q̂ (10)

x̂ = ŷ ⇥ ẑ (11)

The three angles shown in figure 9 are, ✓
cm

,� and, ✓
which are described in equations (12)-(15).

cos ✓
cm

= k̂ · q̂ (12)

cos ✓ = b̂1 · ẑ (13)

cos� =
ŷ ·

⇣
ẑ ⇥ b̂1

⌘

���ẑ ⇥ b̂1

���
(14)

sin� =
�x̂ ·

⇣
ẑ ⇥ b̂1

⌘

���ẑ ⇥ b̂1

���
(15)

6 Helicity Asymmetry

Electron Beam Asymmetry

The incident electron beam’s polarization was flipped
periodically and occasionally a half-wave plate was
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Figure 10: This plot shows the helicity asymmetries of
the 6 cos ✓

cm

in the W 2 [1.98, 2.06] kinematic range.

inserted into beam path which also flipped the helicity
of the beam. These two e↵ects cause four di↵erent
possible outcomes for the beam helicity. These are
described in table 2.

Beam Final Helicity
Polarization HWP(in) HWP(out)

1 + -
0 - +

Table 2:

Experimental Asymmetry Calculation

The �p ! p⇡

+
⇡

� data was binned in W, cos✓

cm

and � bins. For each bin the Experimental
asymmetry,(A

exp

) was calculated.

A

exp

=
1

P̄

�

N

+ �N

�

N

+ +N

� (16)

Equation (16) describes the equation for the exper-
imental asymmetry. The N

+, N�, and P̄

�

are: the
number of helicity plus events in the bin, the number
of helicity minus events and the polarization of the
photon, respectively. This asymmetry was plotted as
a function of � for each W and cos ✓

cm

bin. A sample
of these plots is shown in figure 10.

The calculated error for the asymmetry in each bin
was given by equation (17).
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Where �

2
P

e

is given.
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Fitted to:

Aexp (ϕ ) = ak sin(kϕ )+ bk cos(kϕ )
k=1

3

∑
k=1

3

∑

bk ~ 0
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Evolution with Spectator-Nucleon Momentum
Helicity Asymmetries
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Hyperon Polarizations: γ(ps)→K+Λ

dσ
dΩ

= dσ
dΩ 0

1−α cosθ xPcircCx −α cosθzPcircCz +α cosθ yP⎡⎣ ⎤⎦

 

Λ self-analysing power: 
α = 0.642 ± 0.013

Figure courtesy of Tongtong Cao
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Figure 5.10: Definition of coordinate system for the determination of the observables
C

x

, C
z

, and P
y

for quasi-free K+� photoproduction o� the bound proton. The
observables are reported in bins of E

“

and the kaon polar angle in CM, ◊
KCM

.

Kinematic Bins

For the extraction of the polarization observables for the QF mechanism, data were

binned in two layers. The first layer contains two independent kinematical variables

describing the reaction ≠æ“ p æ K+

≠æ� , E
“

and cos ◊
KCM

. The second layer contains

two variables that characterize the � decay, cos ◊
x

and cos ◊
z

. Additionally, the data

were binned in photon helicity. For each bin in E
“

and cos ◊
KCM

, data were binned

in cos ◊
x

, cos ◊
z

, and photon helicity.

During the extraction of C
x

, C
z

, and P
y

, firstly we binned the QF data as described

above, and then for each bin we performed background subtraction using the MM

distribution for that bin. This procedure allowed us to determine the weight of each

event in the data sample. Secondly, cos ◊
x

, cos ◊
y

, cos ◊
z

, and the weight of each event

were input into the PDF of the maximum likelihood method (see Eq. (5.4)) according

to the photon helicity for that event. After inputing all events for a given kinematic

bin, C
x

, C
z

, and P
y

were extracted. Our QF results of C
x

, C
z

, and P
y

are then

81



Evolution with Spectator-Nucleon Momentum
Hyperon Polarizations

9 EXTENSION 3: OBSERVABLES VS. MISSING MOMENTUM FOR QF
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Figure 18: C
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11 EXTENSION 5: OBSERVABLES VS. CUT-POINT FOR FSI FOR IM⇤N

AND ✓
0

⇤
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10 Extension 4: Evaluate e↵ect of unknown shape of NFSI vs missing
momentum

Figure 6 shows various shapes of missing momentum distribution for corresponding mechanisms of
FSI. The real condition should be di↵erent since incomplete polarized di↵erential cross sections for
various mechanism are applied in the generator. The shapes a↵ect the quality of missing momentum
fit, and then cause bias of �. To estimate e↵ect of the shapes, we compare number of events after
scale and normalization for all mechanisms of FSI with missing momentum less than 0.2 GeV/c.
Scale is set to let number of events for all mechanisms consistent. Figure 20 shows the comparison.
One can see that di↵erence of number of events with missing momentum less than 0.2 GeV/c
between various mechanisms is somewhat large.

11 Extension 5: Observables vs. Cut-point for FSI for IM⇤n and ✓

0

⇤

For FSI, data are binned in various kinematic variables. IM⇤n and ✓

0
⇤ are two special variables since

kinematics of ⇤n scattering are determined by them. Figures 21, 22 and 23 show C

x

, C
z

and P

y

vs. cut-point respectively. Figures 24, 25 and 26 show C

x

, C
z

and P

y

vs. cut-point respectively. In
general, observables of QF (shown in the first column) are di↵erent observables of FSI (shown from
the second column to the sixth column). From the second column to the sixth column, di↵erence of
observables is slight in the same kinematic bin although cut points are di↵erent and corresponding
f factors are remarkably di↵erent.

14

0<cosθKCM<0.5

0<cosθKCM<0.5
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Assumption: The sequential 
2→2 scatterings occur on a 
nucleon at rest

Strategy: Test if the 3-vector 
of each particle obeys 2-body 
kinematics at first step:

γ p→ K +Λ

ΔpΛ
* = pΛ,meas

CM−KΛ − pΛ,2body
CM−KΛ

pΛ,2body
CM−KΛ = F(Eγ ,mp ,mΛ ,mK )

γ p→ K +Λ

ΔpK = pK ,meas
LS − pK ,2body

LS

pK ,2body
LS = F(Eγ ,θ

LS
meas )

rescattering mechanisms,  particles with momentum difference  larger  than  0.1  GeV/c  or  less  than  ‐0.1 

GeV/c  are  dominated  by  rescattered  particles,  and  particles  with momentum  difference  between  ‐0.1 

GeV/c and 0.1 GeV/c are mostly particles that do not participate into the rescattering mechanisms. For 

the case of neutron, since we do not have any information about how the momentum difference behaves 

for the quasi‐free mechanism, we only assume that it follows a similar criterion.  To make a usage of these 

momentum differences, we are going to study some 2‐dimentional plots with the momentum difference 

for Λ on the y‐axis, and the momentum difference for the Kaon on the x‐axis.  

 

 

Figure 24: The first plot is produced for events with missing momentum less than 0.2 GeV/c (quasi­free). The second one is 

produced for events with missing momentum larger than 0.2 GeV/c (rescattering). The third plot is with missing momentum cut 

between 0.2 GeV/c and 0.5 GeV/c and the fourth one is with missing momentum larger than 0.5 GeV/c. 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Studies of Specific FSI Selection
Kinematic Constraints by Two-Body Kinematics

Work by Weizhi Xiong



Studies of Specific FSI Selection
Helicity Asymmetries: γd→K+Λn
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Figure 8: These plots are calculated based on azimuthal angle distribution for rescattering mechanisms. Each of them are 

produced with specific cut on polar angle of Λ, which is shown on the upper part of each plots. And each of them is fitted with a 

function defined by equation (4). The last three plots (a), (b) and (c) summarizes the values of parameters a, b and c respectively. 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(a) 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Studies of Specific FSI Selection
Helicity Asymmetries: γd→K+Λn
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θ K
CMS

 

Figure 10: These plots are calculated based on azimuthal angle distribution for quasi­free mechanisms. Each of them are produced 

with specific cut on polar angle of neutron, which is shown on the upper part of each plots. And each of them is fitted with a 

function with only a constant parameter. The last plot (a) summarizes the values of the constant parameter.  

 

2.2.2 Rescattering 

 

Figure 11: These plots are calculated based on azimuthal angle distribution for rescattering mechanisms. Each of them are 

produced with specific cut on polar angle of Kaon, which is shown on the upper part of each plots. And each of them is fitted with a 

function defined by equation (4). The last three plots (a), (b) and (c) summarizes the values of parameters a, b and c respectively. 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Studies of Specific FSI Selection
Helicity Asymmetries: γd→K+Λn
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2.3.2 Rescattering 

 

 

Figure 15: These plots are calculated based on azimuthal angle distribution for rescattering mechanisms. Each of them are 

produced with specific cut on polar angle of Λ, which is shown on the upper part of each plots. And each of them is fitted with a 

function defined by equation (4). The last three plots (a), (b) and (c) summarizes the values of parameters a, b and c respectively.  

 

     (a) 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Summary and Outlook
• High-Statistics Exclusive Measurements of scattering off the bound nucleon in 

deuteron allow for extraction of evolution of observables with target’s Fermi 
momentum p.

• Polynomial extrapolation to p = 0 MeV/c allows to obtain more accurate 
estimates of observables for scattering off the free nucleon than integrating 
over a range of p. Important for very high-statistics samples.

• Kinematics constraints combined with studies of helicity asymmetries allow to 
identify kinematics where specific FSI may be dominant.

• Large Λ scattering angles for Λn FSI.

• Large K scattering angles for Kn FSI.

• Further validation with comprehensive simulation studies (realistic QF and FSI 
dynamics implemented for each step).

• Model interpretation is not obsolete: realistic deuteron wave functions are 
needed at high nucleon momenta; realistic model of reaction dynamics needed.
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