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Abstract

Abstract

This report gives the findings of work done on charge symmetric background
analysis for the extraction of an Fy function. The F, function is a nuclear
structure function that is a function of the Bjorken scaling parameter = and the
momentum transfer square Q2. Its determination is important for constrain-
ing Parton Distribution Functions (PDFs), parametrizing nuclear scattering
reactions within the resonance and Deep Inelastic Scattering (DIS) region,
Quark Hadron Duality investigations, proof of lattice QCD and other appli-
cations. It is determined through experiments by measuring the inclusive
scattering cross-section. The goal is to use an inclusive scattering reaction
to obtain F» function values for 'H and 2H at the resonance and DIS region
for a wide range of x (0.2 to ~1) and Q? (4 to 16GeV). The charge sym-
metric background study is a step toward that goal. Data from the E12-10-
002 experiment done at Jefferson Lab. in February and March 2018 were
analyzed to acquire two essential parameters that are important for mea-
suring the amount of electrons identified from charge symmetric processes.
These parameters were determined for the Hydrogen and Deuterium target
for SHMS spectrometer angle of 21°, 29° and 39°.
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1 Introduction

An inclusive nuclear reaction experiment was conducted in Hall C in 2018 with the aim
of measuring the 'H and ?H cross-section and extraction of the F, value. Some physics
motivation for performing this cross-section of 'H and 2H experiment is to obtain results
that will lead to:

«  Constraining Parton Distribution Functions (PDFs) within the = and Q? for this
experiment. This experiment will provide PDF results in some regions of = and
Q? that are not available in the global data [1], [2].

« A means of providing a better parametrization of the inclusive nuclear scatter-
ing reactions within the Resonance and DIS regions [1]-[3].

« Provides data for the continuous investigation of the Quark — Hadron Duality
of the nucleons [2], [4], [5].

 Provide a test for LQCD with the second moment measurement from the F2
value of deuterium and the proton [2], [4].

As a step towards attaining the physics goals of this experiment, a study on the Charge
Symmetric Background (CSB) contained in the data becomes the key aim of this work.
A key objective of this work is to remove the CSB from the HMS 59° data. This will lead
to cross-section measurement and F2 extraction for proton and deuteron.

To achieve the expected outcome of the 59° data analysis, the work has been divided
into four major milestones.

The first is obtaining a working framework, benchmarked by SHMS known results from
earlier work. Secondly, is performing a CSB study for the 59° degree HMS. Thirdly, is
to check for other corrections that are needed to be included in the analysis and Finally,
obtain the inclusive scattering cross-section and F, value.
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2.1 Introduction

The basic theory for the determination of F, for 'H and 2H at the DIS and resonance
region for a large range of = (=~ 0.2 to 1) and Q? (~ 4 to 16GeV) in an inclusive
scattering reaction, is discussed as follows. The reaction involves the scattering of an

o Targets LH2,LD2, Al A : Comes

Basic Feynman diagram for deep inelastic
electron-proton scattering

Definitions of several kinematic variables
M = nucleon mass

k = incoming electron four momenta

g k' = outgoing scattered electron four momenta
§ § E =Beam energy, E'=recoil energy of electron
é’ E v = E — E' = virtual photon energy
=

Figure 1 First order Feynman diagram for electron-nucleon inclusive scattering, with
SHMS detector collecting data of the scattered electron.

unpolarised electron beam of energy (£ = 10.602 GeV), current between 30 and 65.A
with momentum k£ on a 10 cm liquid Hydrogen (LH2) and Deuterium (LD2) target for
proton and deuterium F, measurement. The electron transfer ¢ = k£ — k' momentum to
the nucleon, and the scattered electron goes with £ momentum and E’ energy [6], [7].
The detector tracked the momentum and collect the energy of the scattered electron at
the scattering angle 0 relative to the incident electron beam.

For the inclusive reaction, the virtual photon energy is v = E — E’ and the negative
squared mass of the virtual photonis —q? = Q? = 4EE’Sin2(g). The two quantities
have a direct relationship with the measurable quantities obtained from the experiment.
The Bjorken scaling parameter is the fraction of the nuclear momentum carried by the
struck Parton, and is defined as x,; = % = %. Similarly, the fraction of the beam

energy transferred by virtual photon is given as y = Z—Z = £ and the invariant mass

squared of the final hadronic state is written as W2 = (p + q)? = M? + 2Mv — Q>
M is the nucleon mass.
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2.2 F, Nuclear Structure Function

F,(x, Q%) is a nuclear structure function. It depends on z, i.e the longitudinal momen-
tum fraction carried by the struct quark, which in this specific case is assumed to be
equal to the Bjorken variable x; (i.e * ~ ;) and square of the momentum transfer
Q2 [1], [8]. It is one of the factors in the differential scattering cross-section.

d*o a? 2

dQdE’ ~ 4E?sin’(2) 5;

7] 7]
Fl(w,Qz)sinz(E) + %Fz(a:,Qz)cosz(E)] (2.1)

Equation 2.1 is the differential cross-section for the inclusive scattering reaction [9]. It
depends on the square of the fine-structure constant a. The two functions F; and F;
parametrize the unknown part of the nuclear structure [10]. In general, F, has a higher
contribution over F;.

F, can be written in terms of the differential cross-section, the ratio of the longitudinal to
transverse photoabsorption cross-section R, the relative longitudinal flux , and some
kinematics terms. It is given by equation 2.2.

d’c 14+ R

= 0B 1 TR * Kinematics (2.2)
€

F

The kinematics term in eqn. 2.2 is defined in eqn. 2.3 in terms of the flux of transverse
virtual photons I" (eqn. 2.4), with total flux K (eqn. 2.5) and the relative longitudinal
flux € (egn. 2.7). Each term depends on measurable quantities from the experiment.

. . Kv 1l 1
Kinematics = — . (2.3)
472al 1 + &
aK FE 1
— - (2.4)
272Q%2 E1—¢
2Mv — Q?
_ 2Mv - Q7 (2.5)
2M
rR=2% (2.6)
or
g 2,0\ 1
e=[1+2(1+ 4J\/[2w2)ta,11 (5)] (2.7)

The F, is obtained experimentally from inclusive scattering reactions cross-section
measurement as indicated in eqn. 2.2. It has many forms of definition, with one form
defined by eqgn. 2.2.
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3.1 Introduction

Experiment E12-10-002 was conducted at Jefferson Lab. in the period of February to
March 2018. In the experiment, data were obtained with High Momentum Spectrom-
eter(HMS) for lower angles between 21° to 39° for SuperHMS (SHMS), and for larger
angles up to 59° HMS was used. The data is from an inclusive nuclear scattering of
a 30 to 60uA and 10.602GeV electron beam striking a 10 cm liquid *H and 2H in an
aluminum casing target. The acquired data contain backgrounds. Charge symmetric
processes are one of the major contributors to the background. Charge Symmetric
Background (CSB) accounted for about 6 to 20% [1] contribution of background in the
data. It is higher at higher angles.

3.1.1  Charge Symmetric (CS) Processes

CS processes produce electrons that are indistinguishable from that of the scattered
electrons. Neutral Pion Decay is the major source of CSB because within the Q2 value
that we are probing the nucleon, it is favorable for the production of neutral Pions. The
neutral Pion have a 98.8% probability of decaying into two gammas. The produced
gammas from the decay, subsequently undergo pair production producing electrons
and positrons.

Family Pion (r)
Characteristics anly uand d flavars, spin 0

Members ER L

Particle pion (i) i "o eken pion ()
()

Half-life (s) 1.804e-8 5.91e-17 1.804e-8

Mass (MeV/c?) 139.57 134.98 . 139.57

Charge +1 0 -1

Spin o 0 o

w° — 2y 98.8%
m® se +et+y 1.2%

mt/~ S ut/T + v, 4
>

Figure 2 Positive, neutral, and negative Pions constituent quarks. Neutral Pion decay
channels and branching ratio.
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As seen in Figure 2. The second branch decays directly to positron, electron, and
gamma. The process is charge symmetric because the number of electrons and
positrons produced in the process is the same.

3.2 CSB Analysis

Exclusive scattering experiments have the advantage that the setup can be made to
eliminate a large number of background electrons by performing a coincidence be-
tween the scattered electron and the struck nucleon. This procedure is not obtainable
in the inclusive experiment, as only the scattered electrons are detected in the experi-
ment. However, the CS process is charge symmetric. Implying that by measuring the
positron counts, the number of electrons produced in the process can be obtained.
The positron yield for the experiment is measured by changing the polarity of the spec-
trometer magnet with the same kinematic settings as that of the electrons. From the
whole electron yield (e-) with the same kinematics, the positron yield (e+) to scattered

electron yield ratio _+€+ is then obtained.

€
e—

3.3 = Extraction From the Data

The computation involves the choice of the input variables. The input variables are
based on the results one is interested in checking. The inputs are the target, Spec-
trometer angle, type of spectrometer, and the central momentum value.

The data from each run of the experiment is used. The collected data is Y,,,. Itis
corrected event by event to obtain Y,,.... The weighting used for this correction is
PCTF/(gtTaCk * Etrig * biol * CLT)

Yeop % PCr

Etrack * Etrig * biol * CLT

(3.1)

}fcor'r-d =

Equation 3.1 gives the result Y,,,..4 of the first correction applied to experimental data
Y..,, computed event by event. PC is the pion contamination, e, iS the tracking
efficiency, ¢, is the triggering efficiency, biol is the boiling correction due to the heating
of the liquid target and Cr is the computer live time.

Ycorrd = Yeorra ¥ PS (32)
At the end of every run, Y¢,..q Yield is obtained by multiplying Y.,..¢ with the pre-scale

(PS) value. As seen in equation 3.2.

YCorrd
Y, arge orm. — — 3.3
Charged_N Cha,rgetot_ ( )
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Furthermore, at the end of every run for a particular kinematic setting and for positron
or electron specie, the whole charge for that run is collected and added together for the
whole available runs of such settings to obtain Charge;.;.. The charge normalized yield
Ycharged_Norm. IS then obtained by dividing Y¢,,.¢ With Charge,,. as given in equation
3.3. Figures 3 and 4 give two examples of the charged normalized yield for hydrogen
target with central momentum of 1.966 GeV, for SHMS spectrometer angle of 29° for
positron and electron respectively.

Charged_Norm_Hist_pTG: 1.010000SPAng:28.900000Mom:1.966000. Charged_Norm_Hist_eTG: 1.010000SPAng:28.900000Mom:1.966000.

Yield_mom_1 Yield_mom_1
g r Entries 37545 é 0.7 Entries 399012
S 0.05— * Mean 1923 © r Mean 2013
Z| = Std Dev 0.1352 Z| C Std Dev 0.1726
% L 4 % 0.6
> 004 s F
b = + & 05—
0.03— + 0-4;
L + C
H . 0.3
0.02f F
L 0.2
001 F
L 01
0:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\ 0:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 4.5 5
Momentum GeV/c Momentum GeV/c
Figure 3 Positron Charged Figure 4 Electron Charged

Normalized Yield for Hydrogen at 29°. Normalized Yield for Hydrogen at 29°.

The e_e_+e+ is obtained by taking the ratio of the positron histograms to the electron
minus positron histograms as stated in equation 3.4

€+ YCharged_Norm._e-l—

— (3.4)

e — €+ YCha'rged_Norm._e— - YChargediorm.ie—i—

Equation 3.4 gives the ratio of the positron in the data to the number of scattered
electrons detected. The amount of scattered electrons from the total electrons detected

iS e — €+ = YChargediorm.ie— - YCharged_Norm._e+-
3.4 Corrections on Data

et
e~ —et

The amount of individual corrections seen in the yield is calculated using egn 3.5.

Yoo Yeop  Yewy Yoo

Y-corrd = = Y-e:np * PCﬂ- (35)

Y — ’ y — . ’
CLT €track strig biol

An example is seen in figure 5. One can see that the Computer livetime has the largest
contribution in increasing the —<— vyield relative to the other corrections. On the other

e~ —et

hand, the pion contamination lowers the % yield. A further correction check was

e—
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e+/(e- - e+) Ratio: Target: 1.010000, SpecAng: 28.990000, Mon: 1.966000

B o0eF . = Comp Lve ime  F B
, 0.08 b Trackng £ " 0,08 :
d E * —e— Trigger Eff E)/ F *] —-—
307 p L e S0 : L
0.06— o 0.06F %
E o F *
0.05F- % 0.05F .,
= ° E ®
0.04; D 0.04F H
£ . 2 L
0.03E X 0.03E %
0.02F % 0.02F- %
E o, E %
001F "':?:; 001 "ees
OkAAlAAAlkkklAAAlAAAlAAAlkkklkkklkkklkkklkkk OkAAlAAAlAAAlAAAlAAAlAAAlkkklkkklkkklkkklkkk
1 12 14 16 18 2 22 24 26 28 3 32 1 12 14 16 18 2 22 24 26 28 3 32
Momentum GeV/c Momentum GeV/c
. . + . . . +
€ . €
Figure 5 Histogram of ——: corrections Figure 6 Histogram of ——:

e+/(e- - e+) Ratio: Target: 1.010000, SpecAng: 28.990000, Mon: 1.966000

. corrections

placed separately to visualize their effects. added sequentially to visualize their effects.

performed to see the total contributions added sequentially. Equations 3.6 to 3.10 were
used respectively. An example of such a plot is in figure 6. One can generally see that
the corrections sequentially increased the 8_6_*6+ yield. While the pion contamination
lowers the e,efe+ yield below the plain one at larger momentum and just above the plain
one at lower momentum. In general, the corrections are less at higher momentum and

more at lower momentum.

Yewp
Yeorra = (36)
Crr
}fea:p
Yeorra= ——— (37)
C’LT * Etrack
}/ea:p
Yeorra = (38)
CLT * Etrack * Etrig
Yeu
Yeorra = P . (39)
CL1 * €track * Etrig * biol
Yeup ¥ PCr
Yeorra = i (31 0)

CLT * Etrack * Etrig * biol

3.5

—=" for SHMS Data
The <" was obtained for different angles (39°,29°,21°) and targets (H, D). The result
is seen in figure 7.

Figure 7 includes all the kinematics settings that were taken with SHMS during the
experiment that contain positron data. The result indicates that the CSB contribution
is low at smaller angles and higher momentum than at larger angles and smaller mo-
mentum.
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SHMS CSB_e+/e_Results SHMS CSB_Results
o o2 — = 022 o
b oo o % 02f= E;
018F- = O o8l .
0161 == 2 o1sE- -
0-14; ‘g 0‘14; °
= x =
0.12; 8 0.12;
01 s o01f
oont- . 8 oo
0,06/ ‘e 0.06/—
004 % ooaf—
002E- S, : % - 002
N A I ot .Y Y Ml e 282888RRAng oEL.
12 14 16 18 2 22 24 2.6 3. 12
E'[GeV]
Figure 7 Plot of -~ as a function Figure 8 Positron cross-section.
of scattered electron energy for different Compared with results from James Madi-
angles. It's more at higher angles son University (JMU)

To be able to estimate the number of positrons in the data where the positron runs
were not taken during the experiment, a method was developed that involves obtaining
a relationship between two parametrized values obtained from the positron differential
cross-section. The positron cross-section is obtained from the product of the measured

electron radiative corrected differential cross-section % with the e_efe + yield, as
given in equation 3.11.
d20'e+ Y;+ d20'e—
= ( ) (3.11)

dQdE  ‘Y,- — Y. dQdE’

Figure 8 is the positron cross-section, obtained from the data as a function of the
scattered electron energy. The result is in agreement with earlier results from JMU
with the black square markers.

The results in figure 8 were fitted with the parametrized positron differential cross-
section of equation 3.12.

d’o .+

dQdE’

= ePo(ePr(B—E) _ 1) (3.12)
The parametrized positron differential cross-section j;(;g is parametrized in terms
of E,, E' which are the beam and scattered e~ energy and the parameters py, p;.
po(6),p1(0) are used to calculate this effect at other angles (6 = 25°, 33°), where e*
data were not taken due to time constrain.

Figure 9 is contained the values of the fitting performed using equation 3.12. It also
contained the result of the relative percentage error from this fitting to those obtained
from JMU. The relative percentage error is obtained using equation 3.13. Where P, is
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PO PO error P1 Pl erroiP0O JMU P1 JML % Error PO % Error P1
H21 -31.28 0.087 3.58 0.011 -31.4 3.57 0.3821656051 0.2801120448
D21 -31.31 0.048 3.58 0.006 -31.4 3.57 0.2866242038 0.2801120448
H29 -48.08 0.052 5.2 0.006 -48.2 5.19 0.2489626556 0.1926782274
D29 -48.11 0.084 5.2 0.009 -48.2 5.19 0.1867219917 0.1926782274
H39 -68.85 0.065 7.16 0.007 69 7.14 0.2173913043 0.2801120448
D39 -68.9 0.084 7.15 0.009 -69 7.14 0.1449275362 0.1400560224

Figure 9 Positron cross-section fitting parameters values with the relative % error

the fitting parameter from this work and P, ¢ is that from JMU. i is either O for the first
parameter or 1 for the second parameter.

P,—P,
% Error =| P—W | %100 (3.13)
i, J MU

Figure 10 is the relative percentage of errors for the fitting parameters value repre-
sented in a bar chart. One sees that the relative errors are less than 0.4%.

0.4 m H21

m D21

H29

0.3 m D29

m H39

W D39
0.2
0.1
0.0

% Error PO % Error P1

Figure 10 Percentage error of fitting parameters relative to that from JMU

The fitting is consistent with the results obtained by JMU. The largest fitting error is
seen at the smallest angle of 21° of about 0.38%. The CSB is similar for both types of
targets.
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4 Conclusion

4.1 Conclusion

SHMS Charge symmetric background has been analyzed. It was compared with re-
sults earlier obtained by JMU for the spectrometer angles of 219, 29°, and 39° each
with two targets (*H and 2H). The results for the spectrometer angle of 39° indicate the
largest Charge Symmetric background contribution. While the largest fitting error of
0.38% is at 21°. The results imply that a framework has been developed that can be
used for other angles analysis, where the positron data was not taken. And can easily
be adapted for the HMS detector data analysis.

4.2 Future work

This work implies that a framework has been developed and can be used for further
data analysis. The framework will be used to analyze the HMS data for a spectrometer
angle of 59°. The 59° data analysis is significant [9] because it is where the Q? is
the largest, with the CSB contribution expected to be high. It also has the smallest
contribution to the cross-section.
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