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ABSTRACT

Extensive studies of high-energy deuteron photodisintegration over the past two

decades have probed the limits of meson-baryon descriptions of nuclei and nuclear

reactions. At high energies, photodisintegration cross sections have been shown to

scale as a power law in s (the total cm energy squared), which suggests that quarks

are the relevant degrees of freedom.

In an attempt to more clearly identify the underlying dynamics at play, JLab/Hall

A experiment 03-101 measured the hard photodisintegration of 3He into p-p and p-d

pairs at θc.m. = 90◦ and Eγ = 0.8 - 4.7 GeV. The basic idea is that the measurement

should be able to test theoretical predictions for the relative size of pp versus pn

disintegrations.

This document presents data for the energy dependence of the high energy 90◦ c.m.

photodisintegration of 3He:

dσ

dt
(γ + 3He → p+ p+ nspectator),

and
dσ

dt
(γ + 3He → p+ d).

The cross sections were observed to scale as a function of s−n where n was found to

be 11.1±0.1 and 17.4±0.5 for the two reactions respectively. The degree of scaling

found for dσ
dt
(γ + 3He → p + d) is the highest degree of scaling ever observed in a

nuclear process. The onset of the observed scaling are at photon energy of 2.2 GeV

for the pp breakup and 0.7 GeV for the pd breakup.

The magnitude of the invariant cross section for pp pair breakup was found to be

dramatically lower than for the breakup of pn pairs and theoretical predictions.

At energies below the scaling region, the scaled cross section was found to present

a strong energy-dependent structure not observed in the pn breakup. The data

indicate a transition from three-nucleon hadronic photodisintegration processes at

low energies to two-nucleon quark-dominated photodisintegration processes at high

energies.

xvi



CHAPTER 1

Introduction

1.1 Overview

We define the hard photodisintegration of a nucleon pair as a process in which

a high energy photon is absorbed by a nucleon pair leading to pair disintegration

into two nucleons with transverse (with respect to the incident photon direction)

momenta greater than about 1 GeV/c. In this process the Mandelstam parameters

s, −t and −u (see Fig. 1.1) are large. s is the square of the total energy in the

c.m. frame, and t ≈ u, are the four-momentum transfers from the photon to the

nucleons. With s above the resonance region, and −t,−u ≥ 1 GeV2, the kinematics

are in the transition region, in which the short distance scales probed might make

it appropriate to formulate the theory in terms of quark and gluon rather than

hadronic degrees of freedom.

Figure 1.1: In this diagram, two particles come in with momenta p1 and p2, they interact,
and then two particles with different momentum (p3 and p4) leave. The Mandelstam
variables are defined as: s = (p1 + p2)

2 = (p3 + p4)
2 , t = (p1 − p3)

2 = (p2 − p4)
2 and

u = (p1 − p4)
2 = (p2 − p4)

2.

This chapter describes the motivation for studying hard process in general,

and the study of hard pp photo-disintegration in particular. Chapter 2 gives an

overview of the experimental setup. Chapter 3 describes how the raw data are pro-

cessed to calculate the differential cross sections. In chapter 4 we present results for

1
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the 3He(γ,pp)n, θcm = 90◦ invariant cross sections and discuss their interpretation.

Chapter 5 describes an additional reaction channel: the two-body breakup of 3He

into a Proton and a Deuteron at θcm = 90◦.

1.2 Photodisintegration of a Nucleon Pair

A common problem in describing quantum mechanical systems is identifying

the relevant degrees of freedom needed to efficiently describe the underlying reac-

tion dynamics. Conventional nuclear physics descriptions use meson-baryon degrees

of freedom, and it is an ongoing challenge of modern nuclear physics to identify

phenomena in which the underlying quark-gluon degrees of freedom are important

for their description. Hard two-body processes are natural candidates to reflect

the quark substructure of the hadrons and nuclei, since they involve short distance

scales.

Disintegrating a nucleon pair at rest using a high-energy photon (Eγ) provides

an efficient way to reach the hard regime. s is related to the incident photon energy

by

sγNN = 4m2
N + 4Eγ ·mN ≈ 4(Eγ + 1). (1.1)

To obtain the same s in a NN scattering experiment, one needs an incident nucleon

energy (E) about a factor of two larger than that of the photon:

sNN = 2m2
N + 2E ·mN ≈ 2(E + 1). (1.2)

Table 1.1 lists the values for s, −t and pT (the transverse momentum) for 90◦ cm

angle scattering as a function of the photon energies, in the range of our experiment.
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Eγ s −t pT
(GeV) (GeV2) (GeV2) (GeV/c)

2 12 4 1.5
5 24 10 2.5

Table 1.1: Values of some kinematic variables for 90◦ cm angle scattering at two photon
energies in the energy range of experiment E03-101.

1.3 Dimensional Scaling Rule

The dimensional scaling rule (also called constituent counting rule) states that

dσ

dt AB→CD
∼ s−(n−2)f(θcm) (1.3)

for exclusive reactions at the s → ∞ limit. Here n is the total number of elementary

fields (quarks, leptons or photons) which carry finite fractions of momentum. It

predicts a scaling behavior of cross sections and form factors at fixed center-of-mass

angle θcm and large s.

Figure 1.2: A typical Feynman diagram for the γNN → NN process

The dimensional scaling rule was originally derived from simple dimensional

counting by Brodsky and Farrar [1], and simultaneously by Matveev et. al. [2]

in 1973. We will take the Brodsky and Farrar approach for NN photodisintegra-
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tion process γNN → NN . Assuming that the process is dominated by the Feyn-

man diagrams similar to Fig. 1.2, the dimension of the invariant amplitude can be

counted by using Feynman’s rules and the normalization of the spinors u†u = 2E.

Each external fermion line contributes a dimension of energy E
1

2 to the invari-

ant amplitude, while each external boson line contributes a dimension of E0. A

fermion propagator contributes a dimension of E−1, while a boson propagator con-

tributes a dimension of E−2. So the dimension of the invariant amplitude M is

(E
1

2 )12 ·(E0)1 ·(E−1)5 ·(E−2)5 = E−9. If the only energy at large s and fixed θcm is the

center-of-mass energy
√
s, then M ∼ s−9/2 and (dσ/dt)γNN→NN ∼ s−2M2 ∼ s−11.

This result is in agreement with Eq. 1.3: the total number of elementary fields in

the initial and final state is n = 13 ( 1(photon) + 6(deuteron) + 3(N) +3(N) ) and

thus −(n− 2) = −11.

Reaction s θc.m. n n Reference
GeV2 deg. Predicted Measured

pp → pp 15-60 38-90 −10 −9.7± 0.5 [3]
pπ− → pπ− 14-19 90 −8 −8.3± 0.3 [4]
γp → γp 7-12 70-120 −6 −8.2± 0.5 [5]
γp → ρ0p 6-10 80-120 −7 −7.9± 0.3 [6]
γp → pπ0 8-10 90 −7 −7.6± 0.7 [7]
γp → nπ+ 1-20 90 −7 −7.3± 0.4 [8]
γd → pn 1-4 50-90 −11 −11.1± 0.3 [9–16]
γpp → pp 2-5 90 −11 −11.1± 0.1 [17] (this work)
γ3He → pd 11-15.5 90 −17 −17.4± 0.5 [18] (this work)

Table 1.2: Scaling of hard exclusive hadronic and nuclear reactions that have been mea-
sured to date.

Currently, there is a strong experimental evidence for the success of the scaling

laws (see Table 1.2 for a list of exclusive reactions that have been measured to date).

However, the interpretation of the observed scaling has stirred a lot of controversy

which, despite more than 30 years of efforts, is not yet settled. The controversy arises

from the fact that the scaling laws, being derived from pQCD [1], are naturally

expected to be valid in the dynamical regime of pQCD. However, the data show
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evidence for dimensional scaling at momentum transfers as low as 1 (GeV/c)2. At

such low momentum transfers, other tests of pQCD predictions, such as hadron-

helicity conservation failed.

The good agreement of the data with the prediction of dimensional scaling

contrasts with observations [19–21] that pQCD dramatically underestimates cross

sections for intermediate energy photo-reactions – examples include the deuteron

elastic form factor [22], meson photoproduction [23] and real Compton scatter-

ing [24]. Thus, it seems that although the observation of the scaling in a given

reaction indicates the onset of the quark-gluon degrees of freedom, the appropriate

underlying physics has a mixture of perturbative and nonperturbative QCD aspects.

The question then arises: If dimensional scaling cannot be interpreted as evidence

for applicability of pQCD, how else can it be interpreted at such low energies? The

controversy in the meaning of experimentally observed scaling has been difficult to

resolve due to the complexity of the non-perturbative reaction dynamics at such

low momentum transfers and the difficulties modeling it which vary from process to

process. To date there is no common model or a theory that can describe all the

data listed in Table 1.2 in a consistent manner.

1.4 Photodisintegration of the Deuteron

Deuteron photodisintegration cross sections were measured for photon energies

up to 5 GeV (but only 4 GeV at θc.m. = 90◦) [9–13, 15] For energies up to 2.5 GeV,

“complete” angular distributions [14, 16] and proton recoil polarizations [25] were

also measured. Fig. 1.3 shows the measured energy dependence of s11 dσ
dt

for 90◦

c.m. The dimensional scaling prediction [1, 26, 27], that this quantity becomes in-

dependent of energy, is observed clearly. High-energy deuteron photodisintegration

cross sections at other angles are also in good agreement with scaling once pT ≥ 1.3

GeV/c.
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A variety of theoretical models exists for deuteron photodisintegration which

explicitly account for quark-gluon degrees of freedom in the reaction with an attempt

to incorporate nonperturbative QCD effects.1

Figure 1.3: Invariant cross section scaled by s11 for d(γ,p)n taken from previous measure-
ments [9–16] Only the statistical uncertainty is shown. The theoretical curves presented
are discussed in the text.

1.5 Theoretical Approaches

1.5.1 The Reduced Nuclear Amplitude (RNA)

The reduced nuclear amplitude (RNA) formalism [29, 30] attempts to incor-

porate some of the soft physics not described by pQCD by using experimentally

determined nucleon form factors to describe the gluon exchanges within the nucle-

ons. It neglects diagrams in which gluon exchanges between the nucleons lead to

1Note that to date there are no successful meson-baryon calculations for the high energy data.
See review [28].
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non-color singlet intermediate “nucleon” states, diagrams which might be impor-

tant in pQCD calculations. The RNA calculation should be normalized to the cross

section scaling behavior at asymptotic energies. In practice, it is normalized to the

data at the highest available energy. An estimate of the minimal photon lab energy

in which this model is valid is obtained by requiring the momentum transfer to each

nucleon to be above 1 GeV/c, which yields [31]

1

2
MdEγ

[

1−
√

2Eγ

Md + 2Eγ
| cos θc.m.|

]

≥ 1GeV2 . (1.4)

The minimal energy requirement is at 90◦, where Eγ ≥ 1 GeV.

In the RNA approach [29,30], the differential cross section is proportional to the

squares of form factors, one for each nucleon, evaluated at the momentum transfer

for that nucleon in the weak-binding limit. The remainder, the “reduced” cross

section, is assumed to be independent of the substructure of the nucleons. This

gives

dσ

dt
≃ F 2

N1
(−t1)F

2
N2
(−t2)

dσ

dt

∣

∣

∣

∣

reduced

, (1.5)

for the process γ(N1N2) → N1N2, where ti is the square of the four-momentum

transfer to nucleon Ni. The ratio of cross sections for γ(pp) → pp and γ(pn) → pn is

then given by the ratio of nucleon form factors squared, F 2
p (−tN )/F

2
n(−tN ) (tN ≈ t

2
),

times the ratio of the reduced cross sections. The ratio of form factors can be

obtained from data for GM and GE [32]; we use the leading twist form factor F1 for

each nucleon, for which the ratio F1p/F1n is approximately -2. The ratio of reduced

cross sections is taken to be 4, the square of the charge ratio. These estimations yield

γ(pp) → pp cross section approximately 16 times larger than the RNA prediction

for γd → pn cross section. The absolute normalization for the σRNA(γ(pp) → pp)

can be obtained from comparison of σRNA(γd → pn) with available data.

To estimate the cross section of γ 3He → pp + n with a spectator neutron, we

multiply the above cross section σRNA(γ(pp) → pp), with the probability of finding
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a correlated pp pair and a low momentum neutron in the 3He wave function. Note

that no new normalization to the experimental data is needed, since we use the

normalization factors obtained from the comparison of the σRNA(γd → pn) cross

sections with the data.

To estimate this factor we observe that in RNA the amplitude results from

the pp wave function at small separations. Therefore, as a simple estimate, we use

the parameter a2(A) which characterizes the probability of two-nucleon correlations

in the nuclear wave function – a2(A = 3) ≈ 2 [33, 34] – multiplied by 1/3, which

accounts for the relative abundance of pp pairs in the two-nucleon short-range cor-

relation. The integration of the neutron momentum up to 100 MeV/c leads to an

additional factor of 1/2. Thus, these estimations yield an overall factor of ≈ 1/3

by which σ(γ(pp) → pp) should be scaled in order for it to correspond to the

γ 3He → pp + n cross section. The overall factor of 1/3 is a conservative estimate;

the inclusion of three-nucleon correlations in 3He would increase this factor. Thus,

in the RNA approach, dσ(γ 3He → pp+ n) / dσ(γd → pn) ≈ 16/3.

1.5.2 The Quark-Gluon String Model (QGS)

The quark-gluon string model (QGS) [35] views the reaction as proceeding

through three-quark exchange, with an arbitrary number of gluon exchanges. The

cross section is evaluated using Regge theory techniques, and is sensitive to the

Regge trajectory used. While Regge theory has been shown to be an efficient de-

scription of high-energy, small-t reactions, it has not typically been applied to the

large momentum transfers being discussed here. The best fit of the data is obtained

in a calculation that uses a nonlinear trajectory, as opposed to the more familiar

linear trajectory.

Since the Regge trajectories for σ(γ(pn) → pn) and σ(γ(pp) → pp) are similar,

the QGS model predicts that the cross sections are of similar magnitude [29]. We
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assume that this is multiplied by the same 3He correction factor of 1/3 that apply

to the RNA model.

1.5.3 The Hard Rescattering Model (HRM)

The QCD hard rescattering model (HRM) [36] assumes that the photon is

absorbed by a quark in one nucleon, followed by a high momentum transfer interac-

tion with a quark in the other nucleon leading to high relative momentum between

the two nucleons. Summing the relevant quark rescattering diagrams demonstrates

that the nuclear scattering amplitude can be expressed as a convolution of the large

angle pn scattering amplitude, the hard photon-quark interaction vertex and the

low-momentum nuclear wave function. Since the pn hard scattering amplitude can

be taken from large angle pn scattering data, the HRM model allows calculation of

the absolute cross section of the γd → pn reactions using no adjustable parameters.

The γ3He → pp + n differential cross section within the HRM model is [37]:

dσ

dtd3pn
=

(

14

15

)2
8π4αEM

s−M2
3He

dσpp(spp, tN)

dt
×

1

2

∣

∣

∣

∣

∣

∑

spins

∫

Ψ
3He(p1, p2, pn)

√

MN
d2p2T
(2π)2

∣

∣

∣

∣

∣

2

, (1.6)

where s = (Pγ + P3He)
2, t = (Pp − Pγ)

2, spp = (Pγ + P3He − Pn)
2, and tN ≈ 1

2
t. The

pp elastic cross section is dσpp/dt. The momentum of the recoil neutron is pn. In the

argument of the 3He nuclear wave function, ~p1 = −~p2−~pn and p1z ≈ p2z ≈ −pnz

2
near

θc.m. = 90◦. The pp scattering cross section was obtained from a fit to the existing

pp data [38]. The overall factor (14
15
) is obtained using the quark-interchange model

of hard NN scattering with SU(6) wave function of the nucleons, which introduces

an uncertainty in the estimates of the cross section at the level of 10 – 20%. The 3He

wave function is that of Ref. [33], obtained by solving the Faddeev equation with a

realistic NN potential. The predicted single differential cross section is obtained by

integrating over neutron momentum, up to 100 MeV/c.
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The possibility that the final-state high-pT proton pair is formed due to the hard

interaction of the two outgoing protons should produce oscillations in the energy

dependence of the invariant cross section, as observed in the pp cross section [3]. The

quark counting rule predicts dσ
dt

∼ s−10 for high-energy, large-angle pp → pp elastic

scattering. The pp elastic cross sections are globally consistent over many orders of

magnitude with this power law [38, 39]. However, it was already noted in 1974 [3]

that a more detailed examination of the data indicated significant deviations from

scaling. The deviations are known as “oscillations” and were interpreted as resulting

from interference between the pQCD amplitude and an additional nonperturbative

component.

Ralston and Pire [40] suggested that the interference is between a small size

configuration pQCD scattering and an independent scattering of all valence quarks

(discussed by Landshoff [41]) governed by the so-called chromo-Coulomb phase.

Brodsky and deTeramond [42] suggested that the oscillations are due to the pres-

ence of two broad resonances (or threshold enhancements) which interfere with the

standard pQCD amplitude. For a review of wide-angle processes, see [43].

Whatever is the correct interpretation of the oscillation, if the hard two-body

break-up reaction proceeds through the hard interaction of two protons, similar

oscillations could be seen in the γ 3He → pp + n cross section, normalized by a

factor of s11, as a function of the incident photon energy, in the same region of s

where pp oscillations are observed. Fig. 1.4 compares the energy dependence of pp

cross section with that of γ 3He → pp + n cross section at 900 γ − (pp) center of

mass scattering (− t
spp

≈ 1
2
), calculated within the HRM model, which assumes the

dominance of the contribution of hard pp rescattering in the photodisintegration

reaction. Note that according to Eq.(1.6) the pp cross section that enters in the

γ +3 He → pp+ n cross section is defined at spp and tN ≈ t
2
. As a result, in Fig. 1.4

one compares with pp cross sections defined at ≈ 600 (− tN
s
≈ 1

4
) [38]. In contrast to
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the situation displayed in Fig. 1.4, the precision of the pn and the γd → pn data is

insufficient to show if oscillations are indeed present for those reactions.

1.5.4 Theoretical Predictions for the 3He(γ, pp)n Reaction

Fig. 1.5 shows predictions based on the models considered above for 90◦ two-

body break-up kinematics. The γ 3He→ pp + n cross section has been integrated

over the neutron momentum up to 100 MeV/c.

It is important to note that the models considered above predict a sizable cross

section for the break up of the pp pair, larger than that for the pn pair, for two of

the three models shown. This prediction is rather striking since at low energies the

photodisintegration of the pp system is suppressed as compared to pn [44].

Within a mesonic description of the interaction, the 90◦ break up of a pp pair

will be significantly suppressed as compared to pn since for the pp pair the exchanged

mesons are neutral and do not couple to the photon. In a quark-gluon picture, the

exchanged particles are quarks, and the suppression will be absent. As a result an

experimental observation of a larger cross section for the pp break-up reaction can

be an indication of the quark-gluon dynamics dominance in the reaction. These

theoretical predictions are compared to the measurements in Chapter 4.
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Figure 1.4: Energy dependence of the predicted γ 3He→ pp + n cross section multiplied
by s11, compared with the measured energy dependence of the pp → pp cross section
multiplied by s10 and rescaled by an overall constant, to emphasize the similarity in the
energy dependences. The horizontal scale is the square of the total c.m. energy (s) for the
γpp and pp systems; the photon energy scale is also shown. The different angles for the
two reactions are chosen to match the momentum transfers, as discussed in the text. The
shaded band is the HRM prediction based on the pp elastic data.
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Figure 1.5: Predictions for γ 3He→ pp + n at θc.m. = 90 ◦. The horizontal scale is the
square of the total c.m. energy (s) for the γpp system; the photon energy scale is also
shown. The theoretical curves presented are discussed in the text.



CHAPTER 2

Experimental Setup

2.1 The Electron Beam

2.1.1 The Continuous Electron Beam Facility

JLab’s Continuous Electron Beam Accelerator Facility (CEBAF) provide multi-

GeV polarized electron beams. As a user facility for scientists worldwide, the pri-

mary mission of JLab is to conduct basic research that builds a comprehensive

understanding of nuclei and nucleons. JLab also conducts applied research based on

the technology developed for physics experiments, such as the Free Electron Laser

(FEL) project.

CEBAF is the first large-scale application of superconducting radio-frequency

electron accelerating technology. It can deliver a high-quality, continuous, polarized

(>75%) electron beam with currents up to 200 µA and energy up to 6 GeV. It

consists of a pair of anti-parallel superconducting linacs connected by two 180◦

bending arcs with a radius of 80 meters, in a racetrack shape shown in Fig. 2.1 [45].

Three interlaced 499 MHz electron beams are injected from a state-of-the-art

photocathode gun system that is capable of delivering beams of high polarization

and high currents to Hall A and Hall C (1 – 150 µA) while maintaining the high po-

larization and low current beam to Hall B (1–100 nA). Each linac consists of a series

of 20 cryomodules or 160 superconducting radio-frequency niobium cavities with 2

K helium coolant. Each niobium cavity contains the electric field that accelerates

the electrons. The electrons can be circulated up to five times in the accelerator,

gaining up to 1.2 GeV for each pass.

14
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Figure 2.1: A schematic layout of CEBAF.

Jefferson lab is currently undergoing a major upgrade which will double the

beam energy. The major changes of this upgrade are illustrated in Fig 2.2. For the

upgrade, a new hall (Hall D) will be built at the end of the accelerator opposite

the present Halls A, B and C. There, experimenters will use collimated beams of

linearly polarized photons at 8-9 GeV, produced by coherent bremsstrahlung from

12.1 GeV electrons. To send a beam of that energy to that location requires a

sixth acceleration pass through one of the linacs. This means adding a recirculation

beamline to one of the arcs, and also requires augmenting the accelerator’s present

20 cryomodules with 10 new, higher-performing ones. Maximum energy for five

passes will rise to 11 GeV for the three original halls, with experimental equipment

upgraded in each. The 2 K helium refrigeration plant will be upgraded to 10.1 kW

from the present 4.8 kW.

2.1.2 Beam Energy Measurement

The Arc energy measurement determines the beam momentum p from the bend

angle θ of the electrons and the integral of the magnetic field
∫

Bdl in the arc section
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Figure 2.2: Schematics of the CEBAF 12 GeV upgrade.

of the beam line, according to [46]

p = k

∫

Bdl

θ
(2.1)

where k = 0.2999792 GeV rad T−1 m−1/c. The bend angle is obtained by measuring

the beam positions at the entrance and exit of the arc with four wire scanners

(SuperHarps), as shown in Fig.2.3 [47]. The magnetic field integral measurement is

determined by measuring the field of a reference magnet, powered in series with the

eight dipoles in the arc vacuum that are inaccessible to a field measurement.

The beam energy can be determined from the Arc integral measurement alone

by assuming the nominal bend angle of 34.2918◦. The Arc integral measurement

can be used as an approximation to the Arc energy measurement when the beam

position measurement in the dispersive mode is not available.

The beam energy can also be determined from the current value of the field

integral and the nominal bend angle, which is called the Tiefenback energy. The

Tiefenback energy is written into the data stream for each run. As shown in Fig.2.4



17

Figure 2.3: Schematic layout of the Arc energy measurement system.

[48], Tiefenback energy agrees with Arc energy measurement withing the uncertainty

of 0.05% for beam energy above 1 GeV.

2.1.3 Beam Position Measurement

Two beam position monitors (BPMs), 7.516 m and 2.378 m upstream from

the target, are used to determine the position and direction of the beam on the

target. Each BPM is a cavity with a 4-wire antenna in one plane tuned to the RF

frequency of the beam (1497 MHz). The standard difference-over-sum technique is

used to compare the distances of the beam to the wires and hence determine the

beam position in the plane. The combination of two BPMs gives the direction of the

beam. The BPM measurement is non-destructive and can be used to monitor the

beam continuously. The average of the beam position from the BPMs integrated

over 0.3 second is injected into the data stream every few seconds.

2.1.4 Beam Current Measurement

The beam current is measured by two beam current monitors (BCMs), schemat-

ically shown in Fig. 2.5 [49]. The BCMs, cylindrical waveguides tuned to the fre-

quency of the beam (1497 MHz), are used to continuously monitor the beam. When

the electron beam passes, it excites the resonant transverse magnetic mode TM010.
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Figure 2.4: The comparison of Tiefenback energy with Arc energy measurement based on
data taken from 1999 to 2002. The pass number is the number of times that the electrons
were circulated in the accelerator.

The BCM output, proportional to the beam current, undergoes a series of digi-

tal conversions described in [46]. until finally the signal is fed into a scaler, who’s

reading is proportional to the integrated charge.

2.1.5 Beam Rastering System

The size of the beam at the target is typically a few hundred micrometers in

both horizontal and vertical directions. To prevent the target from being overheated

locally, a beam raster is used for beam currents greater than several microamperes.

The raster in Hall A is driven by a pair of horizontal and vertical aircore dipoles

located 23 meters upstream of the target. Both rectangular and circular patterns

can be generated. The rectangular pattern , with a typical dimension of 2.5 mm ×

2.5 mm (at the target), was used for beam rastering in experiment E03-101.
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Figure 2.5: Schematic layout of the BCM system in Hall A.

2.2 The Photon Radiator

The untagged real photon beam is generated by electrons impinging on a copper

bremsstrahlung radiator [50], which was mounted inside the cryotarget cell block (see

Fig. 2.6), about 15 cm upstream of the center of the target. The photon energy is

determined by kinematical reconstruction (described in Sec. 3.2.5) and the photon

yield is determined based on theoretical calculations (see Sec. 3.3.3). The electro-

disintegration background is measured with the radiator removed from the beam

(described in Sec. 3.3.2). The photon radiator in Hall A was previously used for

deuteron photodisintegration [51] and pion photoproduction experiments [13].

The photon radiator is a U-shaped ladder with six available positions to mount

foils. One position was empty, and the remaining five were occupied by copper foils

of different thickness, i.e. 2.04%, 3.06%, 4.08%, 5.10% and 6.12% of a radiation

length. Each foil is 6.35 cm wide and 3.175 cm high. The 6.12% foil, which is ∼
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Figure 2.6: The copper radiator mounted inside the cryotarget cell block. RTD stands for
Resistance Temperature Detector.

1 mm thick, was used for the production data of E03-101. The foils were directly

cooled by the cryotarget.

2.3 The Cryogenic Target

The cryogenic target system [46] is mounted inside the scattering chamber at

the center of the hall. To reduce the amount of detected events which originates

from the target’s walls, a 20 cm long “racetrack” shaped cell was used as the primary

3He target for the experiment. The target cell, shown in Fig. 2.7, is made of Al and

is 2 cm in diameter. The sidewalls of the cell are 137 µm thick with entrance and

exit windows 178 µm and 71 µm thick respectively. The target cell was mounted

on the Hall A target ladder assembly inside an evacuated (∼10−6 Torr) scattering

chamber.

The Hall A target ladder assembly consists of three cryogenic loops and several

solid targets used for optics and background measurements. For E03-101, only

loop 1 was used, installed with the racetrack target, and supplied with 3He gas
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Figure 2.7: The racetrack target cell used in the experiment, before installation on the
target ladder.

at a temperature of ∼ 7 K and pressure of ∼ 25 psi, giving target density of

∼ 0.079 g/cm3 (see sec. 3.4.4 for exact target density evaluation procedure).

2.4 The High Resolution Spectrometers (HRSs)

The core of the hall A equipment is a pair of nearly identical 4 GeV/c spectrom-

eters capable of determining the momentum and angles of charged particles with

high resolution. The general characteristics are summarized in Tab. 2.1 [46, 52].

The configuration of the superconducting magnet system is QQDnQ (Q:quadrupole;

D:dipole) with a vertical bend, as shown in Fig. 2.8 [46]. The dipole magnet includes

additional focusing from a field gradient, n, which simplifies the overall design of

the spectrometer. The vertical bend decouples, to first order, the reconstruction of

vertex position along the target from that of the momentum reconstruction. The

quadrupole after the dipole makes it possible to have reasonably good horizontal po-

sition and angular resolution simultaneously. The bend angle of 45◦ is a compromise

between cost and performance. The magnetic fields in both dipoles are measured

continuously with two arrays of three NMR field probes to the precision of 10−5.
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Magnet Configuration QQDnQ
Bend Angle 45◦ vertical

Optical Length 23.4 m
Momentum Range for the Left Spectrometer 0.3 ∼ 4.0 GeV/c
Momentum Range for the Right Spectrometer 0.3 ∼ 3.16 GeV/c

Momentum Acceptance ± 4.5%
Momentum Resolution 1 × 10−4

Scattering Angular Range 12.5◦ ∼ 165◦

Horizontal Angular Acceptance ± 30 mr
Vertical Angular Acceptance ± 60 mr

Horizontal Angular Resolution (FWHM) ± 0.5 mr
Vertical Angular Resolution (FWHM) ± 1.0 mr

Solid Angle ∼ 6 msr
Transverse Target Length Acceptance ± 50 mm

Transverse Position Accuracy ± 0.3 mm
Transverse Position Resolution (FWHM) 4.0 mm

Table 2.1: General characteristics of the HRS in Hall A. The horizontal angle is also called
the in-plane angle, while the vertical angle is called the out-of-plane angle. The transverse
target length is the projection of the target length onto the direction perpendicular to the
spectrometer.

The magnetic fields of the quadrupoles are monitored using Hall probes that are not

very stable and reproducible over a long term, so the fields of the quadrupoles are

set by their currents. Due to hysteresis effects, the quadrupoles Q2 and Q3 require

cycling when their momenta are raised, staying at a maximum current for a few

minutes before being set to the desired value. The hysteresis effect of Q1 and dipole

is so small that no cycling is necessary.

The detector packages for both spectrometers are shown in Fig. 2.9. When

a particle goes through either spectrometer, the hit pattern in the Vertical Drift

Chambers (VDCs) is used to reconstruct its track, which can be used to determine

its momentum, scattering angle and reaction vertex at the target. The scintillator

planes (S1/S2) provide timing information and generate triggers. The following is

a description of all the detectors in more detail.
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Figure 2.8: Schematic layout of a HRS device, showing the geometrical configuration of
the three quadrupole and the dipole magnets. Distances are indicated in meters. Also
shown is the location of the first VDC tracking detector.

2.4.1 Vertical Drift Chambers (VDCs)

The trajectory of the charged particle is recorded by two VDCs. The concept

of VDCs fits well into the scheme of a spectrometer with small acceptance, allowing

a simple analysis algorithm and high efficiency. As shown in Fig. 2.10 [46], two

parallel VDCs are separated by 335 mm, and each VDC is composed of two wire

planes in a standard UV configuration, i.e. the 368 sense wires in one plane are

orthogonal to those in the other plane. The VDCs are inclined at an angle of 45◦

with respect to the nominal particle trajectory. The lower horizontal VDC coincides

with the spectrometer focal plane.

The VDCs, filled with a gas mixture of Argon (62%) and Ethane (38%), are

operated at a high voltage of 4.0 kV. When a charged particle passes through the

VDC, the gas along its trajectory will be ionized and electrons will drift along

the electric field line towards the wires. Normally five to six adjacent wires will

produce signals. From the shortest drift time to the wires in each plane, the spatial

coordinates and the trajectory can be determined.
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Figure 2.9: Schematic view of the experimental setup for E03-101. Not shown in this
drawing are the Cerenkov and lead-glass counters of the HRSs which were not used in this
experiment.

2.4.2 Scintillators

The trigger and timing information are provided by two primary scintillator

planes (S1 and S2) in each spectrometer, separated by a distance of about 2 meters.

The S1HRS−L, S2HRS−L and S1HRS−R planes are composed of six thin (5 mm) over-

lapping paddles made of plastic scintillator (BICON 408). For S2HRS−R, a slightly

modified scintillator plane was used (called S2m), which consisted of 16 paddles.

The photons produced by the ionizing particle passing through the scintillator are

collected by two Photo-Multiplier tubes (PMTs) (2 inch Burle 8575) at the end of

each paddle.

TDC Offset Calibration

The particle’s time-of-flight (TOF) is determined from time difference between

the S1 and S2 planes. The time for each plane is taken as the average of the time
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Figure 2.10: Schematic layout of the VDCs in Hall A.

reading of the two TDCs on both ends of the paddle that fired. We calibrated

the time offset value of each TDC, to compensate for different time delays due to

different cable lengths, electronic delay, etc. The procedure has been done in two

steps: First we calibrated the relative offset between different paddles in each plane,

then we calibrated the absolute overall offset for all TDCs of the plane to produce

the known TOF.

The relative calibration was done by selecting events in which a particle passed

through two neighboring paddles and caused them both to fire simultaneously. To

suppress events where two different particles coincidently passed through the two

paddles, a cut on the number of VDC reconstructed tracks was set to be 1. The

offsets where calibrated so that there will be no time difference between the two

paddles that fired. Once this calibration was done, two peaks could be identified in

the β vs. momentum spectrum as proton or deuteron. This allowed us to preform
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the absolute time offset calibration between the S1 and S2.

Fig. 2.11 shows the β vs. momentum spectrum in HRS-L, the data is taken

from the EBeam = 1.1 GeV measurement. The effect of both steps of the calibration

procedure can be observed by comparing the “Before” (top plot) to the “After”

(bottom plot). On the top plot, the segments seen correspond to the different

paddles of S1. On each of these segments, two lines are observed corresponding to

protons and deuterons. On the bottom plot, these lines are aligned and their β

value at p = 1.1 GeV/c for example, is correctly calibrated to:

βp =
pp

√

p2p +M2
p

=
1.1√

1.12 + 0.9382
= 0.76 (2.2)

βd =
pd

√

p2d +M2
d

=
1.1√

1.12 + 1.8762
= 0.51 (2.3)

Fig. 3.4 presents the velocity spectrum from the two spectrometers for coinci-

dence events after the TDCs offsets were calibrated. A fit to the proton peak of

HRS-L, gives σ(β)
β

= 7%, which is the nominal HRS resolution [46]. The resolution

of HRS-R is slightly better, since the modified S2 scintillator (s2m) plane was used

which consists of a larger number of paddles of smaller size each.

2.4.3 Event triggers

There are five types of triggers generated from the timing information of the

scintillators [46]:

• T1: Main right arm trigger

• T2: Loose right arm trigger

• T3: Main left arm trigger

• T4: Loose left arm trigger

• T5: Coincidence of T1 and T3

The required mixture of different triggers for the data collection can be obtained by

setting prescale factors, which means that only one out of a given number of events
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Figure 2.11: β vs momentum spectrum in HRS-L, the data is taken from the EBeam = 1.1
GeV measurement. The top plot displays the spectrum before the TDC offset calibration,
the bottom one shows it after.
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with that type of trigger will enter the data stream. The prescale factors do not

change the scaler readings.

The definition of triggers may vary for different experiments. During experi-

ment E03-101, the main triggers for one spectrometer were formed when both scin-

tillator planes (S1 and S2) fired, normally implying that a charged particle passed

through the spectrometer. The loose triggers were used to estimate efficiency. They

were formed when only one scintillator plane, S1 or S2, fired. Trigger T5 is a co-

incidence of T1 and T3, normally implying that two particles detected by the two

spectrometers were produced at the target simultaneously.

2.5 Data Acquisition System

The data acquisition (DAQ) system in Hall A uses CODA (CEBAF Online Data

Acquisition) developed by the JLab data acquisition group [53]. CODA is a toolkit

composed of software and hardware from which a data acquisition system can be

built to manage the acquisition, monitoring and storage of data. The typical CODA

system is constructed from modular component (usually programs) that are spread

over a network of processors. These processors may take the form of embedded

CAMAC, VME or FASTBUS modules, or PC/Workstation systems. The custom

hardware elements include the trigger supervisor (TS) that synchronizes the readout

of the front-end crates and handles the dead time logic of the system. The most

important custom software components are the readout controller (ROC) running

on the front-end crates, the event builder (EB), event recorder (ER), event transfer

(ET) and finally RunControl. The RunControl is the graphical user interface from

which users can select experimental configurations, start and stop runs, and reset,

transfer and monitor CODA components.

For each event with a trigger accepted by the trigger supervisor, data are gath-

ered from the front-end boards by the ROC component, which buffers the data in
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memory and sends these buffers via network to the EB running on a workstation.

The EB builds events from fragments sent by the various ROCs and passes them to

the ER which writes data to a local disk. The data are subsequently written to tapes

in the MSS (Mass Storage tape Silo). Through the ET system, various additional

pieces of data, from the control system and scalers from example, are inserted into

the data stream every few seconds.

The recorded raw data were analyzed during the measurement (online) and

carefully again (offline). The details of the analysis are given in Chapter 3.



CHAPTER 3

Data Analysis

3.1 Overview

The raw data from the data acquisition (DAQ) system were replayed by an

event-processing program, “The Hall A analyzer” [54] (henceforth called “analyzer”)

. The analyzer is a C++ based code which uses the CERN ROOT data-analysis

framework [55]. A new package called LibGammPP was written for the calcu-

lation of 3He(γ,pp)n kinematics (see section 3.2.5). The events of interest were

extracted by applying cuts on certain variables such as trigger type, particle type,

spectrometer acceptance, and reconstructed momentum of the photon and neutron.

Next, the event yield was normalized by the recorded beam charge, and the electro-

disintegration background was subtracted to extract the photo-disintegration yield

per photon, using the known bremsstrahlung distribution [56].

To extract the differential cross section, simulations were carried out by using

a modified MCEEP (Monte Carlo for (e,e’p)) program [57] written for JLab Hall

A. The inputs to the simulation include the spectrometers structures and settings,

the beam energy, the bremsstrahlung distribution, and the momentum distribution

of the neutron in the 3He target. The differential cross section was calculated by

normalizing the simulated yield to the measured photo-disintegration yield.

Major procedures in the data analysis are shown as a flow chart in Fig. 3.1.

Details of the analysis from raw data to cross section are given in the following

sections of this chapter.

30
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Figure 3.1: Schematic of the data analysis work flow.

3.2 Event Selection

‘‘Perfection is achieved, not when there is nothing more to add, but

when there is nothing left to take away.’’ --Antoine de Saint-Exupery

The differential cross section is proportional to the number of measured events,

in a given kinematics. It is therefore important to carefully select those events which

will be analyzed and verify that they correspond to the kinematical conditions for

which the cross section is reported. The reported cross section in this analysis is for

“Photo-disintegration of proton pairs at 90◦ c.m”. The appropriate event selection

should verify that:

• The two detected particles are identified as protons,

• The two detected protons emerged from the same nuclei,

• The momentum and angles of the detected protons are withing the nominal

acceptance of the HRSs, which were centered at θcm=90◦ kinematics,
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• There were no extra particles produced in the reaction,

• Spectator-neutron kinematics requirements are fulfilled.

In this experiment, the two HRSs were set for “positive polarity”, which means that

the magnetic field of their dipole magnets was set to bend positive charge particles

track upwards into the detector stack. As will be evident from various spectra shown

below, these settings suppress the detection of almost every process other than ones

which originated from the breakup of the 3He nuclei to protons and deuterons.

3.2.1 Coincidence Between HRS-L and HRS-R
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Figure 3.2: A typical coincidence time distribution. The time difference between the
trigger time of HRS-L and HRS-R is plotted in black for data taken at Eγ = 0.8 GeV
kinematics. The selections cuts are indicated in red.

An event is recorded when two particles are detected in coincidence by HRS-

L and HRS-R. Figure 3.2 shows the distribution of the difference of the recorded

detection time between HRS-L and HRS-R. The coincidence time resolution is de-

termined by the individual timing resolution of each HRS. These resolutions are

determined by the timing resolution of the two scintillator planes which the particle

goes through when it enters and exists the detector package. σplane = 0.3 ns [46],
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so that σHRS =
√
2 · σplane = 0.42 ns and σcoinc =

√
2 · σHRS = 0.59 ns. This value

is comparable with the width of the measured coincidence distribution shown in

Figure 3.2 (RMS=0.70 ns). Events that fall within this peak are coincidence events.

The red lines indicates the cut on the coincidence time.
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Figure 3.3: A typical vertex-z distribution, for events which passed the coincidence time
cut. The difference between the reconstructed vertex z coordinate at the target from
HRS-L and HRS-R is plotted in black for data taken at Eγ = 0.8 GeV kinematics. The
selections cuts are indicated in red.

A second measure used to reduce random coincidence events is to apply a cut on

the difference between the reconstructed reaction vertices from HRS-L and HRS-R,

∆zLR, as shown in Figure 3.3. The “position-at-target” resolution of each HRS is

approximately ∆zHRS = 1.5 mm [52]. So that ∆zLR =
√
2 ·∆zHRS = 2.1 mm. This

value is comparable with the width of the measured ∆zLR distribution of Figure 3.3

(RMS=3.4 mm). We therefor place an additional cut on ∆zLR (indicated in Fig 3.3

in red) for all events that falls within the time coincidence cut.

3.2.2 Particle Identification

The velocity of a particle triggering an event in the HRS is calculated from

it’s time-of-flight between two scintillator planes. Once the coincidence cuts are
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Figure 3.4: A typical β-distributions from HRS-L (top) and HRS-R (bottom) are plotted
in black for coincidence events taken at Eγ = 0.8 GeV kinematics. The coincidence time
and vertex-z cuts are specified in Sec. 3.2.1. The two clear peaks are identified as deuterons
and protons, as described in the text. The selections cuts set for protons identification are
indicated in red. The narrower distribution of HRS-R is due to its better timing resolution
which results from the larger number of paddles of smaller size each in its s2m plane

placed, the velocity spectrum presented in Figure 3.4, shows two clear peaks. The

momentum for particles detected by the HRS is defined within ± 4.5% by the

spectrometers acceptance. For these particles, the relation β = p
E
= p√

p2+M2
allows

to clearly identify them as either deuterons or protons.

3.2.3 Nominal Detection Phase-Space

A particle passing through the HRS to the detector package, goes through

the magnetic fields of a dipole and 3 quadrupoles magnets. The momentum of the

particle is determined from our knowledge of its trajectory, which is derived from the
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Figure 3.5: A typical phase space distribution, momentum vs. φ (in-plane angle). The
spectrum is for the two proton coincidence events. The data are for HRS-R at Eγ = 1.7
GeV kinematics. The nominal acceptance is indicated in red and the cuts chosen to select
events are in blue.

hit positions on the VDCs. This is done using data from calibration measurements

called “the optics matrix” [51]. This data is collected by measurement of the hit

positions of particles with known momentum. The uncertainties involved with this

procedure tend to rise for trajectories which are passing close to the edges of the

HRS acceptance (in momentum and angle). A simple way to handle this difficulty

is to remove events which are close to the acceptance edges. The procedure we

used to determine how close to the edges those cuts should be is to calculate the

cross section for larger and larger acceptance cuts and pick the largest acceptance

in which the cross section value stays constant.

Figure 3.5 shows the phase space distribution of events with two protons in

coincidence: momentum vs. φ (the in-plane angle). The nominal acceptance of

the HRSs, taken from [52], and the selected values for this analysis are listed in

Table 3.1.
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Nominal acceptance Cuts selected for this analysis

∆p = ± 4.5% ± 3.5%
∆φ = ± 28 mr ± 25 mr
∆θ = ± 60 mr ± 60 mr

Table 3.1: Cuts on momentum and angles for the event selection of this analysis.
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Figure 3.6: A typical target vertex distribution. The spectrum of the z coordinate of
the reconstructed vertex by HRS-L is plotted in black for data taken at Eγ = 0.8 GeV
kinematics. The selections cuts are the central 10 cm of the target indicated in blue. The
position of the target walls are indicated in red.

3.2.4 Vertex Position at the Target

The central angles of the two HRSs are directed at the target’s center. Their

acceptance allows the detection of particles originating from approximately ± 5

cm around the center, with somewhat degraded acceptance away from the center.

Figure 3.6 shows an example of the reaction vertex distribution as reconstructed by

HRS-L. Only events within the central ± 5 cm of the target (cuts are indicated in

red) were chosen for this analysis.
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3.2.5 Kinematic Reconstruction

A key feature of our experimental method is the ability to fully reconstruct

the kinematics of each 3He(γ,pp)n event using the measured momentum of the two

outgoing protons. This reconstruction is carried under the assumption that except

for the two detected particles, no extra particle was generated in the reaction. This

assumption is later validated by selecting events with energy no more than 140 MeV

(which is threshold energy for producing a pion) off the Bremsstrahlung energy

distribution tip.

The 3He(γ,pp)n two-body events may be described in momentum space by:

~pp1, ~pp2, ~pn and pγz.

Where ~pp1, ~pp2 and ~pn are the protons and neutron momentum vectors, and pγz =

Eγ is the photon’s momentum along the z axis (chosen to be the electron beam

direction). The demand of momentum and energy conservation:

Eγ +Mt = Ep1 + Ep2 + En

~pγ = ~pp1 + ~pp2 + ~pn (3.1)

where Ep1 and Ep2 are the protons energies, En is the neutron’s energy and Mt is

target mass, constraints this system to have a unique solution for known ~pp1, ~pp2.

Solving for Eγ :

Eγ =
1

2

m2
n − 2mn(Ep1 + Ep2) + 2m2

p + 2Ep1Ep2 − 2|~pp1||~pp2| cos(θscat)
Ep1 + Ep2 − P1z − P2z −mn

(3.2)

Where θscat is the opening angle between the two protons and P1z, P2z are the

protons momentum projection along the z axis.

Photon Energy

As explained above, events are selected to have no less than 140 MeV below the

bremsstrahlung tip (Eγ=Ee). Figure 3.7 shows a typical photon energy distribution,
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Figure 3.7: A typical photon energy distribution for two proton coincidence events at
beam energy of 1.655 GeV. Solid line represents reconstructed photon energy for the pho-
todisintegration events, dashed line the simulation results. The calculated bremsstrahlung
spectrum is shown as a solid blue line. All results are normalized to the measured yield.
The cut for photon energy above the 140 MeV pion production threshold is indicated in
red.

the 140 MeV cut is indicated in red.

Neutron Momentum

As described in section 1, the experiment aims to measure the cross section for

the breakup of a proton pair out of 3He under the assumption of a spectator neutron.

This assumption corresponds to selection of events with low neutron momentum.

Figure 3.8 shows the reconstructed momentum distribution of the neutron for two

protons coincidence events. The experimental acceptance is degraded for events

with high pn. The evaluation of the acceptance is not handled analytically, but

rather using a MC simulation, as explained in Sec. 3.3.3. The neutron momentum

end point of the accepted event distribution varies from one data point to another,

and is in the range of 100 – 120 MeV/c. In order to report the cross sections for a

fixed range of pn, which can be compared to theory, a cut is placed both on data

and simulation for events with neutron momentum below 100 MeV/c.
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Figure 3.8: A typical neutron momentum distribution. The spectrum of the reconstructed
neutron momentum for events with two protons in coincidence is plotted in black for data
taken at Eγ = 1.7 GeV kinematics. The selections cut for neutrons with momentum
smaller than 100 MeV/c is shown in red.

3.3 The Differential Cross Section

The observable best suited to link reaction dynamics predicted by theory to

scattering experimental results is the “scattering cross section”. The fundamental

relation:

Ri = L · σ, (3.3)

aggregates all parameters that govern scattering experiments into three quantities:

L, the “luminosity”, is the number of beam particles per unit time times the number

of target nuclei per unit area. This quantity is a product of all parameters related to

the beam and target used. Ri is the scattering rate. σ, the cross section, expresses

the likelihood of interaction between particles. This relation may be differentiated

by various parameters. For the experimentalist, one obvious choice is the scattering

angle in the lab frame: Ri can be measured for different angles to extract dσ
dΩlab

. For

theoretical interpretation, a Lorentz-invariant quantity is more appealing and the

“invariant cross section”, dσ
dt
, is calculated. The relation between the two may be
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given as the product of the two Jacobians:

dσ

dt
=

dσ

dΩlab

dΩlab

dΩcm

dΩcm

dt
(3.4)

which translate the cross section differentiated by the scattering angle in the lab

frame first to center of mass frame and then to be differentiated by t, the momentum

transfer.

Differential Cross Section in the Laboratory Frame

The luminosity is given by

L = Nscatt ·Rγ (3.5)

with Nscatt being the number of scatterers in the target and Rγ the rate of the

incident photon flux. Nscatt may be calculated by

Nscat =
NA · ρ · l

A
(3.6)

where NA is Avogadro number, ρ is the target’s density, l is the target’s length, and

A is the mass number of the target nuclei. In our case the photon flux is generated

by Bremsstrahlung in a copper radiator, so Rγ can be calculated from the well

understood Bremsstrahlung spectra [56] by

Rγ = Ie · fγ/e (3.7)

with Ie is the electron beam current and fγ/e is the number of bremsstrahlung

photons per electron taken from [56]. We note that Ri is related to the measured

yield by

Ri =
Yγ−pp

T ·Deff
(3.8)

where Yγ−pp is the yield of photodisintegrated proton pairs measured in coincidence,
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T is the time of the measurement, and Deff is the detection efficiency (0 < Deff <

1). Combining Eqs. (3.1)-(3.6), and denoting the number of photons Nγ = Rγ · T

we get

σ =
Yγ−pp

Nγ ·Nscat ·Deff

(3.9)

For a detector that has small enough solid angle, ∆Ω, this relation may be differen-

tiated and expressed as

dσ

dΩlab

=
∆Yγ−pp

Nγ ·∆Ω ·Nscat ·Deff

(3.10)

3.3.1 Calculation of the Laboratory Differential Cross Section

∆Yγ−pp in Eq. (3.10) is the number of photo-produced proton pairs in the exper-

iment, detected within the phase-space volume which the differential cross section

is reported for. This phase-space bin is determined by the θcm angle, the photon

energy, and the maximum momentum we allow the neutron to have (to justify the

spectator assumption). The number of photo-produced proton pairs recorded in

the experiment, Yγ−pp−exp is not equal to Yγ−pp, since the HRSs acceptance covers

this phase-space bin only partly (15 – 60 %). The actual value of this coverage,

which we call “coincidence efficiency”, is energy dependent. A proton pair produced

by a higher energy photon has greater probability to fall within the HRSs finite

acceptance, due to “Kinematic focusing”.

To handle the partial acceptance of the two HRSs, we evaluate dσ
dt

using the

following procedure:

1. Evaluate Yγ−pp−exp, the number of recorded events that pass the selection cuts
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(Sec 3.2) after background subtraction, to be discussed below (Sec 3.3.2).

2. Run a Monte-Carlo simulation of the experiment (Sec 3.3.3), using an arbitrary

cross section 1 dσ
dΩlab 0

and arbitrary charge Q0 and normalize according to the

measured yield Yγ−pp−exp and charge Qexp:

dσ

dΩlab
=

dσ

dΩlab 0

· Yγ−pp−exp

Yγ−pp−MC
· Q0

Qexp
(3.11)

3. Evaluate the average values of dΩlab

dΩcm
and dΩcm

dt
for each bin (Sec 3.3.5).

4. Calculate dσ
dt

according to Eq. (3.4).

To validate the assumption made in Eq. 3.10 about the cross section being

constant within the selected bin, this procedure was repeated for larger and larger

selection of phase-space cuts around the center of the bin, confirming that the re-

sulted cross section value remains stable. 2

3.3.2 Subtraction of the Electro-Production Background

In the experiment, a pair of protons measured in coincidence results from dis-

integration of the 3He nucleus either by a photon or an electron. The total cross

section can be written as:

σ = σγ−pp + σe−pp (3.12)

Where σe−pp is the cross section for electro-disintegration and σγ−pp is the cross

section for photo-disintegration. In order to extract σγ−pp, we need to evaluate the

electro-production yield and then subtract it from the measured yield. To do so, we

also preformed measurements without placing the copper radiator in the electron’s

1Since we expect the cross section to scale, a convenient choice for the value of dσ
dΩlab 0

is a

constant times s−11
pp . This is described in detail in Sec. 3.3.3.

2This procedure was possible since the full experimental acceptance forms a very small volume
in phase-space. In the general case of scattering experiments, if the cross section varies over the
acceptance, this procedure would have been preformed on smaller sub-bins and the calculated cross
sections would have been averaged on the reported bin.
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way (“radiator-out” runs).

If we denote the ratio of yield to charge, for radiator-in/radiator-out measurement

by R:

Rin = Yin/Qin (3.13)

Rout = Yout/Qout (3.14)

Then the photo-disintegration cross section will be proportional to:

σγ−pp ∝ (Rin −Rout) (3.15)

We can define the photo-production to electro-production ratio per photon as:

λγ/e =
Rin −Rout

RoutNγ/e

(3.16)

Where Nγ/e is the number of photons per electron in the bremsstrahlung spectra.

Figure 3.9 shows the measured λγ/e as a function of the photon energy.

For the two highest energies, 4.1 GeV and 4.7 GeV, no radiator-out data were

taken, due to the very low count rate at those energies. To evaluate the electro-

disintegration background at those two energies, we fitted the measured values of

λγ/e with polynomial curves (displayed in different colors on Figure 3.9):

• 2 fit parameters: linear (red) fit.

• 3 fit parameters: quadratic (green) fit.

We concluded that the linear and quadratic fits have reasonable χ2 ≈ 1 values,

and so we pick the range between them (shaded) as the uncertainty in λγ/e, and the

mid value between them as it’s estimated value. Fig. 3.10 shows the yield-to-charge

super-ratio, radiator-in over radiator-out: λin/out = Rin/Rout. λin/out as calculated

from the data are presented in blue for the 6 lower energies. The ratio calculated
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Figure 3.9: λγ/e (defined in Eq. 3.16) as a function of photon energy. Polynomial fits with
2 and 3 fit parameters are shown with their respective χ2. The area between the linear
and quadratic fits is shaded.

from the linear fit is presented in red and from the quadratic fit in green. We use

the value of λin/out to evaluate Yγ−pp−exp for the cross section calculation using:

Yγ−pp−exp = Yin(1−
1

λin/out
) = Yin · Γγ/e (3.17)

Where Γγ/e is the fraction of the proton pairs recorded in the experiment which

were disintegrated by a photon. Table 3.2 shows the extrapolated values of Γγ/e,

both from the linear and quadratic fit, and the range between them that was used

to determine the uncertainties in the analysis.
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Figure 3.10: Rin/Rout as a function of photon energy.

3.3.3 Event Simulation Using MCEEP

Overview

The Monte Carlo simulation was done by using MCEEP (Monte Carlo for

(e,e’p)) [57], a computer program designed to simulate coincidence (e,e’X) experi-

ments in Hall A. It was modified in the kinematics, cross section, and bremsstrahlung

photon yield calculation to simulate the photodisintegration process, following meth-

ods previously conducted in Hall A photo-reactions analysis [58].

The MCEEP program employs a uniform random sampling method to populate

the experimental acceptance. An event is defined as a combination of variables that

completely specifies the reaction in the lab. The cross section is used to weight the

event. A block diagram of the MCEEP simulation is shown in Figure 3.11. The
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Ee Γγ/e (Data) Linear
Fit

Quadratic
Fit

Used for the analysis

0.8 0.667 ± 0.002 0.638 0.656 0.647 ± 0.009 (1.4 %)
1.1 0.680 ± 0.006 0.717 0.697 0.707 ± 0.010 (1.4 %)
1.7 0.790 ± 0.010 0.777 0.773 0.775 ± 0.002 (0.3 %)
2.1 0.835 ± 0.024 0.800 0.816 0.808 ± 0.008 (1.0 %)
2.5 0.807 ± 0.056 0.800 0.832 0.816 ± 0.016 (2.0 %)
3.1 0.810 ± 0.081 0.801 0.862 0.832 ± 0.030 (3.6 %)
4.1 Not measured 0.814 0.890 0.852 ± 0.038 (4.5 %)
4.7 Not measured 0.815 0.902 0.859 ± 0.044 (5.1 %)

Table 3.2: Photo-production to electro-production ratio.

blocks to the right of the thick arrow are subroutines called by the main program

MCCEP. Indented subroutines are within the main Monte Carlo event loop. At the

start of the Monte Carlo event loop, the lab coordinates for both scattered particle

and ejectile at the target are generated randomly and then converted to transport

vectors, directly related to the spectrometer optics. The outputs of MCEEP are

histograms and ntuples, which are included into a HBOOK file and converted into

a “ROOT tree” format that can be read by the analysis software ROOT [55].

For the photodisintegration process 3He(γ,pp)n, the subroutine PHYS CHOICE

was modified in [58] to include a new option, which was called TWOBODY. The

subroutine KINEM TWOBODY was modified to calculate the corresponding kine-

matics and cross section. The photon energy was randomly generated by this subrou-

tine, as well as the momentum of the neutron sampled from a 3He wave function [59]

input distribution.

Kinematics

The subroutine KINEM TWOBODY was modified for the 3He(γ,pp)n reaction.

The modifications are listed below:

• Random generation of the photon energy within a 140 MeV window below the

beam energy.
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Figure 3.11: A block diagram of the simulation Monte-Carlo program ”MCEEP”. The
orange blocks are the subroutines modified for this analysis.

• Random generation of the neutron momentum based on the 3He wave function

taken from [59].

• Added calculation of the light-cone momentum of the neutron (αn).

The kinematic calculation steps are described in Table 3.3.

Cross Section

An 3He(γ,pp)n option was added to the subroutine PHYSICS, which is re-

sponsible for assigning the event’s weight. The weighted output histograms for the
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Step Subroutine
1 The first proton’s angle is randomly sampled in

the solid angle acceptance of the HRS
MCEEP

2 A photon energy is sampled from the
Bremsstrahlung distribution

KINEM TWOBODY

3 A neutron momentum vector is sampled up to the
momentum cut, using the 3He wave function

KINEM TWOBODY

4 The rest of the kinematic variables are calculated
from energy and momentum conservation con-
straints

KINEM TWOBODY

Table 3.3: The calculation steps of the event kinematics in MCEEP.

various reaction parameters are used for comparing data to simulation as described

in section 3.3.4. Each event is weighted by:

W =
dσ

dΩ0
· fbrem ·Deff (3.18)

Where fbrem is the probability for a bremsstrahlung photon being generated, Deff is

the overall spectrometers detection efficiency and dσ
dΩ0

is the differential cross section.

As described in Sec. 3.3.1, the simulation assumes an arbitrary cross section value.

Since the cross section is expected to scale, it is convenient to have dσ
dΩ0

scale with

s−11:

dσ

dΩ0
= s−11

γ−pp ·As11γ−pp
dσ
dΩ

(3.19)

sγ−pp is the cm energy squared in the γ-pp system and As11γ−pp
dσ
dΩ

is an arbitrarily

chosen constant.

Bremsstrahlung Photon Yield

The subroutine BREM THICK was created to calculate the photon yield from

a thick radiator, incorporating code written by Dave Meekins [60] based on reference

[56]. This code considers energy losses of the electron beam in the radiator, and was

found to have precision of 3% in previous Hall A radiator experiments [58].
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Photo-Disintegrated Proton Yield

The simulation produces Yγ−pp−MC, the photo-disintegration yield, which is

used in Eq.(3.11). To evaluate it, the simulation averages the differential cross

section over the fraction of iterations that survived the detectors acceptance as well

as the applied software cuts. This method may be expressed as:

Yγ−pp−MC = W ·Ne ·∆Ω ·Nscat · Ceff (3.20)

=
dσ

dΩlab 0

·Nγ ·∆Ω ·Nscat ·Deff · Ceff

=
1

Niter

(

∆Ω ·Nscat ·Deff ·
Niter
∑

i∈Accepted

(
dσ

dΩlab

i

0

·N i
γ)

)

where Niter is the number of iterations, Deff is the detection efficiency (0 < Deff <

1), and Ceff is the “coincidence efficiency” which is the probability for a proton to

be detected in the HRS, given that the other proton was detected in the other HRS.

3.3.4 Comparing Data and Simulation

To verify that our simulation reproduces correctly the experimental results,

distributions of various reaction parameters where compared between the measured

results and the simulation output. These parameters include:

• The In- and Out- of-plane angular distribution and momentum of the protons.

• The reaction vertex at the target.

• The reconstructed photon energy.

• The reconstructed neutron momentum.

• The spatial event distribution at the detectors aperture.

Fig. 3.12 shows a comparison of few parameters from the measurement at Ee =

1.7 GeV with the simulation results: The protons momentum at L- and R-HRS, The
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out-of-plane angles (φ) for both spectrometers, the z- coordinate (along the beam

direction) of the reaction vertex, the photon energy, the proton pair cm momentum,

and the light-cone momentum of the neutron (αn). As shown in the Figure, the

simulation (black) is in very good agreement with the data (red).
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Figure 3.12: Comparison of various reaction variables - Data (red) vs. Simulation (black).
This data set was taken at Ee=1.7 GeV kinematics.

3.3.5 Jacobian dΩcm

dt

Consider two body scattering in the center-of-mass frame as shown in Fig. 3.13(a).

B is the beam particle; T is the target particle; and R and D are the detected out-

going particles: B + T → R +D.
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(a) In the center-of-mass frame.

(b) In the laboratory frame.

Figure 3.13: Two-body scattering kinematics.

The Mandelstam variable t is given by

t = (pµB − pµD)
2 = p2B + p2D − 2pµAp

µ
D (3.21)

and dΩcm is given by

dΩcm = 2π sin(π − θcm)dθ = −2πd[cos(π − θcm)]. (3.22)

The quantity t may be expanded as

t = m2
B +m2

D − 2EBED + 2|~pB||~pD| cos(θcm) (3.23)
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or equivalently

t = m2
B +m2

D − 2EBED − 2|~pB||~pD| cos(π − θcm) (3.24)

Therefor dt
dΩcm

is:

dt

dΩcm
=

|~pB||~pD|
π

(3.25)

which implies that the Jacobian is given by:

dΩcm

dt
=

π

|~pB||~pD|
. (3.26)

3.3.6 Jacobian dΩlab

dΩcm

The Jacobian used to transform the cross section in the laboratory (lab) to

the center-of-mass (cm) is used extensively in experimental nuclear and particle

physics. The specific Jacobian for two particles in the initial and final states is

discussed here. Consider the general process where a beam of particles interacts

with a target stationary in the lab frame as shown in Fig. 3.13(b). Note that the

velocity of the cm in the lab frame is given by

~βcm =
~pB

mT + EB

(3.27)

which implies that

γcm =
EB +mT

Ecm
(3.28)

Where Ecm is the total cm energy. The Lorentz transformation of momenta p and

energy E from the lab to the cm is given by






Ecm

pcm cos(θcm)






=







γcm −γcmβcm

−γcmβcm γcm













E

p cos(θ)






(3.29)

pcm sin(θcm) = p sin(θ) (3.30)

By using the above relations and noting that energy and momentum are conserved,

the following equation may be obtained

γcm[pDcm cos(θcm) + βcmEDcm] tan(θ) = pDcm sin(θcm) (3.31)
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Note that

dΩ = −2πd(cos(θ)) (3.32)

d(sin(θ))

dΩ
=

cos(θ)

2π sin(θ)
(3.33)

and

d(tan(θ))

dΩ
=

sec2(θ)

2π sin(θ)
(3.34)

by differentiating the right hand side of Eq.(3.31) it can be seen that

d

dΩcm

(pDcm sin(θcm)) = pDcm
cos(θcm)

2π sin(θcm)
(3.35)

and the left hand side of the same equation

2π
d

dΩcm

[γcm(pDcm cos(θcm) + βcmEDcm) tan(θ)]

= −γcmpDcm tan(θ) + γcm(pDcm cos(θcm) + βcmEDcm)
sec2(θ)

sin(θ)

dΩ

dΩcm
(3.36)

Solving for dΩ
dΩcm

gives:

dΩ

dΩcm
=

sin2(θ)

sin2(θcm)
[cos(θcm) cos(θ) + γcm sin(θcm) sin(θ)]. (3.37)

3.4 Efficiency Corrections and Experimental Uncertainties

3.4.1 Detection Inefficiencies

The detection inefficiency is taken into account by the event weighting of

MCEEP, according to Eq.(3.18). The inefficiencies considered are:

• Inefficiencies due to poorly reconstructed tracks: Since random coincidence for

the measurement of two positive-charge particle in coincidence using the HRSs

is negligible, the reconstructed reaction vertex of each HRS should be within

the HRS vertex resolution. Therefor, the fraction of events with vertex distance

difference larger than the HRSs vertex resolution serve as an indicator for the

tracking inefficiency. Using this method it was found to be on a 2% level.
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• Computer deadtime: Coincidence event rate was very low, reaching 104 Hz at

most. The recoded singles rate was scaled down so that computer deadtime was

kept below 3%.

• Proton attenuation in the various target and detector parts is described in Ta-

ble. 3.4. It is estimated to be 2.3% in total.

Absorber Density Thickness λ X X/λ
(g/cm3) (cm) (g/cm2) (g/cm2) (x 10−3)

Al Target Window 2.7 0.01 88.5 0.027 0.31
Al Chamber Window 2.7 0.0030 88.5 0.0892 1.01
Kapton (Spectrometer Entrance) 1.42 0.0254 73.1 0.0361 0.49
Titanium (Spectrometer Exit) 4.54 0.01 102.4 0.0461 0.45
Air (Spectrometer Exit to VDC1) 0.00121 80 75 0.0968 1.27

Mylar (Wire Chamber Windows) 1.36 0.012 72 0.0167 0.23
VDC Wires (effective) 20µm W) 19.3 0.0004 147.7 0.0008 0.005
Ar/Ethane (62/38 by weight) 0.00107 20 85 0.002114 0.25

Polystyrene (Scintillator S1) 1.03 0.507 70 0.523 7.45

Air (VDC1 to S2) 0.00121 220.2 75 0.0226 3.5

Polystyrene (Scintillator S2) 1.03 0.52 70 0.537 7.650

Total 22.61

Table 3.4: Absorbances of materials in the HRS and target. Values for these materials are
taken from [61]. X is the material’s areal density, and λ is the mean free path defined as
λ = ρ

NAσ where ρ is the density in grams per mole, NA is Avogadro’s number and σ is the
cross section for a scattering event to occur.

3.4.2 Overview of the Systematic Uncertainties

Following the cross section derivation described in this chapter, we can analyze

the systematic uncertainty in determining the value of each ingredient. Eq.(3.4)
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gives the invariant differential cross section. Uncertainty propagation yields:

∆(dσ
dt
)

dσ
dt

=

√

√

√

√

(

∆( dσ
dΩlab

)
dσ

dΩlab

)2

+

(

∆( dΩlab

dΩcm
)

dΩlab

dΩcm

)2

+

(

∆(dΩcm

dt
)

dΩcm

dt

)2

(3.38)

Following Eq.(3.11) we evaluate the uncertainty of the first term as:

∆( dσ
dΩlab

)
dσ

dΩlab

=

√

(

∆(Yγ−pp−exp)

Yγ−pp−exp

)2

+

(

∆(Yγ−pp−MC)

Yγ−pp−MC

)2

+

(

∆(Qexp)

Qexp

)2

(3.39)

The electro-disintegration background subtraction for the data points at Ee = 4.1

GeV and 4.7 GeV, is done by the extrapolation procedure described in Sec. 3.3.2.

This introduces an additional uncertainty according to Eq. (3.17) in the form of:

∆(Yγ−pp−exp)

Yγ−pp−exp

=
∆(Γγ/e)

Γγ/e

(3.40)

According to Eq.(3.21), the uncertainty in the photo-disintegration yield calculated

by MCEEP can be expressed as:

∆(Yγ−pp−MC)

Yγ−pp−MC
=

√

(

∆(fA)

fA

)2

+

(

∆(Nγ)

Nγ

)2

+

(

∆(∆Ω)

∆Ω

)2

+

(

∆(Nscat)

Nscat

)2

(3.41)

where fA express the simulated acceptance (i.e. the fraction of events that passed

the simulation cuts). The uncertainty in the number of scatterers may be calculated

according to Eq.(3.6)

∆(Nscat)

Nscat
=

∆(ρ)

ρ
(3.42)

The uncertainty in dΩcm

dt
may be determined according to eq.(3.26):

∆(dΩcm

dt
)

dΩcm

dt

=

√

(

∆(Eγ)

Eγ

)2

+

(

∆(pHRS)

pHRS

)2

(3.43)

A summary of the evaluation of these uncertainties is listed here:

• The value for ∆(Qexp)
Qexp

is taken from Ref. [46] to be 0.5%.

• The values of
∆(Γγ/e)

Γγ/e
are taken from Table 3.2.
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Photon energy (GeV) 0.8 1.1 1.7 2.1 2.5 3.1 4.1 4.7
Systematic uncertainty
in dσ

dt

10% 5% 5% 5% 6% 6% 7% 7%

Table 3.5: Total systematic uncertainty in the invariant cross section calculation.

• The uncertainty in the bremsstrahlung flux calculation, Nγ is of the order of

3% [56].

• The uncertainty in the HRS solid angle is taken from Ref. [46] to be 2%.

• The uncertainty of in fA is studied in Sec. 3.4.3. It’s value is found to be 3% –

9%.

• The study of ∆(ρ)
ρ

is discussed in Sec. 3.4.4. It’s value was found to be 0.6%.

• The HRSs resolutions are taken from [46] as: ∆(pHRS)
pHRS

= 2·10−4 and dθHRS

θHRS
=

0.033.

• Mathematica code for the uncertainty propagation of the reconstructed photon

energy is shown in Appendix A. The results are ∆(Eγ)
Eγ

= 0.02% – 0.5 %.

The results of combining all of those uncertainty sources into the differential

cross section calculation are listed in Table 3.5. At low energy, the systematic error

dominates with the major contribution due to the large number of θc.m. = 90◦ proton

pairs not detected by the spectrometers. This acceptance limitation is handled by

the simulation, but introduces a larger systematic uncertainty. At high energy the

systematic uncertainty is dominated by the 3He electro-disintegration subtraction

(due to the extrapolation from lower energies).
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Figure 3.14: Calculated and measured neutron momentum in 3He distribution. The inte-
gral of each distribution up to 100 MeV/c are normalized to 1.

3.4.3 The Uncertainty of the Simulated Acceptance

Event generation in MCEEP depends on one input taken from theory: The neu-

tron momentum distribution in 3He. The distribution is sampled up to 100 MeV/c

3, as described in Sec. 3.3.3, where the 3He wave function is reasonably under-

stood [59]. To evaluate the sensitivity of MCEEP’s yield to this input distribution,

we used different momentum distributions for the neutron taken from measured 3He

3-body photo-disintegration of CLAS [62]. The different momentum distributions,

up to pn = 100 MeV/c are plotted in Figure 3.14. Running the simulation with

these measured distributions yields a 9% difference in yield for Ee = 0.8 GeV, and

3% for Ee = 1.1 GeV. The sensitivity of MCEEP’s results to the input distribution

decreases with energy, due to the kinematic focusing described in Sec. 3.3.1. We use

3The reconstructed neutron momentum resolution in the data is at a 10−4 level, therefore we
can neglect the uncertainty involved with sampling of the neutron momentum distribution with a
poorly identified momentum value.
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3% as a conservative evaluation of the uncertainty for all measurements above Eγ

= 1.1 GeV.

As described in Sec. 3.2.3 – 3.2.5, the nominal phase-space cuts were selected

to form the largest acceptance in which the calculated cross sections values remain

constant. The sensitivity of the MCEEP’s results to variations about these values

of choice, were found to be negligible in comparison to the 3% uncertainty described

above.

3.4.4 Target Density

The pressure and temperature of the target system were monitored in real

time and written to the data stream. The target’s density is evaluated using 3He

equation of state data taken from [63], using the recorded temperature and pressure

values as inputs. To estimate the uncertainty in the target density, the following

procedure was taken: 3He density values were taken from [63] also for pressure and

temperature values in the vicinity of the experiment’s pressure and temperature

values (shown in Fig. 3.15A). These density values were fitted to a quadratic form

as a function of temperature and pressure. Fig. 3.15B shows the density for each

run which was evaluated from the fit with the recorded temperature and pressure

values. Note that the runs with measured pressure P ∼ 189 psi were taken during

a malfunction in the target that caused a pressure drop and were omitted from

the analysis. The horizontal clusters results from the discretization of the recorded

temperature values. Figure 3.15C shows the density for each run as a function of

the run number, the uniform distribution indicates that the target conditions were

stable. A histogram of these values is shown in Fig. 3.15D, fitted to a Gaussian.

The density value chosen for this analysis and it’s uncertainty are evaluated from

this fit: ρ = 0.07956± 0.00006 g/cm3.
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Figure 3.15: Uncertainty in the target density evaluation. (A) Shows the density as a
function of temperature and pressure, and the results of a fit to a quadratic form. (B)
Shows a scatter plot of the temperature vs. pressure as recorded for each run. (C) Shows
the density calculated for each run according to it’s pressure and temperature, as a function
of the run number. (D) Shows a densities distribution for all runs.



CHAPTER 4

Results

4.1 The θcm = 90◦ Differential Cross Section

The θcm = 90◦ invariant cross sections for 3He(γ,pp)n with neutron momentum

up to 100 MeV/c were calculated as described in Chapter 3. The detector settings

are listed in Tab. 4.1. The results are displayed in Table 4.2. For energies up to 2.1

GeV, statistics were high enough to allow binning of the data into two 70 MeV bins

in photon energy. Above 2.4 GeV, a single 140 MeV bin is used.

Ee pHRS θHRS

GeV GeV/c deg

1 0.849 0.943 65.32
2 1.075 1.073 62.62
3 1.656 1.453 57.00
4 2.094 1.711 53.69
5 2.461 1.913 51.43
6 3.114 2.275 47.98
7 4.072 2.781 44.11
8 4.711 3.124 41.94

Table 4.1: Kinematic settings used for the 3He(γ,pp)n measurements. The HRSs were set
symmetrically on both sides of the beam with the same central momentum. The values
listed for pHRS and θHRS are the center values of the HRSs acceptance.

The invariant cross section scaled with s11 is plotted in Fig. 4.1. The photo-

disintegration of 3He has also been measured with the Hall B/CLAS detector [64]

at Jefferson Lab, using tagged photons of 0.35 to 1.55 GeV [62]. The large accep-

tance of the spectrometer allowed detection of the two outgoing protons over a wide

range of momentum and angles. Events corresponding to θc.m. = 90◦ break-up to a

60
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Eγ Eγ Yγ−pp
dσ

dΩlab

dΩlab

dΩcm

dΩcm

dt
dσ
dt

s11 dσ
dt

bin bin
center width
(GeV) (MeV) (nb

sr
) ( sr

GeV2 ) ( nb
GeV2 ) (kb GeV20)

0.744 70 15600 10.7 0.786 6.57 55.4 0.0502 ± 0.000402
0.814 70 25700 13.6 0.785 6.16 65.6 0.0595 ± 0.000371
0.97 70 6260 3.66 0.748 4.85 13.3 0.0693 ± 0.000876
1.04 70 1570 4.52 0.746 4.55 15.3 0.0801 ± 0.00202
1.55 70 4270 0.544 0.663 2.74 0.989 0.0883 ± 0.00135
1.62 70 2380 0.528 0.661 2.62 0.915 0.0817 ± 0.00168
1.99 70 277 0.0988 0.612 2.05 0.124 0.0523 ± 0.00314
2.06 70 120 0.0716 0.609 1.97 0.0858 0.0362 ± 0.00331
2.39 140 110 0.00577 0.574 1.68 0.00557 0.00916 ± 0.000873
3.04 140 60 0.00178 0.522 1.27 0.00118 0.0114 ± 0.00147
4.00 140 12 0.000317 0.453 0.935 0.000134 0.0148 ± 0.00423
4.64 140 2 7.22e-05 0.427 0.787 2.43e-05 0.00921 ± 0.00588

Table 4.2: The invariant cross section for 3He(γ,pp)n at θcm = 90◦. Yγ−pp is the yield
after electro-disintegration background subtraction. s11 dσ

dt is scaled with the average value

of s for all events in the bin. The uncertainties in s11 dΩcm

dt are statistical only.

proton pair were selected with various cuts on neutron momentum. Preliminary yet

unpublished single differential cross-section results from CLAS [65] are also shown

in the Figure.

The RNA and QGS model predictions are plotted as they appear in [29] divided

by 200 and 5 respectively to be shown with the selected scale. The HRM curve is

taken from an updated calculation [66] published after our data was available.

4.2 Comparison with World Data and Theory

Our new data along with previous low-energy data indicate that the 3He two-

proton disintegration can be divided into three energy regions. A low photon en-

ergies region (below Eγ ≈ 1 GeV), where the dynamics is governed by hadron

and meson degrees of freedom. A transition region (1 GeV < Eγ < 2.2 GeV)
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Figure 4.1: Invariant cross section scaled by s11 for 3He(γ,pp)n. The 3He(γ,pp)n events
were selected with pn < 100 MeV/c. Up to 2.1 GeV, the photon energy bins are 70 MeV,
and above 140 MeV. Only the statistical uncertainties are shown. The preliminary Hall
B/CLAS data are taken from [65]. Model predictions are from [29, 66]. RNA is divided
by a factor of 200 and QGS by a factor of 5 to be shown on this scale.

where the scaled cross section for deuteron (pn pairs) breakup is flat while for pp

pairs from 3He a significant structure is observed. A scaling region (above Eγ ≈

2.2 GeV) where the cross section for both deuteron (pn) and pp breakup scales in

agreement with the constituent counting rule [1, 26, 27]. In the following sections,

we will discuss each region in detail.

4.2.1 Low Energy pp Breakup

Our lowest energy 3He(γ,pp)n measurement is at Eγ = 0.8 GeV. The data

are extended down to ∼0.3 GeV by CLAS [65] and further down to ∼ 0.2 GeV

by older measurements from Saclay [67]. Figure 4.2 shows the Saclay data with
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calculations [68] for the pp and pn breakup cross sections. The pp to pn cross

section ratio is about 1%. The low energy dynamics is governed by meson exchange,

Figure 4.2: The 3He photodisintegration cross sections of a pn pair (upper) and pp pair
(lower) [69]. The full line curves are calculation including three-body mechanisms.

schematically illustrated in Fig. 4.3. The low cross section ratio is explained by two-

body mechanisms which contribute to pn breakup but are suppressed for pp due to

the following considerations:

• A pp pair has no dipole moment to couple with,

• the charge-exchange currents are neutral for pp and their contribution is small

compared with those of np,

• the formation of ∆ as an intermediate state is forbidden, since the Jπ = 1+ p∆+

S-wave cannot decay to the pp channel.

4.2.2 Transition Region

The structure observed at 1 GeV < Eγ < 2.2 GeV may be the result of

resonances in the γN or γNN systems. The energy dependence in the transition
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Figure 4.3: A diagram illustration of pp photodisintegration by neutral meson exchange.

region more closely resembles the energy behavior of the photo-induced pion pro-

duction [70–72]. As can be seen in Fig. 4.4, the scaled differential cross section

for γn → π−p (which scales with s−7) presents a wide “bump” before the onset of

scaling, same as in our data. It has been suggested that the structure might result

from a meson photo-produced on a proton and then absorbed on a pn pair [73].

Figure 4.4: γn → π−p scaled differential cross section s7 dσ
dt versus center of mass energy√

s from [72].
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4.2.3 Scaling Region

For θc.m. = 90◦ proton-pair breakup, the onset of scaling is at Eγ ≈ 2.2 GeV,

while for deuteron (pn pair) scaling commences at Eγ ≈ 1 GeV [14]. The scaling

in the 3He case indicates that in this regime the two-body process is dominant. It

further suggests (in a relatively model-independent way) that the relevant degrees of

freedom that govern the dynamics are quarks. In a hadronic picture, two-body/one-

step processes are strongly suppressed since no charge can be exchanged between

the protons.

The reduced nuclear amplitude (RNA) formalism [30] after normalization to

the deuteron data [29] yields cross sections that are about 200 times larger than the

present data. The quark-gluon string model (QGS) [35, 74], as estimated in [29],

predicts cross sections about a factor of 5 larger than measured. The QCD hard

re-scattering model (HRM) [36] allows an absolute calculation of the cross sections

for both pn and pp pair photodisintegration from nucleon-nucleon measured cross

sections without adjustable parameters. It reproduces reasonably well the deuteron

data and the proton pair cross section.

An explanation for the low magnitude of the scaled cross section of proton-pair

breakup is given in the HRM [66] by a cancellation caused by opposite sign of the

NN helicity amplitudes φ3 and φ4 in the pp breakup 1. The energy dependence

predicted by the HRM in the scaling region agrees well with the data. Therefore,

hard re-scattering is a plausible explanation for the origin of the large transverse

momenta. The amount of pp pairs produced in a spectator neutron kinematics by

a three-body/two-step processes is evaluated in [66] to be 2% of the number of two-

body re-scattered proton pairs. Models that hold compact NN pairs in the initial

state to be the reason for the large transverse momenta [30] would have to assume

1φ3 and φ4 are the NN elastic scattering helicity amplitudes that connect zero helicity in the
initial states to zero helicity in the final state. φ3 does it with no helicity exchange. φ4 exchanges
helicity between the scattered nucleons. This cancellation of φ3 and φ4 was not recognized in [29].
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either a fairly low abundance of pp pairs within the 3He wave function or the same

type of nuclear amplitude cancellation in order to explain the low magnitude of the

pp break-up scaled cross section.

Another possible explanation for the cross-section magnitude may lie in tensor

correlations [59, 75, 76]. These nucleon-nucleon correlations cause the ratio of pp to

np pairs to be ∼5% in the relative momentum range of 300-600 MeV/c for both

high-energy electron and proton scattering [77–79]. Starting with such a pair and

final state re-scattering might lead to the observed relative transverse momentum

and would explain the relatively small cross sections.

4.3 Outlook

The results presented in this chapter, along with the Deuteron photo-disintegration

data of previous experiments [9–16], indicate unambiguously the onset of quark-

constituent dynamics in the hard photodisintegration process, making it one of the

few nuclear reactions which lies beyond the limits of description within the meson-

baryon framework of strong interactions.

The existing data and theory, however, are insufficient to determine if the large

transverse momentum final state nucleons are due to break-up of a pre-existing,

highly correlated, two-baryon system, or if they are formed due to hard scattering

in the final state of the reaction. Identifying the source of the large transverse

momentum nucleons from nuclei is the main motivation for the next generation of

hard-break-up experiments.

These experiments will envision comparative studies of pn and pp breakup from

the A = 3 nucleus, measurement of light-cone and transverse momentum distribu-

tion of the center of mass of the two large-pT nucleons, extension of the measurements

to large energies, and probing different polarization observables of hard photodisin-

tegration. A new generation of experiments will extend the measurements to hard-



67

photodisintegration of two nucleons into two non-nucleonic baryons as well as to the

virtual photon sector, which can be used for reconstruction of the impact-parameter

picture of the hard break-up processes.

As a first step in this process, we proposed a new JLab experiment [80], in

which we intend to extend our recent measurements. In particular, we propose

comparative measurements of pp and pn photodisintegration of 3He at large center

of mass angles, with identification of the third low-momentum nucleon as a spectator

to the hard reaction. Within this setup we propose to carry out:

1. Measurement of the light-cone (αn) momentum distribution as a function of the

transverse momentum (pTn) of the spectator neutron and as a function of the

transverse momentum (pTp) (or equivalently c.m. angle) of the proton in the hard

3He(γ, pp)n photodisintegration reaction. These measurements will enable us to

determine whether the high transverse momentum originates from initial-state

correlations or final-state hard rescattering, and how this distribution varies with

kinematics.

2. Measurements of the cross sections of both γ3He → pp(n) and γ3He → pn(p)

reactions will address the issue of the small measured cross section ratio of

γ3He → pp(n) to γd → pn. The understanding of the source of this suppression

will provide additional constraints on the determination of the origin of high-pT

nucleons in the photodisintegration process.



CHAPTER 5

The Two-Body Breakup of 3He into a Proton-Deuteron Pair

5.1 Overview

The primary objective of Experiment E03-101 was to measure the θc.m. = 90◦

energy dependence of the 3He(γ, pp)nspectator reaction [17]. At an incident energy of

1.656 GeV we also took data at two kinematical setups which did not match the θc.m.

= 90◦ conditions for that reaction. In these two kinematics, listed in Tab. 5.1, we

could identify two-body photodisintegration of the 3He into a proton and a deuteron

at angles corresponding to θp c.m. = 85◦. Figure 5.1 shows the mass distribution of

the two particles detected in coincidence, normalized by mp. One clearly sees proton

and deuterons in coincidence, with no visible background. In this chapter we review

the analysis of this reaction.

Ee pHRS θHRS

GeV GeV/c deg

1 1.655 1.421 63.16
2 1.656 1.387 65.82

Table 5.1: Kinematic settings used for the 3He(γ,pd) measurements. The HRSs were set
symmetrically on both sides of the beam with equal central momentum settings. The
values listed for pHRS and θHRS are the center values of the HRSs acceptance.

5.2 Experimental Setup and Data analysis

Protons and deuterons from the target were detected in coincidence using the

HRSs with the method described in Chapter 2. The two spectrometers were set

68
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Figure 5.1: The mass distribution of particles detected in coincidence by the two HRS,
normalized by the proton’s mass, mp.
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symmetrically on the two sides of the beam line in two kinematical settings cor-

responding to central momenta of 1.421 GeV/c at a laboratory scattering angle of

63.16◦ and 1.389 GeV/c at a scattering angle of 65.82◦.

The incident photon energy was reconstructed event by event from the mo-

mentum and angles of the scattered particles under the assumption of two-body pd

final-state kinematics. In order to assure the validity of this assumption and reduce

backgrounds from pion producing reactions, the analysis is limited to events that

fulfill two energy and momentum constraints:

1. pT missing ≡ pT (p) + pT (d) < 5 MeV/c

2. αmissing ≡ αd + αp − α3He − αγ < 5 · 10−3

We use here the light-cone variable α defined as:

α = A
EN − pNz
EA − pAz

≈ EN − pNz
mN

, (5.1)

where EN and pN are the nucleon’s energy and momentum respectively, EA and

pA are the nuclei energy and momentum, and the z direction is the direction of the

incident photon beam. With the above definitions, α for the incident photon is zero,

while α for the 3He target is 3.

A simulation was used to evaluate the experimental acceptance for events where

an extra pion is produced using the cuts specified above. The results, presented in

Fig. 5.2, shows that the amount of accepted γ3He → pdπ (background) events is

negligible compared to the accepted γ3He → pd (signal) events (accepted ratio ∼

1%).

We also took data with the radiator out of the beam, and extracted the electro-

produced pd background using the method described in Sec. 3.3.2.

Event selection cuts on the target vertex and coincidence between the two

spectrometers were applied using the procedure described in Sec. 3.2.1 and 3.2.4.
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Figure 5.2: Simulated detection acceptance of a proton and a deuteron in coincidence
plotted as a function of the photon energy, for γ3He → pd and γ3He → pdπ. The
detector settings and the applied cuts for the analysis are described in the text. The

acceptance ratio γ3He→pdπ
γ3He→pd is 1.2 %.

The finite acceptance correction was determined using the standard Hall A Monte-

Carlo simulation software MCEEP [57] as described in Sec 3.3.3. The sources for

the systematic uncertainties for E03-101 are described in Sec. 3.4.2.

5.3 Experiment E93-044 in Hall B

The experiment E93-044 in Hall B at Jefferson Lab used the CEBAF Large

Acceptance Spectrometer (CLAS) to measure various photoproduction reactions on

3He and 4He targets. A collimated, tagged, real-photon beam was produced using

the bremsstrahlung tagging facility in Hall B [81]. Photons with energies between

0.35 and 1.55 GeV were incident on 18-cm long cryogenic 3He target positioned in

the center of CLAS. The outgoing protons and deuterons were tracked in the six

toroidal magnetic spectrometers (sectors) of CLAS. Their trajectories were measured

by three layers of drift chambers surrounding the target. The particles’ time of flight

was measured by 6×48 scintillators (TOF) enclosing CLAS outside of the magnetic

field. CLAS covers a polar angular range from 8◦ to 142◦ and the nearly the entire

range in azimuthal angle. More details about CLAS and experiment E93-044 can
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be found in [64] and [62], respectively.

In the analysis of data from E93-044, events with exactly two positively-charged

tracks were considered only. The mass of the particle producing the track was

obtained from momentum and time-of-flight measurements and was used to identify

the particle as either a proton or deuteron. Only events with a proton and a deuteron

were used for further analysis. Both particles must have originated from the target

and been detected within the fiducial volume of CLAS. Remaining accidental and

physics background were further reduced by applying kinematic cuts making use

of the constraints provided by two-body kinematics when both final-state particles

are detected. For example, the c.m. momenta of the proton and deuteron had to

be consistent with each other within the detector resolution, the z-component of

the beam momentum had to match the z-component of the total momentum in the

final state, the c.m. angles of the deuteron and the proton had to add up to ∼ 180◦,

etc. A detailed discussion of the selection cuts can be found in [82]. Figure 5.3

demonstrates the effect of the kinematic cuts on the proton missing-mass-squared

distribution at proton c.m. angle of 90◦. Event distributions with and without the

kinematic cuts are shown. The background distribution is smooth outside of the

peak which allow to extract a reliable estimate to its amount over the deuteron

peak. We estimate an uncertainty of the yield extraction due to background events

as (2.30±0.63)% and an uncertainty due to good events rejected by our selection cuts

as (0.331 ± 0.035)%. CLAS acceptance for the reaction γ3He → pd was evaluated

by generating 2 × 107 phase-space events and processing them with GSIM [83], a

GEANT-3 program that simulates CLAS. The simulated data were then analyzed

with the same analysis software as the real data. Selection cuts based on the same

criteria used for the real data, were determined and applied. CLAS acceptance for

pd events at c.m. angle of 90◦ is ∼ 71%. We estimated the uncertainty of CLAS

acceptance to be < 10%. The photon flux was calculated using the standard CLAS
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Figure 5.3: Event distributions of the 3He(γ,p)d missing-mass reconstructed from the
detected proton, MM2 for proton detected at c.m. angle of 90◦ with the kinematic
cuts (solid blue line), over the background (dashed red line). Events from pd final state
are clearly identified as the peak. Accidental and multi-pion events give rise to smooth
background under the deuteron peak that can be estimated by the background shape
outside of the peak.
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Figure 5.4: The invariant cross section dσ/dt multiplied by s17 to remove the expected
energy dependence. The DAPHNE data is taken from [87].

software [84]. The uncertainty of the photon flux was determined to be 4.5% [85].

The uncertainty of the target length and density is 2% [62]. The uncertainty of

fiducial cuts was estimated to be negligible [86]. The total systematic uncertainty

of CLAS cross sections is < 11.2%. The statistical uncertainties range from 2% to

40% for different energy bins.

5.4 Results and Discussion

Figure 5.4 shows the measured cross sections from JLab Halls A and B compared

to previously published data [87] for s > 10 GeV2. Above s = 11.5 GeV2, the

consistency of the scaled cross sections with being constant can be seen. In the

range of s = 11.5 – 15 GeV2, the cross section falls by two orders of magnitude.

The falloff of both data sets in this range is fit as s−17±1, which is consistent with
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the expected scaling value of n = −17. This is the first observation of a high-energy

cross section scaling for an A > 2 system. CLAS data at other kinematics show

indications that in the energy range above 0.7 GeV the quark-counting scaling may

also be obeyed at other c.m. angles.

Starting at threshold, the scaled invariant cross section decreases smoothly to

0.7 GeV where it levels out, a transition not similar to meson photoproduction [8] or

pp breakup [17], where ”resonance”-like structures are observed. Since our data are

taken in the resonance region, this suggests that two- and three nucleon mechanisms

dominate the reaction dynamics or resonance contributions are strongly suppressed.

The scaled cross section of ∼30 Gb·GeV32 for γ 3He → pd corresponds to an

invariant cross section of dσ/dt∼ 0.4 nb/GeV2 for Eγ ∼ 1.3 GeV. The corresponding

cross section for γd → pn at this energy is about 30 nb/GeV2, i.e. about two orders

of magnitude larger, while the scaled cross section for γ3He → pp+ nspectator at this

energy is about 13 nb/GeV2, i.e. about 30 times larger. If one adopts the view that

large momentum transfer reactions select initial states in which all the quarks and

nucleons are close together, it is much more likely that there is a short-range, and

thus high-momentum, pn pair than pp pair. This is what has been found in recent

studies for nucleons above the Fermi surface that have momenta of several hundred

MeV/c [78, 79].

The reduced nuclear amplitudes (RNA) prescription [30] was developed as a

way of extending the applicability of pQCD to lower energy and momentum scales,

by factoring out non-perturbative dynamics related to hadron structure through

phenomenologically determined hadronic form factors. The RNA prescription for

γ3He → pd is:

dσ

dt
∝ 1

(s−m2
3He)

2
F 2
p (t̂p)F

2
d (t̂d)

1

p2T
f 2(θc.m.). (5.2)

Here pT is the transverse component of the proton momentum, Fp (Fd) is the proton
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(deuteron) form factor, t̂p (t̂d) is the momentum transfer to the proton (deuteron)

and f is an unknown function of the c.m. angle that must be determined from

experimental data. The overall normalization is unknown, and ideally should be

determined from data at asymptotically large momentum transfer. Figure 5.4 shows

the RNA prediction normalized to our highest energy data point as a dashed line. It

should be noted that deuteron photodisintegration follows the dimensional scaling

better than it follows the RNA prediction.

If the reaction dynamics is dominated by rescattering, it appears that hard pn

rescattering is more likely than hard pp rescattering – which is known to be the

case due to cancellations in the pp amplitude [66]. The hard pd rescattering is also

suppressed, presumably due to the likelihood of breaking up the deuteron in a hard

scattering and the small probability of a pickup reaction that create a deuteron from

a scattered proton or neutron. Calculation of the cross section in the framework

of the Hard Rescattering Model (HRM) [36] using elastic pd scattering data is in

preparation [88].

The momentum transfer to the deuteron and the transverse momentum, at

which we observe the onset of scaling in the 90◦ cross sections, is |t| > 0.64 (GeV/c)2

and p⊥ > 0.95 GeV/c, respectively. For other processes, such as deuteron photo-

disintegration, the onset of scaling has been observed at p⊥ > 1.1 GeV/c. The

deuteron form factor show scaling at |t| > 1 (GeV/c)2. This comparison suggests

that non-perturbative interpretation of our data may be more appropriate. Such

interpretation in the framework of AdS/CFT means that the observed scaling is

due to the near constancy of the effective QCD coupling at low Q (“conformal win-

dow” [89]) and the data are in the non-perturbative regime of QCD. A further test

of this interpretation would require data for this process over a higher-energy range

where the transition from non-perturbative to perturbative dynamics would man-

ifest itself in breaking the quark-counting scaling. The latter would be observed
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again at asymptotically large invariants when pQCD sets in.



APPENDIX A

Reconstructed photon energy resolution

The following Mathematica code describes the uncertainty propagation for the

photon energy reconstruction (Eq. 3.2). The HRSs resolutions are taken from [46]

to be: dp
p
= 2·10−4 and dθ

θ
= 0.033.

(* Calculate total energy from momentum and mass *)(* Calculate total energy from momentum and mass *)(* Calculate total energy from momentum and mass *)

T [p ,m ]:=Sqrt[p∧2 +m∧2];T [p ,m ]:=Sqrt[p∧2 +m∧2];T [p ,m ]:=Sqrt[p∧2 +m∧2];

(* Kinematic settings for the data points *)(* Kinematic settings for the data points *)(* Kinematic settings for the data points *)

Ee[0] = 0.8; p[0] = 0.9433; th[0] = Pi ∗ 65.32/180.0;Ee[0] = 0.8; p[0] = 0.9433; th[0] = Pi ∗ 65.32/180.0;Ee[0] = 0.8; p[0] = 0.9433; th[0] = Pi ∗ 65.32/180.0;

Ee[1] = 1.1; p[1] = 1.01; th[1] = Pi ∗ 62.62/180.0;Ee[1] = 1.1; p[1] = 1.01; th[1] = Pi ∗ 62.62/180.0;Ee[1] = 1.1; p[1] = 1.01; th[1] = Pi ∗ 62.62/180.0;

Ee[2] = 1.7; p[2] = 1.4530; th[2] = Pi ∗ 57.00/180.0;Ee[2] = 1.7; p[2] = 1.4530; th[2] = Pi ∗ 57.00/180.0;Ee[2] = 1.7; p[2] = 1.4530; th[2] = Pi ∗ 57.00/180.0;

Ee[3] = 2.1; p[3] = 1.7109; th[3] = Pi ∗ 53.69/180.0;Ee[3] = 2.1; p[3] = 1.7109; th[3] = Pi ∗ 53.69/180.0;Ee[3] = 2.1; p[3] = 1.7109; th[3] = Pi ∗ 53.69/180.0;

Ee[4] = 2.5; p[4] = 1.9133; th[4] = Pi ∗ 51.43/180.0;Ee[4] = 2.5; p[4] = 1.9133; th[4] = Pi ∗ 51.43/180.0;Ee[4] = 2.5; p[4] = 1.9133; th[4] = Pi ∗ 51.43/180.0;

Ee[5] = 3.1; p[5] = 2.2746; th[5] = Pi ∗ 47.98/180.0;Ee[5] = 3.1; p[5] = 2.2746; th[5] = Pi ∗ 47.98/180.0;Ee[5] = 3.1; p[5] = 2.2746; th[5] = Pi ∗ 47.98/180.0;

Ee[6] = 4.1; p[6] = 2.781; th[6] = Pi ∗ 44.11/180.0;Ee[6] = 4.1; p[6] = 2.781; th[6] = Pi ∗ 44.11/180.0;Ee[6] = 4.1; p[6] = 2.781; th[6] = Pi ∗ 44.11/180.0;

Ee[7] = 4.7; p[7] = 3.1238; th[7] = Pi ∗ 41.94/180.0;Ee[7] = 4.7; p[7] = 3.1238; th[7] = Pi ∗ 41.94/180.0;Ee[7] = 4.7; p[7] = 3.1238; th[7] = Pi ∗ 41.94/180.0;

dp = 0.0002;dp = 0.0002;dp = 0.0002;

dth = 0.033;dth = 0.033;dth = 0.033;

(* Define gamma energy function *)(* Define gamma energy function *)(* Define gamma energy function *)

eGamma[ vP1 , vP2 , vth1 , vth2 ]:=eGamma[ vP1 , vP2 , vth1 , vth2 ]:=eGamma[ vP1 , vP2 , vth1 , vth2 ]:=

(1/2)∗(1/2)∗(1/2)∗

(M3He ∗M3He(M3He ∗M3He(M3He ∗M3He

−2 ∗M3He ∗ (T [vP1,Mp] + T [vP2,Mp]) + 2 ∗Mp ∗Mp + 2 ∗ T [vP1,Mp] ∗ T [vP2,Mp]−−2 ∗M3He ∗ (T [vP1,Mp] + T [vP2,Mp]) + 2 ∗Mp ∗Mp + 2 ∗ T [vP1,Mp] ∗ T [vP2,Mp]−−2 ∗M3He ∗ (T [vP1,Mp] + T [vP2,Mp]) + 2 ∗Mp ∗Mp + 2 ∗ T [vP1,Mp] ∗ T [vP2,Mp]−

78
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2 ∗ (vP1 ∗ vP2) ∗ Cos[vth1 + vth2]−Mn ∗Mn)2 ∗ (vP1 ∗ vP2) ∗ Cos[vth1 + vth2]−Mn ∗Mn)2 ∗ (vP1 ∗ vP2) ∗ Cos[vth1 + vth2]−Mn ∗Mn)

/(T [vP1,Mp] + T [vP2,Mp]− vP1 ∗ Cos[vth1]− vP2 ∗ Cos[vth2]−M3He);/(T [vP1,Mp] + T [vP2,Mp]− vP1 ∗ Cos[vth1]− vP2 ∗ Cos[vth2]−M3He);/(T [vP1,Mp] + T [vP2,Mp]− vP1 ∗ Cos[vth1]− vP2 ∗ Cos[vth2]−M3He);

(* Propagate *)(* Propagate *)(* Propagate *)

eGammaErr[vP1 , vP2 , vth1 , vth2 ]:=Sqrt[eGammaErr[vP1 , vP2 , vth1 , vth2 ]:=Sqrt[eGammaErr[vP1 , vP2 , vth1 , vth2 ]:=Sqrt[

(D[eGamma[vP1, vP2, vth1, vth2], vP1] ∗ dP1)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vP1] ∗ dP1)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vP1] ∗ dP1)∧2+

(D[eGamma[vP1, vP2, vth1, vth2], vP2] ∗ dP2)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vP2] ∗ dP2)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vP2] ∗ dP2)∧2+

(D[eGamma[vP1, vP2, vth1, vth2], vth1] ∗ dth1)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vth1] ∗ dth1)∧2+(D[eGamma[vP1, vP2, vth1, vth2], vth1] ∗ dth1)∧2+

(D[eGamma[vP1, vP2, vth1, vth2], vth2] ∗ dth2)∧2(D[eGamma[vP1, vP2, vth1, vth2], vth2] ∗ dth2)∧2(D[eGamma[vP1, vP2, vth1, vth2], vth2] ∗ dth2)∧2

]]]

(* Relative uncertainty *)(* Relative uncertainty *)(* Relative uncertainty *)

eGammaErr[vP1, vP2, vth1, vth1]/eGamma[vP1, vP2, vth1, vth1];eGammaErr[vP1, vP2, vth1, vth1]/eGamma[vP1, vP2, vth1, vth1];eGammaErr[vP1, vP2, vth1, vth1]/eGamma[vP1, vP2, vth1, vth1];

(* Substitute *)(* Substitute *)(* Substitute *)

%/.M3He → 2.813882/.Mp → 0.938272 /.Mn → 0.939565;%/.M3He → 2.813882/.Mp → 0.938272 /.Mn → 0.939565;%/.M3He → 2.813882/.Mp → 0.938272 /.Mn → 0.939565;

For[i = 0, i < 8, i++,For[i = 0, i < 8, i++,For[i = 0, i < 8, i++,

Print["Ee=",Ee[i], " GeV, ∆Eγ/Eγ=",Print["Ee=",Ee[i], " GeV, ∆Eγ/Eγ=",Print["Ee=",Ee[i], " GeV, ∆Eγ/Eγ=",

%/.vP1 → p[i]%/.vP1 → p[i]%/.vP1 → p[i]

/.vP2 → p[i]/.vP2 → p[i]/.vP2 → p[i]

/.vth1 → th[i]/.vth1 → th[i]/.vth1 → th[i]

/.vth2 → th[i]/.vth2 → th[i]/.vth2 → th[i]

/.dP1 → p[i] ∗ dp/.dP1 → p[i] ∗ dp/.dP1 → p[i] ∗ dp

/.dP2 → p[i] ∗ dp/.dP2 → p[i] ∗ dp/.dP2 → p[i] ∗ dp

/.dth1 → th[i] ∗ dth/.dth1 → th[i] ∗ dth/.dth1 → th[i] ∗ dth

/.dth2 → th[i] ∗ dth]]/.dth2 → th[i] ∗ dth]]/.dth2 → th[i] ∗ dth]]

Ee=0.8 GeV, ∆Eγ/Eγ=0.000276681

Ee=1.1 GeV, ∆Eγ/Eγ=0.00473882

Ee=1.7 GeV, ∆Eγ/Eγ=0.000274584

Ee=2.1 GeV, ∆Eγ/Eγ=0.000245869
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Ee=2.5 GeV, ∆Eγ/Eγ=0.000228988

Ee=3.1 GeV, ∆Eγ/Eγ=0.000207792

Ee=4.1 GeV, ∆Eγ/Eγ=0.000203337

Ee=4.7 GeV, ∆Eγ/Eγ=0.000191126
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