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Electron Compton scattering is the best known fundamental QED process, however, a
precision measurement of its cross section for a beam energy above 1 GeV has been lack-
ing up to now. An updated high precision measurement of the neutral pion lifetime via
the Primakoff effect (PrimEx-II) experiment was performed in Hall B of Jefferson Lab in
2010. The experiment used small angle coherent photoproduction of 7°’s in the Coulomb
field of a nucleus, i.e. the Primakoff effect, to determine the lifetime with a precision of
less than 1.5% . It therefore requires thorough understanding of the underlying system-
atic uncertainties. To facilitate that data for well known electromagnetic processes were
taken concurrently with the photoproduction data. This analysis pertains to measuring the
Compton scattering cross section, which occurs with similar kinematics to the primary pro-
cess. The combination of the well established theory for this process with large collected
statistics allowed to extract this cross section with high precision in an energy region of

4-5 GeV for ?C and ?°Si targets. The results of this analysis will be presented.
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CHAPTER I

INTRODUCTION

1.1 Physics Motivation

Compton scattering, discovered by Arthur Holly Compton, is the scattering of a photon
by a charged particle, usually an electron. It results in a decrease in energy (increase in
wavelength) of the photon (which may be an X-ray or gamma ray photon), called the
Compton effect. Part of the energy of the photon is transferred to the recoiling electron
[49]. Electron Compton scattering is one of the most fundamental and the best understood
reactions in QED. In the lab frame, we can write the four-momenta of the initial and final
states of the photon [16]:

K = (k,0,0, —k) (1.1)
K = (K, K sin 0,0,k cosb,) (1.2)

where, k is the incident photon momentum (energy), &’ is the scattered photon momentum
(energy), and 0., is the scattered photon angle. Similarly, we can write the four-momenta

of the initial and final states of the electron:
P =(FE,0,0,p) (1.3)

= (F',p'sinb,,0,p cosb,) (1.4)
1
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where, F is the incident electron energy, p is the incident electron momentum, £’ is the
scattered electron energy, p’ is the scattered electron momentum, and 6, is the scattered
electron angle.

Using conservation of momentum and energy, the relationship for scattered photon

energy in terms of the incident electron and photon energy can be written as:

E+p
K=k 1.5
E+k+ (k—p)cosé, (1)
If we define a kinematic parameter « as:
AkEN
m

and use the ultra relativistic approximation: p ~ F(1 — 2%), where 7 is the Lorentz factor
Y

v =1/4/1 —v?/c?, we can further simplify the Eq. (1.5) to [7]:

K 4ary?
S il A 1.7
ko 1+ a2y (L.7)

One can see from Eq. (1.7), that the momentum of the scattered photon is directly related
to the scattering angle, and the maximum momentum transfer between electron and photon
will happen for a completely backscattered photon (¢, = 0). This kinematic limit is called

the Compton edge, and we can write the maximum scattered photon energy:

2

E
K e = 40zk;W (1.8)

maxr

/
max

Then the maximum scattered photon energy k! corresponds to the minimum scattered

electron energy:

E2

2



We can also calculate the Compton scattering cross section in QED. The leading order

Feynman diagrams (Figure 1.1) were first calculated by Klein and Nishina in 1929 [30].
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Figure 1.1

The lowest-order Feynman diagrams for single Compton scattering.

The Klein-Nishina formula for the differential cross section in the laboratory frame is
given by:

do

do _1e
Q2]

1
14+ ~v(1 —cosb,)]

(1 — cosb,)?
14+ 7v(1 —cosb,)

2
5 [1+cos™ 0, +

(1.10)

Later higher order corrections including radiative corrections and double Compton s-
cattering were calculated by Mandl and Skyrme [40]. Figure 1.2 shows Feynman dia-
grams of these two processes. The interference between the lowest-order single Comp-
ton scattering amplitude and the higher order corrections have been studied in the litera-
ture [3][14][40][43][45]. These studies suggested that the higher order corrections to the
lowest-order Klein-Nishina formula should be about 5 — 10% when the beam energy is

larger than 1 GeV [24]. Figure 1.3 shows the magnitude of these corrections as a function
3



of electron energy. More detailed calculations and formulas are described in Chapter 3

(Theoretical calculations and simulations).

(a) )]

Figure 1.2

Typical (a) radiative correction and (b) double Compton scattering contributions to single
Compton scattering.

Most experiments have been performed in the energy region below 0.1 GeV and on-
ly a few experiments are in the energy range 0.1 - 1.0 GeV with an accuracy of 10 to
15% [4][23][24][34]. Only one experiment [24] measured the Compton scattering to-
tal cross section up to 5.0 GeV using a bubble chamber detection method but with 20 -
70% uncertainty in the above 1 GeV region. Therefore, the higher order corrections to the
Klein-Nishina formula have never been tested experimentally. The PrimEx-II experimental
measured the Compton scattering cross section in the 4.0 - 5.7 GeV region in the forward
angles with a projected accuracy of ~ 2% which will fill this important gap in experimental

knowledge.
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Figure 1.3

Radiative corrections(dashed curve), double-scattering contributions(dotted curve), and
the total percentage correction (solid curve) to the Klein-Nishina formula (horizontal
solid curve) [24].

In addition, the PrimEx-II experiment aimed to perform a 1.5% level measurement of
the absolute cross section for the photo-production of neutral pions in the Coulomb field
of a nucleus as a test of Chiral Perturbation Theory. Such a high precision relies on good
control of systematic uncertainties. The Compton experiment has the same experimental
set up as the PrimEx-II experiment, hence by measuring the Compton scattering cross

section, we can validate the systematic error for PrimEx-II at the few percentage level.



1.2 Measurement of the 7° lifetime

1.2.1 Introduction

The measurement of the two photon decay width of the neutral pion (I';0_,,,) is a
stringent test of the predictions of the U(1) axial anomaly in quantum chromodynamic-
s. In QCD, there are several observable phenomena that originate from anomalies. One
is connected with the couplings of the quarks to the gluons. This is the so called axial
anomaly by which the conservation of the axial U(1) symmetry of the classical Lagrangian
of QCD is broken even in the limit where two or more quarks are massless, and the so
called anomalous divergence of the corresponding axial-vector current becomes propor-
tional to the product Ea . Ba of the chromo-electric and chromo-magnetic fields. The
axial anomaly of interest to us involves the corresponding coupling of the quarks to pho-
tons [1][10]. In the limit of exact isospin symmetry, the 7° couples only to the isotriplet
axial-vector current /37,75q, Where ¢ = (u, d), vy, and 75 are the Dirac matrices, and /3
is the third isospin generator. If we limit ourselves to two quark flavors, the electromag-
netic current is given by ¢(1/6 + I3/2)7v,q. When coupling to the photon, the isosinglet
and isotriplet components of the electromagnetic current lead to an anomaly that explicitly
breaks the symmetry associated with the axial-vector current ¢/37,7vsq, and this in turn

directly affects the coupling of the 7° to two photons.



In the limit of vanishing quark masses, the anomaly leads to the 7° — ~+ decay am-

plitude [10]:

A — yy) = 4aF Epvpo k"K' EPET (1.11)
or the reduced amplitude:
A, = O‘;T = (2,513 £ 0.007) x 1072 GeV ™! (1.12)
TFy

where, F, = (92.42 £+ 0.25) MeV [8] is the pion decay constant, a.,, is the fine structure
constant, €,,,, 1S the four-dimensional Levi-Cevita symbol and % and e are respectively
photon momenta and polarization vectors.

The width of the 7° — ~~ decay predicted by this amplitude is [8]:

A
Tro sy = M2, | 61;' = 7.7254+0.044 eV (1.13)

with a 0.6% uncertainty due to the experimental error in F;,. The crucial aspect of this
expression is that it has no free parameters that need to be determined phenomenologically.
In addition, since the mass of the 7° is the smallest in the hadron spectrum, higher order
corrections to this prediction are small and can be calculated with a sub-percent accuracy.

For an unpolarized photon beam, the 7° cross section via Primakoff effect is given by

[11]:

do, SaemZ? BPE*
0 = Lm0y
ds) M Q

———|Fe.n.(Q)]? sin® 0, (1.14)
where I';o_,., is 7 decay width, Z is the atomic number of the target nucleus, Mo, and
0, are the mass, the velocity and the angle of the 7, respectively, F is the incident photon

energy, () is the momentum transfer, and F, ,, is the electromagnetic form factor of the

nucleus.



The 7° photon-production in the few GeV energy region not only comes from the
Primakoff effect, but also comes from the nuclear coherent effect, incoherent contribution
and interference contribution. These background contributions must be taken into account
to properly identify and subtract the Primakoff peak. The full cross section for 7° photon-

production in the forward direction(up to ~ 3 — 4°) is given by [5]:

do  dop doc  doj [dop doc
d—Q—d—Q+d—Q+d—Q+2 d—Qd—QCOS(¢1+¢2) (1.15)

dop

Here the Primakoff cross section, <7, is given by Eq. (1.2). The nuclear coherent cross

section d"c is given by [5] [20][22]:

dO’C

2 2
70 = OA?|Fn(Q)|? sin? 00 (1.16)

and d‘” is the incoherent cross section [21][25]:

dO‘] o dog

0 = (A1 - (Q))m (1.17)

where A is the nucleon number, Fi (@) is the form factor for the distribution of nuclear
matter(corrected for pion final state interactions), the factor C'sin? 6,0 in Eq. (1.16) is the
square of the spin and isospin independent part of the 7 photon-production amplitude on
a single nucleon, ¢ is the absorption factor for incoherently produced pions, (1 — G(Q))
is a suppression factor which reduces the cross section at small momentum transfer due
to the Pauli exclusion principle, and d"H is the 7° photo-production cross section on a
single nucleon. The relative phase between the Primakoff and nuclear coherent amplitudes
without final state interactions is given by ¢1, and the phase shift of the outgoing pion due

to final state interactions is given by ¢s.
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Figure 1.4

Angular behavior of the electromagnetic and nuclear 7° photo-production cross sections
for 12C in the forward direction.



One can separate the Primakoff effect from other photo-pion production mechanisms
via kinematical considerations. The Primakoff cross section is zero in the forward incident
photon direction, it has a sharp maximum at an angle ,, ~ mfro /2E?2, and falls rapidly to
zero at larger angles. It is proportional to Z?2, and its peak value is roughly proportional to
E* [5]. The nuclear coherent cross section for spin zero nuclei is also zero in the forward
direction, but has a broad maximum at larger angular region than the Primakoff effect,
and falls at larger angles as shown in Figure 1.4, where the amplitudes are normalized
to the previous data [13], and distortion effects are included. The angular dependence of
the Primakoff signal is different from the background processes, allowing I'(7® — v7) to
be extracted from a fit to the angular distribution of photo-produced 7°. Measurements
of the nuclear effects at larger angles are necessary to determine the unknown parameters
in the production mechanism and thus make an empirical determination of the nuclear
contribution in the Primakoff peak region. Consequently, any experimental measurement
of the 7 lifetime requires a 7° detector with good angular resolution to eliminate nuclear
coherent production, and good energy resolution in the decay photon detection to enable

an invariant mass cut to suppress multi-photon backgrounds [5].
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1.2.2 Previous Experiments

In the past, three experimental methods have been used to measure the 7¥ decay width
with varying degrees of success: the Direct Method, « * y*-collisions and the Primakoff
method.

(1) Direct Method: Measuring the distance between the 7° production and its decay
points. This method was used at the CERN PS in 1963 and reached a precision of 17%
[18]. In 1985, an improved version of this technique was used at the CERN SPS with a
beam of 450 GeV photons incident on a tungsten foil to generate relativistic pions and a
second tungsten foil was used to convert the photons from 7° — ~+ decay into electron-
position pairs. They reported the neutral pion decay width result of I';o_,,, = (7.34 &
0.18 £ 0.11) eV [6].

(2) v * y* collisions: The neutral pions were generated in electron-positron collisions,
ie.,ete” = ete "y — ete ¥ — ete 7yy. A result has been published in 1988 by a
group from DESY. The Crystal Ball collaboration reported a neutral pion decay width of
Lro oy =7.7£0.5£0.5 eV [50].

(3) The Primakoff method: Measuring the cross section for the Primakoff process to
obtain the pion decay width. Numbers of experiments were made using this method. In
1974 Browman measured the cross-section for the Primakoff process on several nuclei,
with a bremsstrahlung photon beam of energies 4.4 and 6.6 GeV at Cornell, obtaining a

pion decay width of T" 0 = (8.02+0.42) eV [13]. Groups from DESY [11] and Tomsk

=Yy
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[33] used 1.1 GeV, 1.5 GeV and 2.0 GeV bremsstrahlung photon beams obtaining pion
decay widths of I';o_,,, = 11.7+ 1.2 eV and I';o_,,, = (7.32 = 0.5) eV/, respectively.

In conclusion, the current average experimental value is 7.84 £ 0.56 el” and is in
good agreement with the predicted value with the chiral limit amplitude. The error of
7% quoted by the Particle Data Book (PDG) [8] is most likely too low since each of the
quoted experiments appears to have understated their errors and also, from the much larger
dispersion between the different measurements. Even at the 7% level, the accuracy is not

sufficient for a test of such a fundamental quantity, and in particular for the new calculations

which take the finite quark masses into account.

1.2.3 The PrimEx Experiments

There are two experiments at JLab which have been performed using the Primakoff
effect to measure the 7° decay width, PrimEx-I and PrimEx-II. The first experimental data
set (PrimEx-I) was collected in 2004 at JLab Hall B for incident photon energies of 4.9-5.5

GeV, the experiment measured [0 = 7.82 £ 0.14(stat.) £ 0.17(syst.) eV [36], with

A
2.8% total uncertainty. The result was a factor of 2.5 more precise than the PDG average
of this fundamental quantity and it was consistent with theoretical predictions.

Compared with the previous experiments (introduced in previous sub-section) using
the same method (measure the I';o_,.,, with Primakoff effect), the experimental equipment

and technology of PrimEx-I experiment have been greatly improved, thanks to the rapid

development of accelerator and detector technologies in recent years. As we know, the

12



tagging technique could enable a significantly more accurate knowledge of the photon flux,
for the PrimEx-I experiment the photon flux uncertainty was about 1%. Furthermore, the
photon flux uncertainty was the main contribution of the total uncertainties for the previous
experiment that used the same method, therefore this 1% level of accuracy for photon flux
was the high light in experimental progress. In addition, PrimEx-I collaboration designed
and built a high-energy and high-resolution electromagnetic calorimeter (HyCal) to detect
the two decay photons from neutral pion decay and get the cross section for this process.
The PrimEx-I experiment used 5% radiation length 2C and 2°®Pb targets to measure the
decay width of 7°.

To further improve the experimental precision, the PrimEx collaboration performed the
second experiment (PrimEx-II) in 2010 at JLab Hall B. There were several improvements
made for PrimEx-II based on PrimEx-I experience, which include:

(1) The photon beam energy range expanded to 4.4-5.3 GeV;

(2) The cross section of the reaction is proportional to the square of the atomic number
of the target nucleus, and the cross section for 7° production from other processes (the
physical background) decreases with increasing the atomic number, the PrimEx-II experi-
ment used a 2®Si target instead of a 2°*Pb target to reduce the systematic uncertainty;

(3) The thickness of the target increased from 5% to 10% radiation length to reduce the
statistical uncertainty.

The challenging goal of the PrimEXx collaboration, to measure the neutral pion lifetime
with a precision of ~ 1.4%, imposed an absolute normalization of the cross-section with

an unprecedented precision of 1% or better. Table 1.1 lists the major contributions to

13



the projected error for the PrimEx-II experiment. As one can see, the total uncertainty
is dominated by the 1% photon flux uncertainty. Therefore, it is very important to verify
this systematic uncertainty by using another approach, which is the measurement of the

Compton scattering cross section with the same detector settings.

Table 1.1

Summary of major contributions to the projected experimental error for PrimEx-II.

Statistical 0.40%

Target thickness 0.70%

Photon flux 1.00%

7V detector acceptance 0.40%
Background subtraction 0.20%

Beam energy 0.10%

Distorted form factor calibration errors | 0.40%
TOTAL ERROR 1.40%

The work presented in this dissertation describes the systematic uncertainty verification
procedure for the PrimEx-II experiment, which is accomplished by measuring the absolute
cross section for a well known QED process, Compton scattering, thus achieving the 1%

level precision required.
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1.3 The Compton cross section measurement in PrimEx-II Experiment

During the PrimEx-II experiment, a few Compton runs were also performed. For the
Compton runs, all the experimental setup was kept the same as the PrimEx-II experiment
except for the dipole magnet being turned off. The PrimEx-II experiment detected two
photons from pion decay and used the dipole magnet to bend the background charged
particles out of the HyCal acceptance. The dipole magnet was turned off in the Compton
measurement to detect both scattered electrons and photons. Both measurements used the
same incident photon beam energy range from 4.4 GeV to 5.3 GeV, the new '?C-II and
28Si targets, and the '?C-I target that was used in the PrimEx-I experiment.

Figure 1.5 shows an example of a single Compton event that was detected in the Hybrid
Calorimeter (HyCal). One incident photon (with initial energy £y and momentum lZO)
interacts with an electron in the target (with initial energy m. and initially at rest), then
the scattered photon (with final energy E; and momentum &’ ) and electron (with final
energy E. and momentum p) hit the calorimeter (HyCal) modules. Certain modules of
HyCal around each hit point will be fired, and we have a so called “cluster’(defined in
Section (2.6)) for each hit point, then each fired module will generate the output signal to
further reconstruct the energy and position of the detected cluster using “Island” algorithm

described in Section (2.6).
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Figure 1.5

Detection of a single Compton event in HyCal.
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Figure 1.6

Kinematics of Compton scattering process.
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Kinematics for the processes of interest is shown in Figure 1.6, where m, is the electron

mass and
e k= (Ep, ko) is the 4-momentum vector of the incident photon,

%
e k' = (L., k') is the 4-momentum vector of the emergent photon,

-\ . .
e po = (Me, 0) is the 4-momentum vector of the atomic electron,

e p=(FE, ?) is the 4-momentum vector of the outgoing electron.

The incident photon energy F, the scattered photon angle with respect to the incident
photon direction, 6.,, determines uniquely the kinematics of a Compton event, where the

scattered photon energy is given by:

Eo

Bt = 1.18
7 1+ £2(1 — cos(6,)) (1.18)
and the scattered electron energy is defined as:
E e
cal _ o m (1.19)

© 14 ﬁ—i(l —cos(6,))
where Ej is the incident photon energy as measured by the Hall-B photon tagger(TAG)(see

section (2.3)) system, and ¢; (: = 7, e) are calculated as:

2 2
9, = arctan <—M> (1.20)

z

where z;, y; are the measured cluster position, z is the distance between HyCal and the
target. In this experiment the z position was 706 cm and £ varied from 4.4 to 5.4 GeV
while the small electron mass (me ~ 0.511 x 1073GeV) was ignored. So we can calculate
the scattered electron and photon energy using Eq. (1.18) for both case. Since the HyCal

can not identify an electron from a photon, and we used the same equation to calculate the
17



energy, we just labeled the calculated energy as £5* and E5* for cluster-1 and cluster-2,

respectively. This calculation error was found to be less than 0.02%. The calculated cluster

energy ¢ and E5% were then used to select Compton scattering events.

There are 6 variables that we can use to select Compton scattering events,

1.
2.

Cluster’s positions: z;, y;, (i=1,2),

AT time difference between the HyCal trigger and the Master Or (MOR) trigger
(see Section (3.1)),
AT = Tyor — Thyca (L.21)

R,.in: cluster separation, the distance between two clusters on HyCal,

Ryin = \/(351 —22)2 4 (11 — ¥2)? (1.22)

A¢: azimuthal angle difference of two clusters on HyCal,

A¢p = |p1 — o] (1.23)

where ¢1, ¢ are the azimuthal angles for the cluster-1 and the cluster-2, respectively,

. AF: elasticity, the difference between photon beam energy and the sum of the clus-

ter’s energy on HyCal,
AE =Ey— (Ey + Es) (1.24)

where Fj is the photon beam energy, F/, F5 are the reconstructed cluster energies
for the cluster-1 and the cluster-2, respectively,

AK: kinematic energy difference, the difference between the sum of the calculated
cluster energy and photon beam energy.

AK = (E{" + E5™) — E, (1.25)

where E¢, £S5 are the calculated cluster energies for the cluster-1 and the cluster-2,
respectively, using Eq. (1.18).

After applying appropriate cuts on these six variables, the AK distribution was used

to extract the Compton events. The main contributions of the background were identified

as accidental events and pair production events. Even though most of the pair production

background pass through the central hole of the HyCal, still some of the pair production
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events would pass the cuts and get into our region of interest due to multiple scattering.
Hence, to extract the measured Compton yield the data were fitted with a weighted sum of
the simulated Compton events, simulated pair production events and the accidental events.
The total Compton scattering cross section over all energies can then be extracted from the

measured yield using:

1 NCompton
nel', A

(1.26)

g =

where,

e n.I', is the integrated experimental luminosity, where 7. is the number of electrons
per cm? and I, is the experimental photon flux (there was a blind number added into
flux which was only un-blinded after the whole analysis process being done).

® Ncompton 18 the extracted Compton yield.
e A is the simulated acceptance factor.

The percentage of accidental coincidence events, Cy cigental> in the data sample was esti-

mated using the events in the tails of the time difference AT distribution as

pfit X Nbins

 nie (1.27)

Caccidental =

where pf i is the the average number of accidental coincidences in each bin, which is
obtained by fitting the tails of the AT distribution integrated over the entire AT" range,
shown by the red line in Figure 1.7, N is the number of bins in the AT cut range
(£6.5n5), and M is the total number of events in the AT cut range.

The simulated Compton events were used to calculate the acceptance factor as:

o Nsimulation (1 28)
o Ngene’/‘ated .
0
i : : ted
where Ngimulation 1S the number of events reconstructed or accepted in HyCal, while N§“"“"**

is the number of generated events.
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Time difference distribution for Energy bin 1 for '2C-I target.
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In summary, this dissertation describes the extraction of the Compton scattering cross
sections for carbon and silicon targets. It is the first measurement of the Compton scat-
tering cross section for few GeV photons with percent level precision. The higher order
QED corrections to the Klein-Nishina formula is also about a few percent, however previ-
ous experimental results at this energy range had too large uncertainties to constrain this
theoretical prediction. The high precision results of this experiment will help to verify the
high order QED corrections prediction. Moreover, the agreement of the extracted cross
sections with the theoretical predictions would refine the systematic uncertainties of the 7°

lifetime measurement experiment (PrimEx-II) to be less than 2%.
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CHAPTER 11

EXPERIMENTAL SETUP

2.1 Thomas Jefferson Lab National Accelerator Facility

The Thomas Jefferson National Accelerator Facility (TINAF), commonly known as
Jefferson Lab or JLab, is located in Newport News, Virginia and it is one of 17 national
laboratories funded by the U.S. Department of Energy. The laboratory’s main research
facility is the Continuous Electron Beam Accelerator Facility (CEBAF) accelerator, which
consists of a polarized electron source, an injector, and a pair of superconducting Radio
Frequency (SRF) linear accelerator (linacs) that are 7/8-mile (1400 m) long connected to
each other by two arc sections that contain steering magnets. As the electron beam makes
up to five successive passes through the linacs, its energy is increased up to 6 GeV (after
the recent upgrade, the beam energy can reach a maximum of 12 GeV).

The design of CEBAF allows the electron beam to be continuous rather than the pulsed
beam that is typical of ring shaped accelerators. (There is some beam structure, but the
pulses are very much shorter and closer together) The electron beam can be directed onto
three potential targets (see Figure 2.1), located in four experimental halls. As part of the 12
GeV upgrade, the fourth experimental hall was added. One of the distinguishing features

of Jefferson Lab is the continuous nature of the electron beam, with a bunch length of less
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than 1 picosecond. Another is the Jefferson Lab’s use of SRF technology, which uses liquid
helium to cool niobium to approximately 4 K (452.5° F'), removing electrical resistance
and allowing the most efficient transfer of energy to electrons. To achieve this, Jefferson
Lab houses the world’s largest liquid helium refrigerator [28], that is considered as one of
the first large-scale implementations of SRF technology. The accelerator is buried 8 meters
approximately 25 feet underground, and its tunnels’ walls are 2 feet thick.

The beam end’s stations are four experimental halls, labeled Hall-A, Hall-B, Hall-C,
and Hall-D. Each hall contains specialized spectrometers to record the products of colli-
sions between the parent electron beam or the child tagged bremsstrahlung photons and
a stationary target. This allows physicists to study the structure of the atomic nucleus,
specifically the interaction of the quarks and gluons that make up protons and neutrons in
the nucleus.

In each circulation around the accelerator, the electron beam make up to five passes
through the two linacs, and get bent using a different set of bending magnets in semi-
circular arcs at the ends of the linacs. Then, it gets split and sent to each experimental
hall.

When the target’ nucleus is hit by an electron beam, an “interaction”, or “event”, oc-
curs, and the products particles scatter into the hall detection spectrometer. Each hall
contains an array of particle detectors that track the physical properties of the particles
produced in each event. The detectors generate electrical pulses that are converted into
digital values by analog to digital converters (ADCs), time to digital converters (TDCs)

and pulse counters (scalers).
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The digital data are recorded on-line using the data acquisition system and stored so

that the physicist can analyze it off-line to extract the physics observable of their interest.

New Hall

Add 5
cryomodules

cryomodules

Enhanced capabilities
in existing Halls

Figure 2.1

JLab CEBAF accelerator.
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2.2 The PrimEx-II Experimental Setup

The PrimEx-II experiment was conducted at Jefferson Lab in the experimental Hall-B
using the Continuous Wave (CW) electron beam from the CEBAF accelerator. A schematic
of the PrimEx-II experimental setup is shown in Figure 2.2. The main elements of the

PrimEx-II experiment beam-line are [5]:

1. the Hall-B photon tagger,

2. acollimator,

3. targets,

4. a pair production luminosity monitor,
5. a Helium bag,

6. a hybrid electromagnetic calorimeter containing a high resolution insertion in the
central region near the beam,

7. atotal absorption lead-glass counter.

The following sections describe in detail the Hall-B photon tagger, the pair production
luminosity monitor, the novel electromagnetic hybrid calorimeter and the total absorption

counter.

2.3 The Hall-B Photon Tagger

The main components of the Hall-B photon tagger were a thin (~ 10~ rad. length)
bremsstrahlung converter foil (the “radiator”), a dipole magnet capable of producing a
full field strength of 1.75 T, and two rows of plastic scintillator hodoscopes acting as “E-

counters” and “T-counters” (energy and timing counters) [46].
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Figure 2.2

Schematic of the PrimEx experimental beam-line setup.
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Figure 2.3

The overall schematic of the Hall B tagging system. The electron trajectories (red-dashed)
are labeled according to the fraction of the incident energy that was transferred to the
photon (blue-dashed).
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The radiator located on the electron beam-line and is made of a high atomic number (Z2)
material such as Au of 10~ radiation length that was used for PrimEx-II experiment. After
the electron beam with an initial energy Ej (in PrimEXx-II £y = 5.76 GeV/) hit the radiator,
the electron looses energy in the electromagnetic field of a nucleus and emits an energetic
photon. The number of photons with energies from E, to E, + dFE., is proportional to
the Z* of the radiator but inversely proportional to £, [12]. Neglecting the energy transfer
from the electron to the nucleus, due to the relatively small electron mass, and using energy
conservation one gets :

E, = E,— E, 2.1)

where E, is the energy of the bremsstrahlung photon, and E, is the energy of the scat-
tered electron after radiating. Ej is the incident electron energy which is defined by the
accelerator. Therefore, one can calculate the photon energy by measuring the scattered
electron energy. The photon produced by the radiator travels straight through the tagger
toward the target, to serve as a photon beam in the experiment. A tagger dipole magnet is
located downstream of the radiator in order to bend the electrons away from the beam-line,
its field is set to allow full energy electrons which did not radiate to follow a certain path
(red-dashed line in Figure 2.4) toward the shielded beam dump [46]. The electrons which
loose energy in the bremsstrahlung process, will get detected by the hodoscope counters
(blue-dashed line in Figure 2.4).

There are 384 overlapping 4 mm thick scintillators (called E-counters) that lie along a
flat focal plane downstream from the straight edge of the tagger dipole magnet to measure

the bent electron energies (see Figure 2.3). The E-counters have a varying width (from
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6 mm to 18 mm) to cover a constant energy interval of about 3 x 1073 Ej. By using the
overlapping E-counters, 767 fine E-channels of width 1073 £, are defined via coincidences
between adjacent E-counters [46]. There are 61 T-counters with designed timing resolution
of 300 ps (the best resolution achieved is 110 ps [46]) located directly under the E-counters’
plane to provide the beam bucket the timing information. Each T-counter is 2 cm thick
plastic scintillator read out with double sided photomultipliers (PMTs). In order to improve
the detection efficiency and to ensure that there are no gaps, all T-counters and E-counters
have a geometrical overlapping region. Using these T-counters, 121 non-overlapping T-
channels are defined using an intelligent algorithm identifying coincidence between two
adjacent counters. The scheme for T-counters and T-channels is presented in Figure 2.4. In
the PrimEx-II experiment, only 93 E-counters (id:1-93) and 19 T-counters (id:1-19) were

used because these detectors covered most of the high energy photon beam.

| 12 | | ta | | 16 | T-8
T-1 | = | | = | | 17 ]
T3 S T11 T15
T2 T4 T T8 Ti0 T12 Ti4
T1 15 T T13
Figure 2.4

Top: Scheme of the T-counter layout, Bottom: Scheme of the coincidence T-channels.
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2.4 The Targets

There were three different targets used in the PrimEx-II experiment including two car-
bon, '2C-1 and '2C-II, and one %*Si targets. The '2C-II and ?8Si targets were used in the 7°
decay width measurement, and all three targets were used for the Compton cross section
measurement.

12CI target is a highly ordered/oriented pyrolytic graphite (HOPG) target, which was
produced using high temperature chemical vapor deposition (CVD) furnace technology.
This process creates atomic layers of carbon oriented to each other in a crystalline form
[41]. Tt has a 0.9662 4 0.0001 cm central thickness and 2.1979 4 0.0003 g/cm? density,
which corresponds to about 5% radiation length.

12C-1I target is a combination of “Block#1” and “Block #2”. The Block#1 is identical
with the C-I target and Block #2 is “normal” graphite, with a 0.9417 £0.0001 c¢m central
thickness and 1.4938 4 0.0006 g/cm? density. Block#1 was attached to Block#2 with
mylar tape, and has in total about 8% radiation length [26].

The ?8Si target consists of 10 disks, each disk is a mono-crystal silicon semiconductor
wafer with 1 mm thickness. It has 1.0015 4 0.0003 cm central thickness and 2.316 £
0.008 g/cm? density, which corresponds to about 10% radiation length [27].

Table 2.1 lists the detailed information on the three targets used.
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2.5 The Pair Spectrometer

During the PrimEx-II experiment, when the high energy photon beam interacts with
the target, not only 7’s but also e*e™ pairs were generated. Therefore, a pair spectrometer
(PS) was constructed for the purpose of monitoring these e*e™ pairs and thereby indirectly
monitor the relative tagged photon flux. It includes a 1.98 T-m dipole magnet and two
symmetric arms on each side of the beam line (left and right). Each arm of the pair spec-
trometer has two rows of scintillator hodoscopes, and each row has 8 plastic scintillator
hodoscopes, for 32 detectors in total. Schematic views of the pair spectrometer are shown
in Figure 2.5 and 2.6. The scintillators of the front row are 2.4 x 7.5 x 0.5 em? in size,
and made of BC420 plastic. The back row detectors are 3.1 x 9.3 x 2.0 ¢m? in size and
are also made of BC420 plastic [47]. The thickness of the front row detectors is only one-
fourth of the back row detectors’ to minimize the change in the trajectory of electrons and
positrons due to multiple scattering. We used 4-fold timing coincidence between the two
arms of the pair spectrometer (left-front, left-back, right-front, right-back) to define a pair
spectrometer event which greatly reduces the rate of accidental coincidences.

The dipole magnet is used as a sweeping magnet, during the 7° lifetime production
data to insure that we do not get charged particle background in the calorimeter. However
during the Compton production data taking the dipole magnet was turned off in order to

detect the scattered electrons from the Compton scattering process in the calorimeter.
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Figure 2.5

Layout of the pair spectrometer.
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Figure 2.6

A picture of the pair spectrometer hodoscopes mounted on aluminum frame.
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2.6 The Hybrid Calorimeter(HyCal)

The energies and positions of the photons and electrons from the Compton scattering
process are measured by the HyCal. It has an inner part and a outer part.

The inner part is a 34 x 34 array of 1152 lead-tungstate (PbWO,) crystals with a 4.15 x
4.15 em? central hole left open to let the incident photon beam pass through. Each PbWO,
crystal has a radiation length of 0.89 ¢m and a Moliere radius of 2.20 ¢m with dimensions
of 2.075 x 2.075 x 21.2 e¢m?, which is wrapped in 63 pm thick light reflective foil (Type
VM-2000) to improve the light collection efficiency. One end of each crystal is connected
to a Hamamatsu R4125A PMT to collect the light and then transform it into electrical
signals.

The outer part is six layers of 576 lead-glass (TF1) modules surrounding the inner
crystals, each module has a radiation length of 2.74 ¢m and a Moliere radius of 4.70 cm
with dimensions of 3.815 x 3.815 x 34.0 cm?. A photograph of the lead-tungstate and the
lead-glass is shown in Figure 2.7.

The HyCal is 119.0 x 119.0 ¢m? in the direction transverse to the beam and was located
about 7.06 meters downstream of the target. A photograph of the HyCal is shown in
Figure 2.8.

The size of the cross section of each module is governed by its moliere radius, and
designed to reconstruct the position of the incident particle based on the lateral spreading
of the shower between the modules caused by the incident particle. The central area of the

HyCal constructed from PbWO, crystals has very good energy and position resolutions.
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Figure 2.7

PbWO, crystal (small one) and Lead-Glass module used in HyCal.
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Figure 2.8

The PbWO, inset and the Lead-Glass of HyCal in the frame enclosure.
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Figure 2.9

Example of a real event, hot channel and cosmic ray in the HyCal.
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When a high energy particle (mostly photons and electrons in this experiment) hits the
modules of the HyCal, electromagnetic interactions (pair production) generate a positron
and an electron, which due to the Bremsstrahlung effect, generate radiative photons while
traveling through the crystals. These photons then pair produce to generate more positrons
and electrons, creating a shower of charged particles and photons. This positron-electron
and photons production cycle will continue until the particles do not have enough ener-
gy to produce each other, then the number of generated photons will be proportional to the
incident particle energy. For almost all the case, the number of generated photons has max-
imum at “central module”, which is hit by the incident particle, while decrease gradually
at the surrounding modules. By counting the number of generated photons via PMTs in-
stalled at the end of module, we can calculate the energy deposition for each fired module.
All the fired modules caused by this incident particle consist a “cluster”, the cluster energy
and the cluster position are the information that we want to get as close to the true values
as possible. Ideally, the sum of energy deposition of the fired modules would be the cluster
energy, but in reality there are noise signals from all the modules without any generated
photon, and we have to set a cutoff value for the ADCs, so the fired modules (ADC value
passes the cutoff value) are not necessarily caused by incident particles but by the fluctu-
ations of the noise, the accidental events (cosmic rays for example) or the “hot” channels
(always fired due to the incorrect ADC cut off). Figure 2.9 shows the example of these
cases and what they look like in the HyCal. The calibration process did not require a very
high accuracy of the cluster energy, so we used sum of the energy deposition of the fired

modules in a 6 by 6 modules area as the cluster energy during the calibration. Figure 2.10
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shows the energy resolution for different combinations of modules for 4.3 GeV incident
electrons.

The gains of individual counters were determined by sending a low intensity tagged
photon beam directly into the detector as part of a calibration procedure. During the cali-
bration, the calorimeter was installed on a transporter in order to expose every module of
the detector, one by one, to the beam (see Figure 2.11). The energy dependent resolution

can be described by [9] :
op/E =p0+ pl/VE +p2/E (2.2)

where E is the energy of the incident photon in GeV. The constant p0 accounts for cali-
bration errors, shower leakage and non-uniformity in light collection efficiency along the
length of the crystals. The parameter pl arises from statistical fluctuations in the elec-
tromagnetic shower and photon statistics in the PMT, and the term with the constant p2
is due to the electronics detection noise. The data from the so-called “snake” calibration
runs were used to obtain a resolution function for the crystal part of the calorimeter (see
Figure 2.12).

The yield of light, produced by scintillation, within the crystal is highly dependent on
temperature (~ 2% /°C'). Therefore, the calorimeter is thermally isolated and surrounded
on all four sides by water cooled copper plates in order to stabilize the temperature with a

precision of £0.1°C.
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Figure 2.10

PbWOQ, crystal module energy resolution for 4.3 GeV incident electrons: single module
(left blue), 3 x 3 modules (mid green), 6 x 6 modules (right red).
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Figure 2.11

Schematic view of HyCal on the transporter. The shaded purple region depicts the lead
tungstate modules, and the light blue region depicts the lead glass modules.
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HyCal energy resolution function obtained from ‘“snake” calibration data.
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After the calibration, the accuracy of the cluster energy became critical for the data
analysis purpose, therefore we used so called “island” method to define a cluster, followed
by the following steps

(1) Split the HyCal map into different sectors because the HyCal consisted by two types
of modules (PbWOQ, crystal and Lead-glass).

(2) Search for a maxima in the energy deposition in the modules of each sector and
form a cluster with all the possible fired modules around maxima for this sector.

(3) Test if a single hit can be split into two close by hits by increasing the ADC cutoff
values.

(4) Test if the fired modules from different sectors can be considered as one cluster.

(5) Merge the hits together for different sectors if it satisfy the test in step 4.

A typical example of a cluster on the HyCal defined by “island” method is shown in
Figure 2.13. We then used the sum of the module energy deposition of the cluster as the

cluster energy and the center of gravity of the cluster as the cluster position.
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Figure 2.13

Example of a cluster on the HyCal defined by island method.
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2.7 Total Absorption Counter

At the beginning of the experiment, the total absorption counter (TAC) consisted of
a single 20 x 20 x 40 c¢m?® lead glass block (SF5,L = 17X,) attached with a single 5”
Hamamatsu PMT (R1250, with a rise time of ~ 2.5 ns), and was instrumented with both
an ADC and TDC. Later on, because of severe damage to the detector by radiation, we
replaced this detector with a single 15 x 15 x 35 ¢m? lead glass block (TF1). The TAC
was mounted on a vertical linear stage behind the HyCal. The vertical stage enabled the
placement of the TAC out of the path of the primary beam during high intensity runs.

During the PrimEx-II calibration period (TAC Run), TAC was used to provide the “ab-
solute tagging ratio”, Rupsoute, Of €ach tagged bremsstrahlung photon for each T-counter.
Rapsoiute 18 the ratio between the number of TAC events that were coincident with a T-
counter (N%‘ﬁ(gfd) and the number of total T-counter detected events (IV,) :

Ntagged

Rabsolute = 1}\1?0 (23)

This ratio was used to calculate the photon flux incident on the experimental targets. TAC
measurements were only performed during the low intensity runs (~ 100 pA), because at
low intensity condition, the tagger usually has only one triggered signal and the TAC also
detects only one photon event. This situation greatly reduced accidental coincident events
between tagger and TAC, so that we can assume the TAC has 100% detection efficiency.

Figure 2.14 shows the absolute tagging ratio of each T-counter for different beam intensi-
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ties during TAC the runs. One can see that the ratio Rgpsoiuee < 1. There are three reasons
for this ratio being less than one:

(1) part of the Bremsstrahlung photons generated by Tagger were absorbed before
reaching the TAC;

(2) at the radiator area of the tagger, some of the electrons due to the Moller scattering
were detected by the T-counter but these electrons will not generate any photons;

(3) the background events in Hall B, for example some cosmic events or the scattered
electrons from upstream beam-line, could also trigger a T-counter.

During the PrimEx-II experiment production runs, the beam intensity was high (~
100 nA). By setting the N, counts from each T-counter we can calculate the absolute

normalization of the photon flux as:
tagged
NTQX%G = Ne X Rabsolute (24)

where Rgpsorute 1S measured during the TAC calibration runs [35].
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Figure 2.14

The Rgpsorute of €ach T-counter for different beam intensities of TAC runs [35].

47



CHAPTER III

DETECTOR CALIBRATION

The Hall-B tagger and the HyCal are two very important detectors for the PrimEx-II
experiment. The tagger provided the energy and the timing information of the incident
photon beam, while the HyCal provided the energy and the position information on the
photons from 7¥ decay. This chapter describes the calibration procedure for the HyCal
ADC:s, the timing information obtained from the tagger detector, and the position informa-

tion obtained from the HyCal.

3.1 Tagger Timing and Energy Calibration

The tagger construction is shown in Chapter 2, Figure 2.3 on page 27. It consists
of 61 “T-counter” timing detectors and 384 “E-counter” energy detectors. The Master Or
(MOR) trigger, which is the logical “OR” of the T-counters [15], coincident with the HyCal
trigger was used for the event selection during the data analysis. To precisely reconstruct
the timing and energy information of incident photon, these detectors need to be well
calibrated. All the T-counters and E-counters time was against a signal received from the

RF drive of the accelerator [15].
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3.1.1 Calibration of T-counter Double-sided PMT Signals

As depicted in Figure 3.1, the tagger T-counters are plastic scintillators with a PMT
installed at each end, such that each PMT generates a signal when an incident electron
passes through the plastic scintillator hodoscope. We identify one event by the coincidence
between the signals from the two PMTs. The Tagger timing calibration procedure involves
shifting the time difference between the two PMTs such that it is a distribution centered

around zero.

Left PMT , Riaht PMT
Da— = —

Figure 3.1

T-counter with PMTs at each end.

The calibration process in the software is done as follows. First, we get the time differ-
ence distribution from the two PMT signals, which is typically a Gaussian distribution, and
we find its mean value Xy by fitting the distribution with a Gaussian function. Second,
we fix the result for one signal and shift the other signal value by X, to make the mean

value of the difference coincides with zero. Figure 3.2 shows the calibrated T-counters co-
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incidence time between its left and right PMTs. The TDC offsets for all T-counters already
set in the calibration database of PrimEx-II before the TDC alignment work was started.

This TDC alignment procedure aimed to update those TDC offsets [38].

3.1.2 Calibration of Coincident Signals from Two Neighboring T-counters

There is ~ 10% geometrical overlap between neighboring T-counters as shown in Fig-
ure 3.3. After the calibration for each T-counter, the two signals from the two ends of a
T-counter are aligned, but the signals between different T-counters may still be misaligned.
Therefore, we needed to follow the same procedure to calibrate the timing information for
all T-counters. Let’s take T-1 and T-2 as an example, first we get the time difference distri-
butions for T-1 and T-2, then we fix the mean value for T-counter which has the smaller id
number, then we add the same correction value X, gjqcens t0 both ends of the T-2 counter to
make the average value of the difference between T-1 and T-2 coincides with zero. Then,
we do the same for all the remaining T-counters and we have all T-counters calibrated (see

Figure 3.4).

3.1.3 Calibration for Coincident Signals of T-counters and E-counters

The same calibration procedure as described in the previous subsection was used to
align the timing difference between the T-counters and the E-counters. The time difference

for a calibrated set of E-counters is shown in Figure 3.5
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Figure 3.2

Calibrated time difference distribution for T-counters (ps.the ID = 16 T-counter had issues
and was excluded from the data) [38].
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Figure 3.3

Electron passing through the overlapping area of adjacent T-counters.
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Figure 3.4

Calibrated time difference distributions of all T-counters [38].
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Figure 3.5

Calibrated time difference between T-counters and E-counters [38].
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3.1.4 Energy Calibration for E-counters

The old TAC detector was used for the tagger energy calibration during the TAC runs
(see Section (2.7)) and it was pre-calibrated. From previous section (2.3) we know that the
radiated electrons followed different path and reached different E-counters, while associate
photons carried different energies. By measuring the photon energy (£,) with the TAC, we
can calculate its associated radiated electron energy (£, ) using the equation £, = £y — £,
where Fj is the incident electron energy defined by the accelerator. Then we known that
the E-counter hit by this radiated electron with energy F,. corresponds to a photon with
energy F,. With large statistics, we were able to calibrate all the E-counters hence we
known what was the photon energy when a E-counter was hit by its associate radiated

electron. The technical details of the calibration procedure can be found in Ref. [15].

3.2 HyCal Trigger Timing Alignment

We used total sum of the module’s dynode signal as the HyCal trigger signal, the cutoff
ADC value was set to be equivalent to 2.5 GeV (HyCal already calibrated), which means
the HyCal would be triggered whenever the total sum of the energy deposition exceeded
2.5 GeV. During the calibration runs, the HyCal trigger time aligned with MOR trigger and
the observed time difference between the signals of the HyCal trigger and the MOR trigger
(TrHycar — Tvor) during the calibration runs is shown in Figure 3.6. This time difference

also called “AT™, which has already defined in Section (1.3).
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Figure 3.6
Time difference between the HyCal trigger and the MOR trigger. The fit to the

distribution is performed with a function consisting of a double gaussian and a linear
background. The timing resolution is calculated to be 1.2 ns from the fitting parameters.
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3.3 HyCal ADC Performance Validation

HyCal contains 576 lead-glass modules and 1152 lead-tungsten modules. The end of
each module is attached to one PMT, and the signal from the PMT is split into two using
a custom made divider circuit. One signal (anode) is read out with an ADC and provides
the energy information, while the other (dynode) is read out with a TDC to provide the
timing information used to form the trigger. In order to check the performance of each
signal during the experiment, we defined two test functions F1 and F2. The test functions
were evaluated for each HyCal module and their run-to-run variation was monitored as a
measure of detector stability. The test function F1 was used to monitor the anode signal or
ADC signal of each HyCal module, and it was defined as:

N1(i)
22156 N]_( )

where, N1(i) is the number of events where the i-th module collected the largest amount

F1(i) = (3.1)

of shower energy compared to the other modules that formed the cluster for that event. For
all functional modules, F'1(¢) should stay constant with time within statistical variation.

The second test function, F2, was used to monitor the dynode signal or TDC signal of
each HyCal module. It was defined as:

N2(4)

F20) = 31

3.2)

where, N2(i) has the same definition as N'1(7) but using the dynode signal instead of the
anode signal used to evaluate N1(z). We used PrimEx-II 7° production runs to test the F1

and F2 stabilities, and we choose the events that have cluster energy larger than 1.5 GeV.
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Typically, both test functions for neighboring modules were very similar to each other,
and they did not vary from run-to-run, these modules were considered as normal channels.
Figure 3.7 shows a example of F1 for module (874) and Figure 3.9 shows a example of F2
for module (1702). Some modules had much lower F1, F2 values than the other modules
for all the runs or certain runs as shown in Figure 3.8 and Figure 3.10. These modules were

considered as abnormal channels.
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Figure 3.7

A example of F1 stability of a normal module (874) [37].
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Figure 3.8

A example of F1 stability of a abnormal module (877) [37].
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Figure 3.9

A example of F2 stability of a normal module (1702) [37].
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Figure 3.10

A example of F2 stability of a abnormal module (1703) [37].
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3.4 Calibration for HyCal Position Reconstruction

The purpose of this calibration is to align the center of HyCal (0,0) to the beam target
interaction point, and make the longitudinal cross section of HyCal perpendicular to the
beam direction. Before the experiment started, the JLab survey group aligned and surveyed
the HyCal relative to the beam line. Still we need to verify those results by analysing the
data from the experiment, and furthermore monitor the stability of the HyCal coordinate
reconstruction during the whole experiment. We used two methods. The first method used
the projected yield which involves the distribution of 7° production in the 6, and 6, axes.
The second method used the “single arm” Compton events (only scattered photon from

Compton scattering is detected by HyCal).

3.4.1 HyCal Coordinate Calibration by Using 7° Production

The 7°s produced from electrons scattering on the nuclear target decay into two pho-

tons. The angle of the 7° projected along the X-direction (,) and Y-direction (0,) can be

reconstructed from the position and the energy of the two decaying photons and are given

by :
P, Eizy | Eazp
sinf, = — = L ik 3.3)
‘m \/E% + E22 -+ 2E1E2 COS 912
Ery Eayo
P Z191 Z2Y2
sinf, = -2 = = (3.4)

’ﬁ B \/E12 + E22 + 2E1E2 COS 912
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where,

Ti =1/ xzz +y12 + sz(i = 172) (3-5)

and

cos By = —T% 13— T
27”17"2
) (3.6)
1T + 1Y + 2

Vi +yi + 232+ 3 + 23

where, p'is the momentum of 7°, P,, P, are the projected momenta along the X and Y axes,
x1,Y1, T2, Yo are the reconstructed positions of the two photons from 7° decay, E,, E, are
the energies of the two photons, z is the distance between the target and the HyCal surface,
r1, o are the distance between detected photon position and target center, respectively, and
012 is the angle between the two photons.

The distribution of 7 yield versus 6, 6, are Gaussian distributions, if the HyCal cen-
ter (0,0) is located on the beam line and the longitudinal cross section of the HyCal is
perpendicular to the beam direction, the mean value of these distributions should be at
zero. Figure 3.11 shows these distributions after the calibration.

Because the limited statistics, we combined a few runs to do the calibration. Based on
the photon beam stability, we divided the 7° production data (Run 64716 - 65112) into 5

groups (see Table 3.1 [39].)

3.4.2 HyCal Reconstruction Fine Tuning

To perform high precision measurement of energy and direction of neutral pions in

the PrimEx experiment, extensive study of resolution function of the HyCal calorimeter
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Figure 3.11

Distributions of ¥ production yield versus 0, 8, after the calibration [39].

Table 3.1

HyCal coordinate calibration constant

Run Number | Target X (em) Y (em)

64716-64830 | 25i | —0.41(£0.02) | —0.11(£0.02)
64831-64900 | 285i | —0.35(£0.02) | —0.17(+0.02)
64901-64988 | 2857 | —0.39(40.01) | —0.19(%0.02)
65006-65080 | 12C-IT | —0.40(%0.02) | —0.19(%0.02)
65081-65112 | 2C-IT | —0.43(£0.04) | —0.15(£0.04)
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was performed using data obtained during dedicated runs with the tagged photon beam
[17]. The analysis was based on PrimEx-I data, which were taken in 2004 and the island

reconstruction algorithm was added to the analysis for the PrimEx-II runs.

3.4.2.1 Position Reconstruction

The simplest estimation for the cluster coordinate is to take the center of gravity of an

electromagnetic shower, which is:

where z; is the coordinate of the center of i-th module, the weight wj is the fraction of the
shower energy deposited in the i-th module (E;) to the total energy: w; = E;/ > E;.

This method gives unbiased estimation only in the center and at the edge of the module
(see Figure 3.12), because it assumes only one module absorbs most of the energy, and it
dominates the position calculation in cases when the deposited energy is varies linearly.
But the radial energy falloff of the showers is approximately exponential, therefore, we

used logarithmic weights instead of linear weights, defined as [17]:

w; = max{0,wy + In(E;/ Z E)} (3.8)

where F; is the energy deposited in i-th module and wy is a free parameter to be found. This
method had much smaller deviation in the reconstructed coordinate from the actual value,

compared with linear center of gravity method (see Figure 3.13). To further eliminate the
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majority of the remaining bias and improve the reconstruction algorithm, we applied a

correction function g to the logarithmic method [17]:

Lcorrected = Lrec + g(xrec> (39)

where the correction function g was chosen as an odd order polynomial. The details for
this correction can be found in Ref. [17]. After this correction, the reconstructed hit
position is much more uniformly distributed, as one can see from Figure 3.14 (left) and the

reconstructed position as a function of actual position is shown in Figure 3.14 (right).

A X0 ve. relative position inside HyCal cell |
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Figure 3.12

Deviation of reconstructed coordinate occupancy (left) and mean value of the deviation
(right) from an actual value as a function of position inside a module for the center of
gravity method [17].
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Deviation of reconstructed coordinate occupancy (left) and mean value of the deviation
(right) from an actual value as a function of position inside a module for the logarithmic
method [17].
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(left): Deviation of reconstructed coordinate occupancy, (right blue solid): mean value of
the deviation from the true value as a function of position inside a module for the
corrected logarithmic method, (right brown open): same quantity before the correction.
[17].
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3.4.2.2 Position Resolution

The position resolution was extracted directly during the snake runs. Since the incident
coordinate represents position of the photon on the HyCal face, the distribution of the
difference between the reconstructed coordinate and calculated beam center position is a
result of the convolution of the HyCal response and the beam spot profile [17]. The beam
spot profile was generated by GEANT and verified with the data from super-harp scan [2].
We observed 5-10% variation of the width of the beam spot and the effect of such variation
on the obtained (unfolded) resolution was taken as our systematic uncertainty. The position
resolution as a function of energy fitted with oV/E function is shown in Figure 3.15. For
the PrimEx-II energy range (4-5 GeV), the position resolution for PbWO, module is about

0.15 cm.

0.35[-
g 03 —
o — —_a .
e - o HE) =Gg°
2 0.25 B a=0.274 + 0.006 + 0.01 syst.
=] |— -
= —
n 0.2 -
@ — T
= - D
£ 0.15) S, —_—
@ - S
- 0.1
0.05 - [ + 0.01 syst. |
=y s
o 1 2 3 4 6
E, GeV
Figure 3.15

HyCal position resolution as a function of energy [17].
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CHAPTER IV

MONTE CARLO SIMULATIONS

There are two Monte Carlo simulations used in the extraction of the experimental yield.

(1) A Compton generator along with a Geant3 based simulation of the experimental
setup to simulate the Compton events.

(2) Simulation of the pair production events using the default Geant3 generator along
with the simulation of the experimental setup.

The simulated events were then reconstructed using the same algorithm as the experi-

mental data.

4.1 The Compton Scattering Simulation

4.1.1 Event generator

The event generator uses a cross section model with corrections to first order in o [14],
that was adapted for numerical simulation by Tkabladze, Konchatnyi and Prok [48]. A
brief description of the various components of the model is reproduced from Ref. [48], as

described below.
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4.1.1.1 Born approximations
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Figure 4.1

The lowest-order Feynman diagrams for single Compton scattering [42].

The Compton scattering cross section in the lowest order Born approximation (shown
by the Feynman diagram in Figure 4.1), is described by the Klein-Nishina formalism [14],

which is also given in Section (1.1) :

do _ 1 ! 1+ cos?0, +
- & oS
aQ, 2 [1+~v(1—cosb,)]? K

(1 — cos6.)?
14+ ~v(1 —cosb.,)

4.1

where v = % 6, is the photon scattering angle, £, is the incident photon energy, m is

the electron mass, r. is the classical electron radius and d€2 = 27 sin 6d6.

4.1.1.2 Higher order corrections
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Figure 4.2

Typical (a) radiative correction and (b) double Compton scattering contributions to single
Compton scattering [42].

There are two types of higher order corrections (in the first order of «v) that were applied
to the Born cross section. The first type of correction is the Virtual-photon radiative correc-
tion due to the possibility of emission and reabsorption of a virtual photon by an electron
during the scattering process. The second type of correction is the so called double Comp-
ton scattering where a secondary photon is emitted. The interference of this process with
Born term also gives rise of corrections of order «.

The virtual corrections have been evaluated by Brown and Feynman [14], but the virtual
corrections alone do not have a physical meaning because of the infrared divergence they
contain. In fact a part of the second type of correction (double Compton scattering) where
a very soft secondary photon is emitted must be considered simultaneously with the virtual

correction. When corrections due to virtual and real soft photon emission, with energy
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much less than the electron mass, are combined, the divergences cancel out and we have a

physically meaningful finite cross section as [31]:
doo(1 4+ dsv) (4.2)

where 05y is the combined virtual and soft corrections as calculated in Ref. [31]. For this
calculation the soft photon energy k < kjq., Where ky,q, is the energy of photons that
were inaccessible due to the resolution of HyCal.

The remaining correction is due to double Compton scattering with a secondary photon
of energy greater than k,,,,. This correction was calculated in Ref. [43] and [40]. An
expression for the differential cross section o (k; k1, k2)dk;dks for an energy in (k1, k1 +
dky), emitted into an element of solid angle d); in the direction 6;, and a second photon
with energy in (ko, ko + dks) emitted into an element of solid angle df2 in the direction 0
can be express as a function of k1, 01, 05, ¢, by using conservation of energy and momentum
as [40]:

o A€ dS2y kykodky X

do(k; ki, 01,02, ¢) = arg (4m)2 mok T, (4.3)

where ¢ is the azimuthal angle between the two planes (E, k_i) and (l% 152), dSy, dS), are the

solid angle of two hard photons and
Ty = me + k(1 — cosbz) — ki (1 — cos b2) (4.4)

The conservation laws p; + kg = po + k1 + ko was used to express do in terms of variables

k1,61, 05 and ¢ as shown in Figure 4.3. Finally,

cos 015 = cos 0 cos Oy + sin 0y sin Oy cos ¢ 4.5)
71



and

L
= — 4-
b= (4.6)
where
L =mck — ki[me + k(1 — cos 60,)] 4.7)

Combining the virtual and soft corrections with the hard double Compton corrections, the
total correction to the Born term takes the form of : do,; = dog[l 4 dsv + dan] Where, dgp,

is the correction to hard double Compton scattering as calculated in Ref. [31].

Figure 4.3

Relative directions in double Compton scattering.
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4.1.1.3 Total radiative cross section for Compton scattering

In the Compton simulation, we applied two correction terms to the Born level cross

section do, with the total radiative cross section given by:

datot = dO'()(l + 5SV + 5dh) (48)

The virtual and soft corrections, dgy-, involves a numerical integration over a 1-dimensional
differential cross section while the hard double Compton correction, d4,, involves a numer-
ical integration over a 4-dimensional differential cross section. The corrections are sepa-
rated into these two types based on whether the energy of the secondary emitted photon is
less than or greater than a parameter, wo,,q,. The parameter wo,, ., 1s arbitrary but must be
less than the electron mass. The integrations were carried out using Monte Carlo methods
and it was verified that the final result of the integration is independent of the value of
Wamaz [48].

The calculated total radiative cross sections for different energies are presented in Ta-
ble 4.1 and Figure 4.4. These cross sections were found to be consistent with an alternative
calculation of M. Konchatnyi and a fraction of a percent less than the values obtained from
the XCOMP database of the National Institute of Standards and Technology (NIST) [48].

The cross sections were then fitted by a third degree polynomial, which is:

do i = 1.060 — 0.3255E + 0.0456 E* — 0.0024 E* (4.9)
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and this function was used to calculate the corresponding cross sections which have the
same energies as the data points. The so called “Theory” in the later on chapter is referring

to the Function (4.14).

Table 4.1

Total radiative cross section for Compton scattering on carbon at various photon energies

[48].

Photon energy (GeV) | o4, (mb)
3.5 0.3770
4.0 0.3346
4.5 0.3012
5.0 0.2741
5.5 0.2517
6.0 0.2329
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Radiative Corrected K-N Cross Section

_ %2/ ndf 8.23e-08/2
€ o038 + Theoretical Calculation p0 1.06 + 0.02061
g Fit Function p1 ~0.3255 £ 0.01345
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Figure 4.4

Total radiative cross section of Compton scattering on carbon at various photon energies.

4.1.2 Compton Scattering Event Generation and Validation

Using the cross section model described in the previous section, an event generator was
built for Compton scattering with the full radiative cross section. The event generator was
created using the BASES/SPRING simulation package [29]. The BASES/SPRING simu-
lation package is used to obtain total cross sections and to generate events for elementary
processes in high energy physics. It is able to integrate singular functions and to generate
events with 50 independent variables [48].

This package was used to create two generators : (1) to generate events according to ra-
diative corrected Klein-Nishina formula, and (2) to generate events according to the double
Compton scattering cross section formula. The BASES/SPING package uses the proba-

bility information supplied by BASES to generate events with four-momentum vectors of
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final state particles. In our case, we have 2-particle final states for the soft-virtual generator,
and 3-particle final states for the double Compton generator. Since we know the relative
contribution of each process to the total cross section, we generate events according to that
composition [48].

We generated one million events for each energy bin, associated with the “E-counters”.
Since we have a total of 180 E-counters in the experiment, a total of 180 million events
were generated by the simulation. Then we used these generated events as the initial inci-
dent events incident on the target and the detectors package in the GEANT-3 framework.
The position and energy information of the scattered particles in HyCal were recorded
in the simulation and these events were then reconstructed using the same algorithm and
decoder as used to reconstruct the experimental data.

Figure 4.5 shows the reconstructed beam position distributions projected on the X and
Y axes using the simulated data. We can see that the mean of the Gaussian fit to the X
and Y positions are 0.010 ¢m and 0.007 cm, respectively, which is within the position
resolution (~ 0.15 cm) of HyCal relative to the expected value (0,0). The o in the plot is
larger (~ 0.36 cm) because it is the convoluted resolution with the beam profile. This gives
us the confidence that HyCal coordinate system was calibrated well and the reconstructing
algorithm was working properly.

There were 6 cuts applied (for definition see Sub-section (1.3)) to select Compton

events:
1. HyCal fiducial cut :

e —3.90 cm < z; < 4.55 cm, and —4.00 cm < y; < 4.30 c¢m is the area being
removed due to the central hole of HyCal,
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Figure 4.5

Reconstructed beam X (left) and Y (right) positions from simulation data.

e —15.0cm < x; < —8.0 cm, and —11.5 cm < y; < —5.0 c¢m is the area being
removed due to dead modules,

e 33.232 em < |x;|, and 33.210 em < |y is cut used to exclude the lead-glass
region,

. AT time difference (ns): |AT| < 6.5,

. A¢ azimuthal angle difference (Degree): |A¢ — 180.0] < 50’@,

with the width of the distribution of the azimuthal angle, aé for each target is given
by: 05~ =3.99, 6§~ =437, and o = 4.70,

. Ryin cluster separation (cm): R(E) < Ry,

where R(FE) is a function of beam energy defined as:
R(E) = 19.00 + 1.95 x (4.85 — Ej),

. AF elasticity (GeV): |AE| < 5o,

with the width of the distribution of the elasticity, o for each target is given by:
051 =0.078, 05! =0.078, and o3 = 0.080,

AK kinematic energy difference (GeV): |AK| < 4.00%,

with the width of the distribution of the kinematic energy distributions, o for each
target is given by: 0% ' = 0.127, 01 = 0.136, and o3 = 0.172.
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The positions of the reconstructed clusters on HyCal for the simulated data on Compton
scattering from the '2C-I target were also verified and the results are shown in Figure 4.6
and Figure 4.7. The two square blank blocks are due to the same HyCal fiducial cut ap-
plied to the experimental data. The central block cut is to remove the inner layer modules
because of the larger uncertainties associated with these blocks, the other cut is because of
dead modules. Figure 4.6 is for the clusters with higher energies while Figure 4.7 is for
the clusters with lower energies. One can see that for both clusters there are edges, that is
because the higher energy clusters can not exist beyond a certain angle due to the Compton
scattering kinematics.

Next, we examine the simulated Compton events by reconstructing the six variables
that are used to select the Compton events for the experimental data. Figure 4.8 shows the
Royin, Ap, AE and AK distributions in the simulated Compton data. Figure 4.9 and Fig-
ure 4.10 shows the two-dimensional distributions of these parameters before and after cuts
applied to the simulated Compton data. Thus, the simulated Compton data was validated

and made ready to use in the extraction of the Compton cross section.
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Reconstructed Cluster-1 position on HyCal
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Figure 4.6

Reconstructed hit position on HyCal of simulated Compton scattering for cluster-1, and
the 12C-I target (cuts applied).
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Reconstructed Cluster-2 position on HyCal

Figure 4.7

Reconstructed hit position on HyCal of simulated Compton scattering for cluster-2, and
the 12C-I target (cuts applied).
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are used to identify Compton events in the data. The different colors show the

A¢ (green), AK (blue), and AF (orange).
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Figure 4.9

The two dimensional plots of the simulated Compton data for variables used to select
Compton events. The left plots are for all simulated events while the right plots show the
same distributions after the cuts.
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Figure 4.10
The two dimensional plots of the simulated Compton data for variables used to select

Compton events. The left plots are for all simulated events while the right plots show the
same distributions after the cuts.
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4.1.3 Cross section Model for the Simulation of Electron-positron pair production

The pair-production cross section model was built by Alexandr Korchin from the Kharkov
Institute of Physics and Technology [32]. The calculated total cross section for electron-
positron production on '2C target at 5 GeV region was validated with data from NIST [44].
The following brief description of the various components of the model is reproduced from
Ref. [32].

We consider photo-production of eTe™ pairs on a nucleus with atomic weight A and
atomic number Z:

Yy+A—=et+e +94 +A (4.10)

At a few GeV photon energies and very small momentum transfer relevant for the PrimEx-
IT experiment, the cross section for this process consists of the following contributions in

order of importance :

1. Bethe-Heitler mechanism of pair production on the nucleus (coherent process) with
screening effects due to atomic electrons and Coulomb distortion.

2. Pair production on atomic electrons with excitation of all atomic states. It contains
correlation effects due to the presence of other electrons and nuclei.

3. Quantum Electro-Dynamical (QED) radiative corrections (of order /7 with respect
to dominant contributions): (i) virtual-photon loops and (ii) real photon process vy +
A — et + e + A+ +/, where the final photon has the energy w’ < dw (energy
resolution in experiment).

4. Nuclear incoherent contribution quasi-elastic, or quasi-free process on the proton
Yy+p—et+e +p.

5. Nuclear coherent contribution, or virtual Compton Scattering two-step mechanism
Y+A—= v+ Ao et +e + A
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4.1.3.1 Pair production on a nucleus

The exclusive cross section on the nucleus is given by :

d4OA 2 a3
d€+d9_d0+d¢ - 2ﬂw3@4

[FA(@®) = fur(@PPITI? @11
where, @ = 1/137.036 is the fine-structure constant, 6, ,6_ are the lepton polar angles,
¢ is the azimuthal angle between the plane spanned by the momenta E, p, and the plane
spanned by k, 7, k = (w, k) is the photon 4-momentum, p; = (e, ) and p_ = (e_, )
is the positron and electron 4-momentum, respectively, and m, is the electron mass. Cj =
k— Py — p_ is the 3-momentum transferred to the nucleus, Z is the atomic number, |77
is a kinematic factor, fat(QQ) is the atomic form factor describing charge distribution of
electrons pq; (1), and F4(Q?) is the nuclear charge form factor (Fourier transform of p4 (7))
which behaves like

Fa(@) ~1 - 2Q*r?) 4 (4.12)
where (r?) 4 is the mean squared radius of the nucleus.

After integration, the cross section has the form [Bethe-Heitle] [12] :

4
doa :/&d&cwdd)

d€+ d€+d97d6+d¢
2 00 oo 4 (4.13)
=7 mgw3[(6++e—)(¢l_glogz—4f) ’
2 4
+ §€+€—(¢2 3 log Z — 4f)]
where, f = f((aZ)?) is the Coulomb distribution function [Bethe and Maximon] [19],
- 1
22 =(a2)?Y ————s 4.14
J(@27) = (02} o ez (4.14)

n=1

For the '2C nucleus f ~ 2.3 x 1073,
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4.1.3.2 Pair production on atomic electrons

The corresponding cross section has the form:

dio, ol

=7 —H(Q?)|T|*
d€+d9_d0+d¢ 27{'@3624 (Q >’ |

After the calculation, we have the energy distribution of positrons has the form:

do. F 8 2 8
de, ngw3[<6+ + €2 ) (1 — glog Z) + §€+€—(¢2 - glog 7))

4.1.3.3 Total cross section for pair production

(4.15)

(4.16)

Other than the contributions mentioned in previous two sub-sections, we also have

radiative corrections, nuclear incoherent contribution and nuclear coherent contribution.

But these contributions are relatively small, Table 4.2 is an example of the results of a

calculation at a photon energy of 4.91 GeV, z, = 0.4, and z_ = 0.6.

Table 4.2

Various contributions to cross section at photon energy 4.91 GeV [32].

Mechanism Contribution (%)
Nuclear Bethe-Heitler 82.789
Atomic electrons 17.185
Nuclear incoherent (quasielastic) 0.026
Nuclear coherent (virtual CS) ~107°
Total 100.000
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Finally, we can write the total cross section :

Otor = do s + do, 4.17)

and the calculated cross section for different energies is presented in Table 4.3. These

values are ~ 2% different from the NIST value (353.6 mb) [44].

Table 4.3

Total cross section of pair production on carbon at various photon energies [32].

Photon energy (GeV) | o,y (mb)
491 348.8
4.97 348.9
5.03 349.1
5.08 349.0
5.13 349.1
5.18 349.3
5.23 349.2
5.28 349.5
5.34 349.3
5.41 349.5
5.46 349.5

4.1.4 Pair production generation and validation

The default event generator of the GEANT-3 and GEANT-4 framework were used in
this simulation. The difference between the two generators is less than 0.1% for all the
distributions that were used in the analysis. The total cross section for pair production in

the energy range of the experiment (4.4 GeV - 5.3 GeV) was also validated by comparing
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to the NIST data. For the >C target, the total cross section extracted from simulation
is ~ 351 mb (NIST value is 353.6 mb), and for the ?8Si target, the extracted value is
~ 1340 mb (NIST value is 1384 mb [44]), as shown in Figure 4.11 and Figure 4.12. The
difference between the simulation values and the accepted NIST values was considered as

a systematic effect and is included in the systematic uncertainty analysis in Section (5.5).

g-e+ Cross Section
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4.4 4.5 4.6 4.7 4.8 4.9 5 51
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1T

Figure 4.11

Comparison of eTe™ cross section between the extracted value from simulation and the
NIST value on *2C-I target.

The reconstructed cluster positions on HyCal for the simulated pair production on the
12C-I target was also validated and the results are shown in Figure 4.13 and Figure 4.14.
The central hole and the left bottom blank are due to the HyCal fiducial cut and we can
see the distributions are more uniformly distributed comparing with the Compton simu-

lation. This occurs because these pair production background events get into the HyCal
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Figure 4.12

Comparison of e*e™ cross section between the extracted value from simulation and the
NIST value on Si target.

acceptance due to multiple scattering, so they do not have special structures like Compton
events.

Next, we examine the simulated pair production events by reconstructing the six vari-
ables that are used to select the Compton events for the experimental data. Figure 4.15
shows the R,.;,, A¢, AE and AK distributions in the simulated pair production data.
Figure 4.16 and Figure 4.17 shows the two-dimensional distributions of these parameters
before and after cuts applied to the simulated pair production data. Thus, the simulated
pair production data was validated and made ready to use in the extraction of the Compton

Cross section.
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Reconstructed Cluster-1 position on HyCal

=20¢ SR — 14
S ¢
>_ =
10—
- 10
5 )
e . I
- —5
-5
C 4
-10—
_15} N T . 2
- e+e- Simulation* * _
_ 7\ L1 ‘ L1 \-‘ \:\ L1 ‘ \- \'.l\ .'\ ‘ \.-\ [ ‘ [ | | L1 ‘ | |
2%0 15 -10 5 0 5 10 15 20 °

X (cm)

Figure 4.13

Reconstructed hit position on HyCal of simulated e* e~ background for Cluster-1, and the
12CI target (cuts applied).
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Reconstructed Cluster-2 position on HyCal

Figure 4.14

Reconstructed hit position on HyCal of simulated e* e~ background for Cluster-2, and the
12CT target (cuts applied).

91



R, Distribution A¢ Distribution

£ [ ere-simulation 1Raw Pair g "1 o1e- Simulation [JRaw Pair
© 1000 il min © 16001 [CICut Ry,
‘ N [ Cut A
s 14001 BCutAE
1200~ ECut AK
600 1000
800~
400 600
400
200 r
200
g 170 180 190 200 210
A¢ (Deg)
A E Distribution A K Distribution
gzzoof— e+e- Simulation [ ]Raw Pair g s000f- €+e- Simyfafi []Raw Pair
© 2000; I:l Cut Rmirw © 1800:— |:| Cut Rmin
va00k- [ Cut Ad F [ Cut Ao
E BCutAE 1600 BCutAE
1600F MICut AK va00b- [Cut AK
1400 »
1200~ 12001
1000f— 1000}
8001 J
600F-
4001
2001

-1 08 06 04 02 0 02 04 06 08 1
AK (GeV)

Figure 4.15

Distribution of the reconstructed variables for the simulated pair production data. The
variables are used to identify Compton events in the data. The different colors show the
distributions after cuts are applied on the four variables. The cuts used were R,,;,(pink),

A¢ (green), AK (blue), and AF (orange).

92



R

min

— = 14
5 § [ e+e- Simulation
[ o 35'_ 12
[ 10
30—
[ &
25
r 5
20l
r 4
15 R
A gl Lo v b by b b Lo Ly [
02 04 06 08 1 ’1°08 D06 04 02 0 02 04 06 08
AE {GeV) A E{GeV)
Advs AE ApvsAE
= 210, 210 22
§ [ e+e- Simulation with Cuts
a L 20
o |
4 200 2001 18
r %
190 1901 18
[ 12
180 180
[ 10
170 170F €
L 6
160 160 4
r 2
4 A il P DI P T PR DT P |
15057708 206 04 02 0 02 04 ! 150305 205 04 02 0 02 & 1 0
AE{GeV) AE{GeV)
AKvsAE AKvsAE
= = 1
= = F :
K & [ e+e- Simulation with Cuts 50
= < 08f
B B n
065 s
0.4
02F 20
E 15
—0.2F
04 10
-06F
E 5
—08F
& 08 1 177252 05 04 D02 0 02 04 06 68 1 °
AE{GeV) AE{GeV)
Figure 4.16

The two dimensional plots of the simulated pair production data for variables used to
select Compton events. The left plots are for all simulated events while the right plots
show the same distributions after the cuts.
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The two dimensional plots of the simulated pair production data for variables used to
select Compton events. The left plots are for all simulated events while the right plots
show the same distributions after the cuts.
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CHAPTER V

MEASUREMENT OF THE INTEGRATED COMPTON CROSS SECTION

Extraction of the cross section for Compton scattering requires knowledge about the
experimental luminosity, the acceptance of the the detector system and the experimental
yield. In this chapter we will discuss each of these elements in detail and finally present
the extracted cross section. The experimental luminosity depends on the photon flux and
the target thickness. The target thickness was already discussed in Sec. 2.4, here we begin
with a discussion of the photon flux.

The energy bins were determined by combining 10 E-counters. As described in Section
(3.1.3). The PrimEx -II experiment used 180 E-counters during the Compton scattering

data collection, and hence there are a total of 18 energy bins.

5.1 Photon Flux for Each Energy Bin

After the tagger ADC and TDC alignment and calibration, the tagged photon flux on

the target can be obtained using Eq. (2.4). The absolute tagging ratio is already discussed

95



in Section (2.7) and in this section we will introduce the number of tagged electrons on

E-counters or T-counters, N.. The formulas to calculate N, are given by:

T x It x N;
N, = XX (5.1)
N5 X toor
Nun ate
T = —ungated (5.2)
Vgen
N,
It — gated (53)
Nungated

where, T' is the time if interval between two scaler events (10 sec), It is the DAQ livetime
(dimensionless), /V; is the number of hits seen in a selected time window for the i-th T-
counter, V5 is the number of clock triggers recorder in that same interval, {por is the size
of the time window (2 psec), Nun)gated 18 the (un)gated scaler counts during the interval
and v, 18 the generator frequency used for the scaler.

The flux results and its uncertainties for each energy bin are listed in Table 5.1, and this
information was used in the cross section calculation (note that there was a blind number
added to the flux which was only un-blind after the analysis was done, the results in this

table are the true flux values).
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Table 5.1

Photon flux and associated uncertainty for each energy bin.

Energy Bin | Energy | '2C-I1 Target | >C-II Target | 2°Si Target
(GeV) | Flux (x10%) | Flux (x10%) | Flux (x10?)

E01 5.281 1.3485(134) 0.2438(24) 0.1187(12)
E02 5.241 1.5863(140) 0.2830(25) 0.1374(12)
EO03 5.195 1.6705(138) 0.2984(25) 0.1456(12)
E04 5.145 1.5935(136) 0.2829(24) 0.1370(12)
E05 5.093 1.6871(139) 0.3035(25) 0.1475(12)
E06 5.041 1.8276(148) 0.3280(27) 0.1593(13)
EOQ7 4.988 1.9705(160) 0.3533(29) 0.1719(14)
EO08 4.937 1.8133(154) 0.3261(28) 0.1586(13)
E09 4.883 1.8274(148) 0.3258(27) 0.1587(13)
E10 4.827 1.7065(136) 0.3062(24) 0.1490(12)
E11 4.774 1.8903(152) 0.3355(27) 0.1626(13)
E12 4726 | 1.5150(123) | 02720(22) | 0.1320(11)
E13 4.673 0.7827(061) 0.1392(11) 0.0675(05)
E14 4.609 1.8114(143) 0.3237(26) 0.1573(12)
E15 4.554 1.9283(151) 0.3448(27) 0.1677(13)
El6 4.503 1.7338(139) 0.3100(25) 0.1499(12)
E17 4.459 1.9689(152) 0.3541(27) 0.1723(13)
E18 4.400 1.4775(117) 0.2617(21) 0.1274(10)
ALL 4.840 | 30.1391(2471) | 5.3918(442) | 2.6201(215)
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5.2 Event Selection
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Figure 5.1

Detection of a single Compton event in HyCal

This analysis used special Compton scattering data collected during the PrimEx-II

experiment, on three targets, including a 5% radiation length '2C-I target (runs 64876 -

64883), a 8% radiation length 2C-II target (runs 65080 - 65081) and a 10% radiation

length 28Si target (runs 65078 - 65079). Data were collected with an incident photon en-

ergy ranged from 4.4 to 5.3 GeV, and different targets. A schematic of Compton events

is shown in Figure 5.1. For each event, the photon beam energy F.,, clusters energies [,

clusters positions x; and y;, and clusters time on HyCal 7; ( = 1, 2, 3) were measured.
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To validate the data quality, first we reconstructed the beam position to check for offsets
in the HyCal coordinate system (see Figure 5.2). The mean values of a Gaussian fit for the
X and Y positions are 0.067 ¢m and 0.004 cm, respectively. Relative to the expected values
(0,0), this is within the position resolution of the HyCal. This gives us the confidence

that HyCal coordinate system was calibrated well and the reconstructing algorithm was

working properly.
Reconstructed Beam X position on HyCal Reconstructed Beam Y position on HyCal
2/ ndi 2574/ 31 %2 ndi 187.9/31
Data Constant  2.745e+04 £ 4.573¢+01 Data Constant 2.754e+04 & 4.814e+01

Counts
Counts

Mean 0.06625 + 0.00063
Sigma 0.3544 + 0.0008

Mean 0.003803 + 0.000583
Sigma 0.3514 + 0.0008
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Figure 5.2

Reconstructed beam X (left) and Y (right) positions from experimental data.

The positions of the reconstructed clusters on HyCal for the experiment data from the
12CI target were also verified and the results are shown in Figure 5.3 (higher energy) and
Figure 5.4 (lower energy). The two square blank blocks are due to the same HyCal fiducial
cut applied on the experimental data. The central block cut is to remove the inner layer
modules because of the larger uncertainties associated with these blocks, the other cut is

because of dead modules.
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Reconstructed Cluster-1 position on HyCal

=20¢
S L
> 45 14(
10; 12(
5:— 10(
0 80
5 60
10/ 40
15— | 20
- Data R
— 7\ L1 | ‘ I ‘ L1 1| ‘ I.\ 1| ‘.l\ \- [ | | I'\. | | [ | ‘ [
%0 45 0 5 0 5 10 15 20 °

X (cm)

Figure 5.3

Reconstructed hit position on HyCal for cluster-1, and the '2C-I target data (cuts applied).
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Reconstructed Cluster-2 position on HyCal

Figure 5.4

Reconstructed hit position on HyCal for cluster-2, and the '2C-I target data (cuts applied).
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The following cuts are then applied (for definition see sub-section (1.3)) to select

Compton events :
1. HyCal fiducial cut :

e —3.90 cm < x; < 4.55 em, and —4.00 em < y; < 4.30 c¢m is the area being
removed due to the central hole of HyCal,

e —15.0cm < z; < —=8.0 cm, and —11.5 ecm < y; < —5.0 c¢m is the area being
removed due to dead modules,

e 33.232 cm < |z, and 33.210 em < |y;| is cut used to exclude the lead-glass
region,

2. AT time difference (ns): |AT| < 6.5,

3. A¢ azimuthal angle difference (Degree): |A¢ — 180.0] < 507,

with the width of the distribution of the azimuthal angle, afb for each target is given
by: 05" =3.99, 0§ "1 =4.37,and o = 4.70,

4. Rn cluster separation (cm): R(E) < Rin,
where R(F) is a function of beam energy defined as:
R(E) = 19.00 + 1.95 x (4.85 — Ey),

5. AF elasticity (GeV): |AE| < 5o,

with the width of the distribution of the elasticity, o, for each target is given by:
o1 =0.078, 051 =0.078, and o3’ = 0.080,

6. AK kinematic energy difference (GeV): |[AK| < 4.00%,

with the width of the distribution of the kinematic energy distributions, o for each
target is given by: 01 = 0.127, 071 = 0.136, and o} = 0.172.

Figure 5.5 shows all the distributions that were used in this analysis with the red arrows
showing the range used to select the Compton events. Figure 5.6 shows the R,,;,, A¢, AE
and AK distributions of the experiment data after applying these cuts. One can see that
some of the background events being excluded from the data. Figure 5.7 and Figure 5.8

shows the two-dimensional distributions of these parameters before and after the cuts are
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Figure 5.5

(1) XY position, (2) AT, (3) A¢, (4) Rin, (5) AFE and (6) AK distributions with cutting
range (red arrows).
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Distribution of the reconstructed variables for the data. The variables are used to identify
Compton events in the data. The different colors show the distributions after cuts are
applied on the four variables. The cuts used were R,,;,(pink), A¢ (green), AK (blue),
and AE (orange).
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The two dimensional plots of the experimental data for variables used to select Compton
events. The left plots are for all simulated events while the right plots show the same
distributions after the cuts.
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R, ,vs AK
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The two dimensional plots of the experimental data for variables used to select Compton
events. The left plots are for all simulated events while the right plots show the same
distributions after the cuts.
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applied to the data. The HyCal fiducial cut removes the 10 central modules around the cen-
tral hole of the HyCal and the dead module area. These modules were discarded because
they have worse energy and position resolution compared with the other modules. The
timing cut is 6.5 ns (same for all three targets) because the width o of the time difference
distribution is about 1.2 ns, which gives 5.50 of about 6.5 ns. The timing cut was set to
be slightly larger than 50 to include additional background contribution to help study and
better understand the fitting procedure used to extract the Compton cross section. The A¢
and AE cuts were set to about +5¢ of the distribution (different for the three targets), the
R, cut function was set to be parallel to the fit line of the highest density distribution of
the R,,;, versus energy bins 2-D distribution, the normalization constant for the cut func-
tion was set to about 19 cm which includes the tail of the distribution and has the best
signal/background ratio, see Figure 5.9. The AK cut was set to about +4¢ (different for
the three targets) and is designed to limit the pair production background, this is the most

sensitive distribution that can separate the background from the Compton events.
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Figure 5.9

R,in versus E., distribution, and the red line is the cut applied to select the Compton
events.
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The cut efficiencies were studied by varying the range of the cuts. For example, the
cut efficiency of the A¢ angle is defined as: efficiency = Nyt /Nyocut, Where N ooy is the
number of events without the A¢ cut but all other cuts applied, and N,,; is the number
of events with the A¢ cut along with all other cuts applied. By changing the A¢ cut
range from +£10 degree to 120 degree, meanwhile keeping all the other cuts the same, we
get the variation of the A¢ cut efficiency as shown in Figure 5.10. The red arrow shows
the value of the cut that was used to get the final Compton yield. The same method was
used on all other variables, with the cut efficiency results presented from Figure 5.11 to
Figure 5.14. These studies gave us the hint where should we cut. The red points in these
plots are the simulated Compton events which is our signal, while the blue points are the
experiment data which contain some background events. We did not include the timing
information in the simulation so the AT cut efficiencies for the simulation were constantly
100%, and the smaller cut range for the data gave us lower cut efficiencies because it
excluded some accidental events. Similarly for the other distributions, the efficiencies for
the simulation are higher than the data’s because simulation dose not have background.
We wanted to keep as many Compton events as possible meanwhile excluding maximum
number of background events. So we can not cut too tight otherwise we would lose too
many good events (learned from red points) and we can not cut too loose otherwise we
would have more background events (learned from blue points), that was how these cut

efficiency studies drove us to the final cut range decision.
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Figure 5.10

A¢ cut efficiency as a function of the range of the cut, and the red arrow indicates the
value that was used to select the Compton events.
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Figure 5.11

AT cut efficiency as a function of the range of the cut, and the red arrow indicates the
value that was used to select the Compton events.
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R, cut efficiency as a function of the range of the cut, and the red arrow indicates the
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AF cut efficiency as a function of the range of the cut, and the red arrow indicates the

value that was used to select the Compton events.

111



AK Cut Efficiency
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AK cut efficiency as a function of the range of the cut, and the red arrow indicates the
value that was used to select the Compton events.

5.3 Integrated Cross Section for All Energies

Events were selected using the cuts described above, and histogrammed as distributions

of the kinematic energy difference (AK). We get two types of distributions from the data:

1. Raw data distribution - raw data after subtraction of empty target distribution.

2. Background distribution - accidental events. The accidental events mainly came
from the pair production background after multiple scattering with the beamline el-
ements, which usually have a delay when they reach the HyCal compared with the
Compton events. So we can select these events by applying the timing cut (6.5 ns)
and we choose the events with |AT'| > 6.5 ns as the accidental events.

And from the Monte Carlo simulation described in Chapter 4 we get two distributions :
1. Signal distribution - simulated Compton events

2. Background distribution - simulated pair-production events
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The data distributions were then fitted to the simulated distributions for each energy
bin. Signal and background distributions were fit to data distributions using maximum
likelihood fit (TFraction Fitter in Root). In order to have a better fit to the data, all sig-
nal and background distributions had to be shifted to better match the shape of the data
distribution. The TFraction Fitter fits the data to the simulation bin by bin and finds the
best solution. But all the distributions are approximately Gaussian in shape, making it hard
to find a solution without constraining the fitting parameters. One such constraint was to
normalize the simulated pair production distribution with the experimental flux and fix its
strength parameter (p»(i)) as: p2(i) = Pyrst = 5%, where i is the energy-bin number and
Pyist is the expected strength in % as determined from the NIST database for the pair
production cross section [44] and the +5% accounts for the 5% total error quoted by the
NIST database. The second constraint was on the strength parameter for the accidental
background distribution, p; (i), which was fixed to be p; = C(i) & 0.01, where C(7) is the
percentage of accidental events in the data for the i-th energy bin. Now we can extract the
Compton yield, where “yield” means the total number of events.

The fitted distributions for all energy bins and the three targets are shown in Figure 5.15,

Figure 5.16 and Figure 5.17.
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Yield fit for '2C-I target.
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Figure 5.16

Yield fit for 2C-1II target.
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Figure 5.17

Yield fit for 2Si target.

that the yield from the data is given by :

Yfz't = YC + Yoee +Yp = pO}/;lata + pl}/;lata + pQ}/;lata

where Y is the simulated Compton yield, Y,.. is the yield from accidental events and
Yp is the yield from the pair production simulation. Ideally, for a perfect fit, Yjua =
Yrir, that gives us poYe = Yiua(l — p1 — p2). However, as seen in the plots shown in

Figure 5.15,Figure 5.16 and Figure 5.17, the fits do not exactly match the data, especially

at the shoulders of

(5.5

the distributions around +0.1 to £0.3 GeV'. Therefore, we use Eq.

YCompton - Y;lata(l —P1— p2)
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to calculate the Compton yield Ycompton. From the fit results for the three targets, one can
see that the pair production background is about 3% for the 2C' — I target, 4% for the
12 — IT target and 12% for the 28Si target. That is because the pair production cross
section on silicon target is about three times higher than the one on the carbon target.
Using the Eq. (1.28) from Section (1.3), we can calculate the acceptance, which is
equal to the number of events that were reconstructed on HyCal (Ng;uiation) divided by
the number of events that were generated in the event generator (NJ"“"**"), then using
Eq. (1.26) we can get the integrated cross section for all energies and the three targets. The

cross section results are listed in Table (5.2) with statistic uncertainties only.

Table 5.2

Integrated Cross Section for all targets

Target 2C.1 2Cc1n 2Si
(mb) (mb) (mb)
Cross Section | 0.2806(3) | 0.2826(6) | 0.2806(11)

The disagreement between the fitted AK distribution and the data indicates that ei-
ther the pair production or the Compton simulation distribution may not represent the real
shape. The pair production simulation was studied using Geant4 and Geant3 toolkits with
their default pair production event generators and the results agreed with each other with-
in 0.1% and were also consistent with the NIST database [44]. Even so, the tails of the
pair production distributions that typically fall outside the HyCal acceptance can end up

within the acceptance after multiple scattering. This would lead to incorrect reconstruct-
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ed momentum and hence incorrect AK distributions for the pair production background.
These contributions have not been studied well and introduce some uncertainty in our un-
derstanding of the pair production background. Besides, the Compton simulation may also
have some uncertainty in the energy and position information. Therefore, the mean value
and the width (o) of the simulated Compton distributions were adjusted in order to better
fit the data. Figure 5.18, Figure 5.19 and Figure 5.20 show the original simulation and the

adjusted simulation distributions for all three targets.

Simulation adjustment

216000 —}— Original Simulation
3 [ Original mean = 0.0094 &,
o [ Original sigma = 0.1132 \ 7:7 Adjust Simulation
14000
= Adjust mean = 0.0125 b
—  Adjust sigma =0.1187
12000~
—  Target: Carbon-| / x
10000 [ i' K
8000 |- ),
6000 &
4000 = o ,
2000~ &
-0.6 -0.4 -0.2 0 0.2 0.4

I
0.6
AK(GeV)

Figure 5.18

AK distributions of original simulation (blue) and adjusted simulation(yellow) for 2C-1
target and the fit lines for both distributions using Gaussian distribution (red).
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Simulation adjustment
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Figure 5.19

AK distributions of original simulation (blue) and adjusted simulation(yellow) for ?C-II
target and the fit lines for both distributions using Gaussian distribution (red).
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Figure 5.20

AK distributions of original simulation (blue) and adjusted simulation(yellow) for 28Si
target and the fit lines for both distributions using Gaussian distribution (red).
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After adjusting the A K distributions for the simulated Compton events the fitting pro-
cedure was repeated and the new results are shown from Figure A.1 to Figure 5.23. One
can see the improvement of the reduced x? for these distributions. For example, for '2C-I
target it improved from 29.7 to 4.4. The integrated cross section was recalculated from

these new fits and the results (statistic uncertainties only) are listed in Table 5.3.

A K Distribution For All Energy Bins

@ 20000 Data Point
E Fit/Data = 99.97(%) i ,
G 18000 v, /¥, —-09942 Compton Simulation
Signal = 95.77(%) e+e- Simulation
16000 — g+e- BackGround = 3.33(%) -
acci BackGround = 0.92(%) B Accidentals
14000
— Fit Result

12000~ Target: Carbon-|

10000
8000
6000
4000

2000

0.4
AK (GeV)

Figure 5.21

12C-I target AK distribution for all energy bins.
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Table 5.3

Integrated Cross Section for all targets

Target 2C.1 2C1n 2Si
(mb) (mb) (mb)
Cross Section | 0.2806(3) | 0.2824(6) | 0.2809(11)

5.4 Integrated Cross Section for each energy bin

The consistency of the cross sections for the three different targets for all energies gave
us the confidence about the event selection methods and the fitting procedures, the cross
section value itself had no physical meaning at the point because the “blind number applied
to the photon beam flux”, so we can not judge. Then we can further divide the data into
18 energy bins, used the same event selection methods and fitting procedures which are
described above to extract the Compton yield and calculate the cross sections for each
energy bin. The following sub-sections describe the fit results of the A K distributions for

the 18 energy bins.

5.4.1 Yield Extraction for 12C-I, '?C-II and ?*Si Target

Examples of the fit histograms for the first energy bin and the three targets are shown
in Figure 5.24, Figure 5.25 and Figure 5.26 as examples. The fit histograms for each of the
remaining 17 energy bins and the three targets are shown in Appendix A. For the energy

bin 01 of the Carbon-I target, the fit result gave us the Compton signal is 96.79%, the pair
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production background is 2.44% and the accidental background is 0.80%. So the fit result
s 96.79 4 2.44 + 0.80 = 100.03, which means the difference between the fit yield and the
data is about 0.03%. And these fraction numbers vary for the different energy bins because

the accidental background are different for each energy bin.

Energy Bin 01

e — Data
= L Fit/Data = 99.98(%) —_—
é 1200/— Signal = 96.79(%) Comﬂon MC
[ e+e- BackGround = 2.44(%) - e+e- MC
|- acci BackGround = 0.80(%) - Accidentals
1000— Chi2/DNF = 1.278 Fit Result

sool Target: Carbon-|

600
400

200

0.4 0.2 0 0.2 0.4
AK (GeV)

Figure 5.24

Yield fit for the '2C-I target and energy bin 1.
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Figure 5.25

Yield fit for the '2C-II target and energy bin 1.
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Figure 5.26

Yield fit for the 28Si target and energy bin 1.
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5.4.2 Acceptance

Compton simulation data were used to calculate the acceptance factors as:

Nsimulation (Z)

A() =
(7') Ngenerate (Z)

(5.6)

where Ngimuation(?) 18 the number of events reconstructed and accepted on HyCal for a
given energy bin (i), N{“"“"**“(i) is the number of generated events for the given energy
bin (7).

The Figure 5.27 to Figure 5.29 show the acceptance value for different energy bins for

all three targets.

Acceptance vs EO
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4.4 486 . 5

52
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Figure 5.27

Acceptance for different energy bins and the 2C-I target.
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Figure 5.28

Acceptance for different energy bins and the 2C-II target.
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Figure 5.29

Acceptance for different energy bins and the *Si target.
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5.4.3 Accidentals

By using events in the tails of the time difference distribution, one can estimate the
percentage of accidental coincidence events in the data, as shown in Figure 5.30. The

percentage of accidental coincidences is given by:

fit bins
X N;

accidental __ pz
C: = (5.7)

where, i is the energy bin number from 1 to 18, C'#cidental jg percentage of accidentals for

a given energy bin (z), and pf &

;" is the fitting parameter for a given AT cut, for example the

range shown by the red arrows in Figure 5.30, which corresponds to the average number of
events in each bin, Nibms is the number of bins in the AT cut range (£6.5 ns), and Midat“
is the total number of events in the AT cut range. Figure 5.31 to Figure 5.33 show the

Caceidental yalues versus energy for different energy bins and the three targets.
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Caceidental for different energy bins and the >C-II target.
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Caccidental for different energy bins and the 2*Si target.
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5.4.4 HyCal Response Function Correction

The response function of HyCal was studied during the calibration runs of the PrimEx-
IT experiment. In the calibration runs, we centered the beam on each module one by one to
study the efficiency and the calibration constant for that module. Since we know the beam
energy Lrqg4er, and we have the reconstructed cluster energy from HyCal Eycq, We can
calculate the ratio Eyycai/ ETagger, also known as the elasticity (see Figure 5.34). We call
the elasticity distribution as the HyCal response function. We can also have the response
function from the simulation data (see Figure 5.35). We split elasticity into four regions
(x=0-02 2=02-05, x =05-08, z = 0.8—0.9) to study the difference
between the calibration run data and the simulation. For a certain module, if the number
of events in the calibration data was less than the number of events in the simulated data
for the same elasticity region, it was considered a leakage of this module. The overall
leakage of a HyCal module is about 0.45% with an estimate systematic uncertainty 0.50%,
therefore, in the cross section calculation we put a Hycal response function correction

which is Cypp = 1 — 0.0045 = 0.9955 £ 0.0050
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HyCal response function from calibration data for module W2016.
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Figure 5.35

HyCal response function from simulated data for module W2016.
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5.4.5 Cross Sections

The integrated radiative cross section for each energy bin is calculated using:

1 Y;—C ompton

neF’; AiCurr

(5.8)

o; =

where,

e 7 is the energy bin number from 1 to 18,

e 7, is the number of electrons per cm?, and for each target is given by:
nf~1 = 2.1236(4) x 6.0221(0) x 10%*/2 = 6.3943(13) x 10%,
nC=1 = 3.5304(7) x 6.0221(0) x 10%3/2 = 1.0630(4) x 10%,
not = 2.3195(80) x 6.0221(0) x 10%3/2 = 6.9842(244) x 10%,

° Fi is the experimental photon flux as described in Section (5.1),

y;ComPtn is the experimental yield extracted in previous Subsection as described in

Section (5.4.1),
e A; is the simulated acceptance factors as described in Section (5.4.2),

o (C'ygrr is the HyCal response function correction, which is 0.9955(50).

Using Eq. 5.7 and incorporating the corrections to the HyCal response function, we get
the integrated radiative cross section for each energy bin and the three targets. The results
for each energy bin and associate uncertainties (syst. and stat.) are listed in Table 5.4,
Table 5.5 and Table 5.6, all the numbers that used to calculate the cross sections and asso-
ciate uncertainties (syst. and stat.) are also listed in these tables. These cross sections are
measured integrated radiative cross sections and we wanted to compare with the theoretical
predictions which are the Klein-Nishina cross sections with higher order corrections. The

calculations can be found in Section 4.1.1, we used the fitted third degree polynomial as
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the “theory” (red line in Figure 5.36, Figure 5.39 and Figure 5.42) to compare with the
measured cross sections (blue dots in Figure 5.36, Figure 5.39 and Figure 5.42). Then
we can calculate the ratio of the experimental results to the theoretical predictions for the

integrated cross section as a function of energies and the three targets by using:

ratio = Oeasperiment/atheory —1 (59)

and the results are shown in Figure 5.37, Figure 5.40 and Figure 5.43. We can learn that
the experimental results are agreed with the theoretical prediction within 2% for all energy
bins. We also projected these ratio results on the Y-axis (see Figure 5.38, Figure 5.41
and Figure 5.44), we can get the RMS values : 0.70%, 1.06% and 1.15% for the '2C-I,
12C-II and *8Si targets, respectively, the fitted o values with Gaussian functions : 0.75%,
0.76% and 0.84%, respectively. These numbers gave us the information that how well the

experimental results are agreed with the theory.
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Comparison of the experimental results to the theoretical calculations for the '2C-I target.

133



(#£)9082°0 (P)18ST°0 | (1L¥D)06€1°0€ | (0)£€€0°0 | (00260070 | (1)LLS6'0 | (1¥6S)19SEF8 TIV
(£%)080€°0 (#)8L91°0 (LIDSLLY'T | (01€€0°0 | (0)0ST10°0 | (1)0TS6°0 | (#T#)OLISY R |
(I7)LY0E°0 (#)9991°0 (2S1)6896°1 | (0)8€£0°0 | (0)0¥10°0 | (1)€2S6°0 | (LES)LFOE9 LTA
(6£)€10€°0 (#)SS91°0 (6£1)8¢EL'T | (0)S€€0°0 | (0)0€10°0 | (1)E€€S6°0 | (SOV)9ESHS 91H
(S$)666T°0 P¥91°0 (0SD€8T6'T | (01+€0°0 | (0002100 | (DFES6'0 | (6T9E]66S STH
(8€)¥€6T°0 (#)€€91°0 (€rD¥118'T | (0¥0€0°0 | (0)0010°0 | (1)S6S6°0 | (L6E)LSLYS PTH
(096160 (#)T2T91°0 (190)LT8L°0 | (0)9T€0°0 | (0)9800°0 | (1)L8S60 | (L8TISTIET €TH
(892870 (#)6091°0 (€21OSIS'T | (0)11€0°0 | (0)SLO00 | (1)E€196°0 | (£SS)E0LEY 4% |
(6%)8987°0 (P¥r6S1°0 (1S1€068T | (000£0°0 | (0)2900°0 | (1)T€96°0 | (I1TLTISHS 114
(S#)018T°0 (#)€851°0 (LEDS90L'T | (0068200 | (0)2900°0 | (D¥¥96°0 | (T9S)E06LY orTH
(#9)TLLT O (#)SLST0 (8¥D¥LT8'T | (0)€820°0 | (0025000 | (1)6596°0 | (+201)61€0S 60
(09)09LT°0 (#)€951°0 (FSDECTI®T | (006£20°0 | (0)S900°0 | (1)LS96°0 | (S16)TTE6Y 80H
(19)6TLT0 (#)TSST°0 (091)50L6'T | (0)2820°0 | (0)8900°0 | (1)0S96°0 | (920T)+€9TS LOHA
(S£)1697°0 (200 29K0) (871)9,78'T | (000,200 | (0)1L00°0 | (1)8596°0 | (ISE)IILLY 90Hd
(L¥)0S9T°0 (#)6TST°0 (8eTL89'T | (0098200 | (0)SLO00 | (1)8€96°0 | (109)¥TIcH S0Hd
(6¥)1¥9T°0 (#)0TS1°0 (Se1)Se6S T | (018200 | (0)1800°0 | (1)6£96°0 | (£6S)E€€0Y $0d
(LEY19T0 (#)60S1°0 (LEDSO0L9'T | (0)S5TO'0 | (0)1800°0 | (1)9996°0 | (TLETLSTH €0
(6£)¥LSTO (#)10S1°0 (I#1)€98S'T | (0)£5T0°0 | (0)9800°0 | (1)0996°0 | (9L£)1S98¢ 04
(S9)8LST0 (P)e6¥1°0 (PEDS8YET | (0200 | (0008000 | (1)6L960 | (LIL)6TLTE 104
(quu) (601%) (d) () (0d) w0 ¢
uomdIIS ssox) | Nueydaddy xnp aed g aednyg | oaed ug PIRIX urg A3ruy

UOTIR[NO[BD UOKIAS SSOID 19818) [-),; Y} UL Pasn sIoquunu 3y [y

¥°S 9lqEL

134



(81780 (#)sTs1°0 | (Trh)816€°S | (0)18€0°0 | (000900°0 | (1)8556°0 | (#612)TOVEYT TIV
(89)811€°0 (#)9191°0 | (1DL19T0 | (0)T1+0°0 | (00001070 | (108760 | (THFT)TTYET |
(69)LS0€°0 (#)5091°0 | (LDI¥SE0 | (0)£6£0°0 | (00880070 | (1D1TS6°0 | (9¥€)TITS8] LTd
(LS) 620€°0 (#)S651°0 | (SD001€°0 | (0)£6£0°0 | (00£L00°0 | (1)TES6'0 | (612)00LST 91Hq
(1L)6T0€°0 (#)€8ST1°0 | (LD8FFE0 | (0098€0°0 | (0280070 | (1)1€S6°0 | (8FE)LEELT STH
(65)T00€°0 P¥LST0 | (92)LETE€0 | (0)08€0°0 | (0008000 | (1)LES60 | (8€T)SE09T PTH
(69)€€6T°0 (#)€9s1°0 | (1DT6ET'0 | (0)L8€0°0 | (0)TF00°0 | (1)8956°0 |  (SO1)T699 €TH
(LS)SE6T 0 (#)0ss1°0 | (2ZD0oTLz0 | (09L£0°0 | (05000 | (D¥8S6°0 | (802)EL6TI 4% |
(18),98T°0 (P)LeST0 | (LD)SSEE0 | (01SE00 | (0Fr00°0 | (1)6656'0 | (06£)10SST 11d
OP¥18T0 (PLTST0 | (#2)290€°0 | (0)97€0°0 | (0)€700°0 | (1)9096°0 | (9E€1)L6LET 01d
(2TS)06LT 0 (#)9151°0 | (92)857€°0 | (WI#£0°0 | (0097000 | (1)0196°0 | (961)0SHH1 60
(T9)TLLT O (#)L0ST'0 | (8D)197€°0 | (0)€€£0°0 | (05000 | (1)1796°0 | (8ST)T8TH1 80H
(09)€L9T°0 (P)s6r1'0 | (60)££S€0 | (0092€0°0 | (0)L¥00°0 | (DF96°0 | (102)S08%1 LOH
($9)90LT°0 (P)s8r1°0 | (LD08TE0 | (0)9€£0°0 | (0)1#00°0 | (1)TT96°0 | (082)TTET 90Hd
(#%)8L9T°0 WILLYT0 | (SD)SE0€0 | (0)TeE0'0 | (0097000 | (1)TT96°0 | (611)€8STI S0Hd
(S8)8.97°0 #)99r1°0 | (#2)628T°0 | (0)L6T0°0 | (0095000 | (1DTH96°0 | (880)EFII T 0
(09)129T°0 (#)9S+1'0 | D860 | (WI1€0°0 | (025000 | (1)8€96°0 | (1TDTH611T €0
(09)9LST0 P8rr1°0 | (SD0£8T0 | (W¥620°0 | (0025000 | (1)0996°0 | (1009011 00l
(8%)1LST0 M1rr1°0 | FD8ErT0 | (0066200 | (0085000 | (1)S+96°0 (86)89t6 104
(quu) (601%) (d) (1d) (0d) woiduo0 g
uondIS ssox) | Nueydaddy xnp aed g aegnyg | ored ug PIRIX urg A3ruy

UONR[NO[BD UONIAS SSOID 19318) [[-D),; Y} Ul Pasn s1oquunu 3y} [

¢'¢a1qeL

135



(1960820 (#)10S1°0 | (S12)2029°C | (OI8I1°0 | (0F€00°0 | (1)S¥L8°0 | (00T1)6609L TIV
(S8)E¥0€°0 (#)98S1°0 | (0D¥LZ1'0 | (00811°0 | (0)1900°0 | (1DOTL80 | (S8)SETH STH
(08)TS0€°0 (7)SLST0 | (€D€TL1'0 | (0)9811°0 | (0)8S00°0 | (1)62L8°0 | (TITILOLS JAKC|
OL¥10€°0 (#)$951°0 | (TD66¥1°0 | (0I8TIT1°0 | (0)SS000 | (1DETL80 | (FR)ILSY 9TH
(6L)800€°0 (#)SSST'0 | (€1)LL9T°0 | (0)ELTIT0 | (0)0¥00°0 | (1)9SL8°0 | (SOT1)SO¥S STH
(1L)8€6T°0 (P)8FST'0 | (TDELSTO | (0)TLITO | (02000 | (1)0SL8'0 | (8L)LT6Y PTH
(98)€+6T°0 (P)LEST'0 | (S0)5L90°0 | (0)T6TT1°0 | (0)1#00°0 | (1D16L8°0 |  (0£)€01T €TH
(9L)¥58T°0 (P)szs1'0 | (1D0ZET'0 | (O1811°0 | (0)6£00°0 | (1)0TL8'0 | (0L)096€ 45|
(69)8€8T°0 (PEIST0 | (€1)9291°0 | (0)1021°0 | (0)L200°0 | (DTTL80 | (SL)OI8Y 11d
(#L)6S8T°0 (r0S1°0 | (€TDo6r1°0 | (0SETT'0 | (0061000 | (DFI88°0 | (LLEIVY (1] 4C |
(1L)68LT 0 (P)s6r1'0 | (€1)L8ST'0 | (0)L0T1°0 | (0092000 | (1)5588°0 | (LL)LSSH 60
(S9)8€LT 0 P¥r8r1°0 | (€1)98ST°0 | (0)0TT°0 | (0062000 | (1)6088°0 | (19)6EHT 80d
(€9)SSLT0 (PeLr1'0 | PD6ILT'0 | (022110 | (0062000 | (1)0€88°0 | (#9)L08T L0HA
(TLBILTO Mr9r1'0 | (€DE6ST'0 | (0)SSTT0 | (0012000 | (1)98L8°0 |  (18)L9¢H 904
(8L)8%LT°0 Wrsyr10 | (@DSLYT'0 | (00S601°0 | (0)8100°0 | (1)9988°0 |  (+8)190% S0
(0L)86ST°0 (9rr10 | (TDOLET'0 | (0)T601°0 | (0)F200°0 | (1D1288°0 | (19)SHS€E 0
(S0)0T9T°0 (P)Ler1'0 | (@D9SHI'0 | (0)1S01°0 | (0)6£00°0 | (1)0688°0 | (9L)9LLE €0
(TL)8¥ST0 (P6zr1'0 | (TDYLET'0 | (0)€801°0 | (0)S€00°0 | (1)0988°0 |  (#9)91+¢ 04
(#L)T65T0 (Pezr1'0 | (@DL8IT0 | (0)1S01°0 | (0052000 | (1)8168°0 | (1S)¥10€ 104
(quo) (601%) () (1d) (0d) | g
U0 ssox) | dueydaddy xn[q aed N aeg g | aed nyg PIRIX urg A3auyy

UONR[NO[EI UOLIIAS SSOI 19818 1S, Y} UL PIsn sIoquunu 3y} [

9°¢ 9IqEL

136



ExperimentTheory Deviation (%)

Ratio of the experimental result to the theoretical prediction for the integrated cross

MNumber of Measurements

o

Cross Section Experiment/Theory Deviation

—— Fit Line

E+- This Experiment

f_ ......................... Deuiation..:..p(]..:...—.f)_565(°f } + .0 11..1{.‘?/}

T S ST S Weighted Cross: -0.565(%

= Target:Carbon:l o Reduced y? = 85.52/17

— 4.4 I I I 4.6 4.8 I I I 5 I I I 52 I Em;lgy {;35\."‘?.4
Figure 5.37

section as a function of energy for the 2C-I target.

Experiment/Theory Agreement

Target: Carbon-I

h_deviation

Mean
RMS

—0.5824
0.6975

Gaussian Fit Mean = -0.704 (%)
Gaussian Fit Sigma = 0.746 (%)

= 6

4

0 2

Figure 5.38

4

& 8
Deviation from Theory (%)

10

Percent deviation of experiment from theory for the '2C-I target.

137




Cross Section

5 - This Experiment
E —
£ o Theory RN W SIS SN —
=} —
g -
3 0.32 I .......................................... . ...................................... , ......................................
7] — : H .
o T et S Y SN Cross Section: 0.2824 3§)mb .|
Q 0.3 N : .4 : :
0.28 :_ e I T . .......................................
0.26 :_ .................
T Target: Carbon:ll
024 — i ; ; ; | ; ; ; ey R Lo e Joeeees L e I s
4.4 46 4.3 5 5.2 5.4

. Energy (GeV).
Figure 5.39

Comparison of the experimental results to the theoretical calculation for the **C-1II target.
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Ratio of the experimental result to the theoretical prediction for the integrated cross
section as a function of energy for the '2C-II target.
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Comparison of the experimental results to the theoretical calculation for the 2*Si target.

139



Cross Section Experiment/Theory Deviation

— Fit Line
®| =3 This Experiment

{ LY T T
: I ! 1ol _ T
L] i

ExperimentTheory Deviation (%)

-2

-4

]
|
+ 0.385(%)

-8

III|IIIIIIIIIIIIIII_TIIIIIIIIIII|

ARGt Sl Reduced 7%= 84717~

4.4 486 4.8 5 52

I 54
Energy {GeV)

Figure 5.43

Ratio of the experimental result to the theoretical prediction for the integrated cross
section as a function of energy for the ?8Si target.
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5.5 Systematic Uncertainties

In order to determine the Compton cross section with highest possible precision, vari-

ous systematic studies were performed. These studies include:

e photon beam flux,

e target density,

e acceptance,

e hyCal response function,
e cut Stability,

e signal/background separation.

5.5.1 Systematic Uncertainties in Photon Beam Flux

In order to get the photon flux uncertainty, the tagging ratio was measured during the
“TAC (total absorption counter) run”. The TAC run was a special run during the experi-
ment to measure the photon flux by using hardware scalers counting the number of tagged
photons incident on the physics target. The tagging ratio was calculated as a fraction of
events within the selected set which have a TAC TDC signal close to tagger time (within
+3 ns) [35]. As an alternative cut to select events we tried to require TAC energy depo-
sition to be greater than 20% of the beam energy reported by tagger. We also got results
without cutting out beam trips to check our sensitivity to them. There were 4 contributions
studied for systematic uncertainty in the tagging ratio [35]:

1. the major contribution is from the long-term stability of the tagging ratio;
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2. systematics associated with TAC geometry alignment, this was studied with data
from run 64996 when the TDC was moved downstream by 5 cm;

3. systematics from beam trips;

4. systematics from the ADC value studied by varying the cuts on the ADC.

The final results from the 4 sources listed above for each energy bin, are listed in the second

column of the systematic uncertainties table (Table 5.8, Table 5.9 and Table 5.10).

5.5.2 Systematic Uncertainties in Target

The details on the target density measurement can be found in Section (2.4), where we
had noted that the systematic uncertainty associated with the target density measurement is
0.02%, 0.02%, and 0.35% for the three targets, respectively. Other than that, the systematic
uncertainties associated with target thickness and chemical purity were also considered.

All the values are listed in Table 5.7 and they are all the same for different energy bins.

Table 5.7

Systematic uncertainties in target, all values are in %.

12C.I Target | >C-II Target | >°Si Target
Target density 0.02 0.02 0.35
Target thickness 0.01 0.04 0.03
Chemical purity <0.01 0.10 <0.01
Total 0.02 0.11 0.35
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5.5.3 Systematic Uncertainties in Acceptance Factors

We calculated the acceptance factors by using the Compton simulation data, so there
are some uncertainties coming from the geometry difference (for example the distance
between target and the HyCal surface) between the simulation and the real experiment,
and from the uncertainties of the Compton event generator. This is studied by changing
the geometries in the simulation and estimating the error from the event generator. It was

estimated to be 0.25% for all energy bins.

5.5.4 Systematic Uncertainties in HyCal Response Function

We estimated the systematic uncertainties in HyCal response function by comparing
the data from the calibration runs to the simulated data for different region (see Section
(5.4.4)). We had four regions in total for the elasticity distribution (see Fig. 5.34) and
we compared the total number of events with the simulated distribution for each region.
The largest difference between the calibration data and the simulated data is about 0.5%.

Therefore, we took 0.5% as the systematic uncertainties in HyCal response function.

5.5.5 Systematic Uncertainties in Event Selection

For the event selection systematic errors, there are 5 contributions were studied by

varying the range of the event selection cuts.
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The systematic uncertainty of the A7 cut was studied by varying the AT cut by +1o
while keeping all other cuts the same. The o for the AT is ~ 1.2 ns, and the nominal AT
cut is |AT| < 6.5 ns, therefore the cut was varied between 5.3 ns and 7.7 ns. The final
cross section was extracted for these 3 different values of the AT cut and largest differ-
ence in the cross section from the nominal values was taken as the systematic uncertainty
(£(AT)) due to the AT cut.

Similarly the remaining 4 event selection cuts were varied one by one while keeping
all the other cuts fixed. Each cut was varied by +1 o, their respective resolutions (A¢ ~
4.0 deg, AE ~ 0.08 GeV, AK ~ 0.15 GeV and R,,;, ~ 0.3 c¢m), and the cross sec-
tion was recalculated. The largest difference in the cross section from the nominal value for
each of these cuts was taken as the systematic uncertainty ({(Rnin), {(A), E(AE), E(AK))

due to that cut.

5.5.6 Systematic Uncertainties for Signal/Background Separation

For the signal/background separation study, there are two main contributions:

(1) The fitting error study: because we used an adjusted distribution to do the fitting,
there are some uncertainties due to the difference in shape of the distribution, and these
can be quantified in terms of the mean value ;. and the standard deviation o. For each
energy bin 7, the fit was redone after changing the final mean value ft,esnape bY £1 fierror
where (.o 18 the fitting uncertainty obtained from the default TFraction Fitter in Root.

The largest difference between the nominal cross section and the refitted cross section
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was taken to be the systematic uncertainty due to the fitting error, £(u);. Using the same
procedure we can have the error for standard deviation £(o);. Then we have {(F'itting); =
§(m) +€(0)7
(2) The background histogram: by changing the total pair production yield 5% (NIST
precision), we have the error {(ete™ M C);.

Finally, we can calculate the total systematic uncertainty by:

{(total); = \/S(Flux)? +&(Tgt); + £(Acep)? + {(Res.F'n.); + £(Cuts)? +£(Sg/Byg)?

(5.10)

where
E(Cuts); = \JE(AT)? + £(AQ)? + E(AE)? + E(AK)? + E(Rpin)? (5.1
£(Sg/By); = \/&(Fitting)? + &(c+e- MO)? (5.12)

The cut stability study was also extended to a larger variation in the cut range, the
results are shown in Appendix B. Figure 5.45 is the AT cut stability as one example. These
results were used to determine the appropriate range of the cuts. Systematic uncertainties

for the different targets are listed in Table 5.8,Table 5.9 and Table 5.10.
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Differences in yield relative to the final result for AT cut and the *C-1 target

5.6 Extracted Cross Sections

The extracted Compton scattering radiative cross sections for 2C and 2%Si targets inte-
grated over all energy bins are listed in Table 5.11, and the cross sections for each energy
bin are listed in Table 5.12, Table 5.13 and Table 5.14. The tables also show the theoretical
predictions and the deviation of the measured cross sections form the predictions. The
statistical uncertainty, the systematic uncertainty and the total uncertainty (quadrature sum

of the two) are also shown.
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Table 5.11

Integrated cross sections

Target | Energy | Cross Section | Theory | Deviation | Syst. error | Stat. error | Total Error
(GeV) (mb) (mb) (%) (%) (%) (%)
2Ca 4.84 0.2806 0.2822 -0.57 +1.22 +0.11 +1.22
2ecar | 4.84 0.2824 0.2822 0.19 +1.34 +0.21 +1.36
28Si 4.84 0.2809 0.2822 -0.46 +1.79 +0.39 +1.83

5.7 Summary and Conclusions

The Compton scattering cross section measurement in the PrimEx-II experiment suc-

cessfully extracted the total Compton scattering cross section for 4.4 - 5.3 GeV photons

with less than 2% uncertainty, which is the first measurement at this energy range to date.

The extracted cross section, integrated over all energies, is in agreement with the theoreti-

cal prediction at the level of the uncertainty (1.3% — 1.8%) for all three targets.

In this dissertation, the details of the experiment, the data analysis process and the

results were presented. These results imply that the higher order corrections to the Klein-

Nishina cross section are in good agreement with the experimental results (within 2%) for

few GeV photons. It further establishes the systematic uncertainty for the measurement of

the 7° decay width by the PrimEx-II experiment to be less than 2%.

150




(14! 110 (14! LS O- T80 90870 or8v TIV
6¢’1l L9V 0 el 81°0- ¢80¢°0 080¢°0 00 v STH
el 8070 LT <0°0- L¥0E0 Ly0E 0 65TV LTH
0¢'l 6¢v°0 (14! 1C0- 610¢€0 €10¢0 e0s'y 9TH
611 8170 vl 8¢0 886C°0 666C°0 12304 STH
8C'1 9¢v 0 171 0L°0- ¥S6C°0 €670 6091 141
691 $99°0 Ss'l 11 91670 61620 eL9v €TH
891 8870 091 Sl 98870 r8T0 9cLYy 4!
0Ll 9¢r0 79'1 e 858C°0 898C°0 VLL'Y ITH
091 S9r°0 €Sl §9°0- 6¢8C0 01820 LT8'Y Ord
0€7¢ 1234 9T'C £60- 86LC0 CLLTO €88’y 604
L1'T 8SY'0 (4N 9¢0- 0LLTO 09LT0 LE6'Y 80H
€C’C 444\ 81'C €S0- evLT 0 6CLT 0 886’17 LOH
Iel 99¥°0 el $60- 91LT0 169C°0 10 904
8L'1 06¥°0 L1 [ 069C°0 059C°0 €60°S SO0H
981 LOS0 6L'1 £6°0- §99C°0 1¥9C°0 48 yOH
vl 66170 Vel SO'I- 9T 0 ¥19C°0 S61°S €0H
4! 8IS0 vl 6L'1- 129C°0 VLSTO Ivcs [41C!
€sC 2950 91'C 96°0- 0920 8LSTO I18C°¢ 104
(%) (%) (%) (%) (quu) (quu) (129)
JoL1y [B)0], | JoaxY Je)S | JOLIY “ISAS | (%)uoneIAd( | AI0dyJ, | UondIdg ssox) | ASmuy | urg A31ouy

193181 [-D,; Y 10J SUOLIIAS $SOI)

[4EICLN

151



9¢'1 LOT0 Vel 600 T80 YZ8T0 or8v TIV
81'C €L8°0 00¢ SO'I ¢80¢°0 811E0 00 v STH
9T¢ 65L°0 el'e 1€°0 L¥0E0 LSOE0 65TV LTH
681 L18°0 0L'T (450 610¢€0 620¢°0 e0s'y 9TH
9¢C 8LLO €C’C LET 886C°0 620¢0 12304 STH
S6'1 8080 8L'1 191 ¥S6C°0 <00¢°0 6091 141
el 0Tl 861 LSO 91670 €e6c0 eL9v €TH
S6'1 L68°0 L'l 0L'T 98870 ge6C0 9cLYy 4!
I18°¢C 0Z80 69°C 0£0 858C°0 L98CT 0 VLL'Y ITH
¥9'1 8980 6¢1 ¢S50 6¢8C0 V1820 LT8'Y Ord
881 8180 L9] 1€°0- 86LC0 06LCT0 €88’y 604
§C'C €580 80°C 8600 0LLTO CLLTO LE6'Y 80H
88’1 8¢8°0 891 9¢'C- evLT 0 €L9T 0 886’17 LOH
Iv'c L98°0 ST 8¢ 0" 91LT0 90LT0 10 904
9’1 6060 LET 9t°0- 069C°0 8L9C0 €60°S SO0H
8¢ 760 69°C 910 §99C°0 LL9T O 48 yOH
0€'C €60 0I'¢ 8L°0- 9T 0 12920 S61°S €0H
1€¢ 8960 01'¢ 0L'1- 129C°0 9LST0 Ivcs [41C!
L8] 0S0°1 12! 0T’1- 0920 1LST0 I18C°¢ 104
(%) (%) (%) (%) (quu) (quu) (129)
JoL1y [B)0], | JoaxY Je)S | JOLIY “ISAS | (%)uoneIAd( | AI0dyJ, | UondIdg ssox) | ASmuy | urg A31ouy

19518) [[-D; Y} 10J SUONIIS $SOID)

AR CLAD

152



€81 L8E0 6L'1 9v°0- T80 60820 or8v TIV
6L°C ¥9'1 6C'T 9¢’1- ¢80¢°0 er0e0 00 v STH
€97 171 [4x¢ SIo L¥0E0 ¢50e0 65TV LTH
€sC €Sl 0'C L1°0- 610¢€0 710€°0 e0s'y 9TH
¥9°C Syl 0T¢ 990 886C°0 800¢°0 12304 STH
Iv'C 43! 881 9¢°0- ¥S6C°0 8¢6C°0 6091 141
167C ee’? L1 060 91670 ev6C 0 eL9v €TH
L9T 0L'T 90°C 60°1- 98870 ¥S8C°0 9cLYy 4!
[4¢ 20! L8] 0L0- 858C°0 8¢8C0 VLL'Y ITH
65°C 091 ¥0'C SOl 6¢8C0 65870 LT8'Y Ord
€sC LS'1 861 ¥€0- 86LC0 68LC°0 €88’y 604
9¢C 091 VL'l v1l- 0LLTO 8¢€LTO LE6'Y 80H
8CT €Sl 691 Sv0 evLT 0 SSLTO 886’17 LOH
99T 19°1 4N 80°0 91LT0 8ILT0 10 904
8¢ 991 1€7¢C (4N 069C°0 8YLT 0 €60°S SO0H
0LC 8L'1 €0'C 14 X% §99C°0 865C°0 48 yOH
¢8'C L1 8CC 18°0- 9T 0 029C0 S61°S €0H
€8'C 181 81'C 9LC- 129C°0 8¥SC0 Ivcs [41C!
8¢ €61 80°C 0- 0920 ¢65C0 I18C°¢ 104
(%) (%) (%) (%) (quu) (quu) (129)
JoL1y [B)0], | JoaxY Je)S | JOLIY “ISAS | (%)uoneIAd( | AI0dyJ, | UondIdg ssox) | ASmuy | urg A31ouy

19818) IS, AY) 0] SUOLIDAS SSOID)

v1°CalqeL

153



REFERENCES

[1] Adler and L. Stephen, “Axial-Vector Vertex in Spinor Electrodynamics,” Phys.Rev.,
vol. 177, no. 5, Jan 1969, pp. 2426-2438.

[2] P. Ambrozewicz, “Beam Quality Study,” https://www.jlab.org/primex/Note43, 2007,
43.

[3] T. B. Anders, “Compton scattering with detected recoil electron,” Nuclear Physics,
vol. 87, 1966, pp. 721-753.

[4] J. D. Anderson, R. W. Kenney, and C. A. McDonald, “Total Electron Compton Cross
Section at 319 Mev,” Phys. Rev., vol. 102, no. 6, Jun 1956, pp. 1626—1631.

[5] K. A. Assamagan, L. Gan, and A. Gasparian, “A Precision Measurement of the Neu-
tral Pion Lifetime via the Primakoff Effect,” https://www.jlab.org/primex/Proposal,
Dec. 1998, Proposal.

[6] H. W. Atherton, C. Bovet, P. Coet, R. Desalvo, and N. Doble, “Direct measurement of
the lifetime of the neutral pion,” Physics Letters B, vol. 158, no. 1, 1985, pp. 81-84.

[7] G. Bardin and et al., “Conceptual Design Report of a Compton Polarimeter for CE-
BAF Hall A,” 1996.

[8] R. M. Barnett, C. D. Carone, and D. E. Groom, “Review of Particle Physics,” Phys.
Rev. D, vol. 54, no. 1, Jul 1996, pp. 1-708.

[9] V. A. Batarin, T. Brennan, J. Butler, and H. Cheung, “Precision measurement of
energy and position resolutions of the BTeV electromagnetic calorimeter prototype,”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment, vol. 510, no. 3, 2003, pp. 248-261.

[10] J. S. Bell and R. Jackiw, “A PCAC puzzle: 7° — ~~ in the o-model,” Nuovo Cimento
A, vol. 60, no. 47-61, 1969.

[11] G. Bellettini, C. Bemporad, P. L. Braccini, and C. Bradaschia, “A new measurement
of the 7¥ lifetime through the Primakoff effect in nuclei,” Il Nuovo Cimento A (1971-
1996), vol. 66, no. 1, Mar 1970, pp. 243-252.

154



[12] H. Bethe and W. Heitler, “On the stopping of fast particles and on the creation of
positive electrons,” Proceedings of the Royal Society of London A: Mathematical,
Physical and Engineering Sciences, vol. 146, no. 856, Aug. 1934, pp. 83—-112.

[13] A. Browman, J. DeWire, B. Gittelman, K. M. Hanson, D. Larson, E. Loh, and
R. Lewis, “Decay Width of the Neutral 7 Meson,” Phys.Rev.Lett., vol. 33, no. 23,
Dec 1974, pp. 1400-1403.

[14] L. M. Brown and R. P. Feynman, “Radiative Corrections to Compton Scattering,”
Phys.Rev., vol. 85, no. 2, Jan 1952, pp. 231-244.

[15] E. Clinton, “Tagger Calibration Documentation, Timing and Energy Calibration,”
https://www.jlab.org/primex/Notel2, 2003, 12.

[16] A.H. Compton, “A Quantum Theory of the Scattering of X-rays by Light Elements,”
The Physical Review, vol. 21, no. 5, May 1923.

[17] A. G. L. G. M. K. M. K. D. Romanov, I. Larin, “HyCal Reconstruction Fine Tun-
ing and Transition Region Performance Measured During Calibration Run,” http-
s://mwww.jlab.org/primex/Note83, 2017, 83.

[18] G. V. Dardel, D. Dekkers, R. Mermod, J. V. Putten, M. Vivargent, G. Weber, and
K. Winter, “Mean life of the neutral pion,” Phys. Lett., vol. 4, no. 1, 1963, pp. 51-54.

[19] H. Davies, H. A. Bethe, and L. C. Maximon, “Theory of Bremsstrahlung and Pair
Production. II. Integral Cross Section for Pair Production,” Phys. Rev., vol. 93, Feb
1954, pp. 788-795.

[20] S. Gevorkyan, A. Gasparian, and L. Gan, “Photoproduction of 7 messons off nuclei,”
http://www.jlab.org/primex/Note45, June 2007, 45.

[21] S. Gevorkyan, A. Gasparian, L. Gan, and I. Larin, “Incoherent Photoproduction of
70 Messons off Nuclei,” http://www.jlab.org/primex/Note50, Aug 2007, 50.

[22] S. Gevorkyan, I. Larin, A. Gasparian, and L. Gan, “7"” photoproduction off light
nuclei,” http://www.jlab.org/primex/Note48, July 2007, 48.

[23] B. Gittelman, W. C. Barber, W. Selove, D. Tompkins, and F. Forman, “1-BeV Elec-
tron Compton Scattering near 180°,” Phys. Rev., vol. 171, Jul 1968, pp. 1388—1391.

[24] A. T. Goshaw, T. Glanzman, L. R. Fortney, W. J. Robertson, and W. D. Walker,
“Compton electron scattering in the 0.1 to 5.0 GeV energy range,” Phys. Rev. D,
vol. 18, Sep 1978, pp. 1351-1358.

[25] K. Gottfried and D. R. Yennie, “Vector Mesons and Nuclear Optics,” Phys.Rev., vol.
182, no. 5, Jun 1969, pp. 1595-1601.

155



[26] C. Harris, W. Barnes, and R. Miskimen, “Thickness and Density Measurements for
the Graphite Target Used in PRIMEX I1,” https://www.jlab.org/primex/Note74, Dec.
2013, 74.

[27] C. Harris and R. Miskimen,  “Silicon Target used in PRIMEX II,”  http-
s://www.jlab.org/primex/Note69, Apr. 2012, 69.

[28] jlab.org, “Technology Transfer,” https://www.jlab.org/.

[29] S. Kawabata, “A new version of the multi-dimensional integration and event genera-
tion package BASES/SPRING,” Computer Physics Communications, vol. 88, no. 2,
1995, pp. 309-326.

[30] O.Klein and Y. Nishina, “On the Scattering of Radiation by Free Electrons According
to Dirac’s New Relativistic Quantum Dynamics,” Z.Physik, vol. 52, 1929, p. 853.

[31] M. Konchatnyi, “Compton effect in kinematic conditions of PrimEx,”  http-
s://www.jlab.org/primex/Note37, Sep. 2006, 37.

[32] A. Korchin, “Electron-positron production in kinematic conditions of PrimEx,” http-
s:/fwww.jlab.org/primex/Note63, 63.

[33] V. L. Kryshkin, A. G. Sterligov, and Y. P. Usov, “Measurement of the neutral pion
lifetime,” Soviet Physics JETP, vol. 30, no. 6, June 1970, pp. 1037-1039.

[34] L. V. Kurnosova, L. A. Razorionov, and P. A. Cherenkov, “Scattering of 250 mev
Photons by Free Electrons,” J. Exptl. Theort. Phys., vol. 30, April 1956, pp. 690—
694.

[35] L. Larin, “PrimEXII TAC run analysis,” https://www.jlab.org/primex/Note72, 2013,
72.

[36] I. Larin and et al., “New Measurement of the 7° Radiative Decay Width,” Phys. Rev.
Lett., vol. 106, no. 162303, Apr. 2011.

[37] L.Ma, “HyCal ADC/TDC status check,” https://www.jlab.org/primex/Note78, 2012,
78.

[38] L.Ma, “Tagger TDC alignment for PrimEX-IL,” https://www.jlab.org/primex/NoteS80,
2012, 80.

[39] L.Ma, “Check Hycal position alignment,” Tech Note, PrimEx-11, 2014.

[40] F. Mandl and T. H. R. Skyrme, “The theory of the double Compton effect,”
Proc.R.Soc.Lond. A215, 1952, p. 497.

[41] P. Martel and R. Miskimen, “Analysis of PrimEx targets,” http-
s://www.jlab.org/primex/Note28, Nov. 2004, 28.

156



[42] K. Mork and H. Olsen, “Radiative Corrections. 1. High-Energy Bremsstrahlung and
Pair Production,” Phys. Rev., vol. 140, no. 6B, Dec. 1965, pp. B1661-B1674.

[43] K.J. Mork, “Radiative Corrections. II. Compton Effect,” Phys. Rev. A, vol. 4, no. 3,
Sep 1971, pp. 917-927.

[44] NIST, “National Institute of Standards and Technology,” http-
s://physics.nist.gov/PhysRefData/Xcom/html/xcoml.html.

[45] M. Ram and P. Y. Wang, “Calculation of the Total Cross Section for Double Compton
Scattering,” Phys. Rev. Lett., vol. 26, no. 8, Feb 1971, pp. 476-479.

[46] D.I. Sober, H. Crannell, A. Longhi, and S. K. Matthews, “The bremsstrahlung tagged
photon beam in Hall B at JLab,” Nuclear Instruments and Methods in Physics Re-
search Section A, vol. 440, no. 2, 2000, pp. 263-284.

[47] A. Teymurazyan, “Photon Flux Determination for a Precision Measurement of the
Neutral Pion Lifetime,” https://www.jlab.org/primex/Note65, 2008, 65.

[48] A. Tkabladze, M. Konchatnyi, and Y. Prok, “Implementation of radiative cor-
rections in the first order of a., for the Compton scattering process,” http-
s://www.jlab.org/primex/Note42, Feb. 2007, 42.

[49] wikipedia.org, “Compton Scattering,” 2018.

[50] D. A. Williams and D. Antreasyan, “Formation of the pseudoscalars 7°, n, and 7’ in
the reaction vy — ~,” Phys. Rev. D, vol. 38, no. 5, Sep. 1988, pp. 1365-1376.

157



APPENDIX A

YIELD FITTING HISTOGRAMS OF EACH ENERGY BIN FOR THE THREE

TARGETS
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A.1 Yield fit histograms of each energy bin and the >C-I target
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Yield fit of 12C-I target and energy bin 1-6
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Yield fit of 12C-I target and energy bin 7-12
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A.2 Yield fit histograms of each energy bin and the *C-II target
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Yield fit of 12C-II target and energy bin 1-6
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Yield fit of '2C-II target and energy bin 7-12
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Figure A.7

Yield fit of 12C-II target and energy bin 13-18
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A.3 Yield fit histograms of each energy bin and the *Si target
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Yield fit of 28Si target and energy bin 1-6
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Yield fit of ®Si target and energy bin 13-18
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APPENDIX B

DIFFERENCES IN YIELD RELATIVE TO THE FINAL RESULT FOR THE THREE

TARGETS
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B.1 Differences in yield relative to the final result for °C-I target
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Figure B.1

Differences in yield relative to the final result for AT cut and 2C-I target
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Figure B.2

Differences in yield relative to the final result for A¢ cut and *?C-I target
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Figure B.3

Differences in yield relative to the final result for AFE cut and '2C-I target
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Figure B.4

Differences in yield relative to the final result for R,,;, cut and 2C-I target
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Figure B.5

Differences in yield relative to the final result for AK cut and '2C-I target
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B.2 Differences in yield relative to the final result for >C-II target
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Figure B.6

Differences in yield relative to the final result for AT cut and 2C-II target
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Figure B.9

Differences in yield relative to the final result for R,,;, cut and 2C-II target
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Figure B.10

Differences in yield relative to the final result for AK cut and '2C-1II target
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B.3 Differences in yield relative to the final result for **Si target
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Figure B.11

Differences in yield relative to the final result for AT cut and 28Si target
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Figure B.12

Differences in yield relative to the final result for A¢ cut and 22Si target
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Figure B.13

Differences in yield relative to the final result for AE cut and 2*Si target
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Figure B.15

Differences in yield relative to the final result for AK cut and 2*Si target
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