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ABSTRACT

CHARGE SYMMETRY VIOLATION QUARK DISTRIBUTIONS VIA

PRECISE MEASUREMENT OF π+/π− RATIOS IN SEMI-INCLUSIVE DEEP

INELASTIC SCATTERING

Shuo Jia

Temple University, December 2022

Dr. Nikolaos Sparveris, Chair

Charge symmetry in the nucleon parton distributions assumes the distribution

of quarks in the proton is related to those in the neutron. Indirect experimen-

tal evidence constrains Charge Symmetry Violation (CSV) to be less than 9%.

In Quantum Chromo-Dynamics (QCD), charge symmetry is broken by the mass

difference between the up and down quarks. CSV in the valence region can be

extracted from precision measurements of the cross section ratio of charged pion

production in semi-inclusive deep inelastic scattering (SIDIS) from deuterium.

Such measurements were proposed and carried out in experiment E12-09-002 at

Jefferson Lab. The experiment was conducted in Hall C from fall 2018 to spring

2019 using the upgraded 10.6 GeV incident electron beam. In this SIDIS experi-

ment, charged pions are detected in coincidence with scattered electrons covering

the four-momentum transfer of the virtual photon Q2 from 4 to 5.5 GeV2, the

Bjorken variable x for 0.35-0.65, and the fraction of energy transfer carried by the

outgoing pion z from 0.4-0.7.
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Chapter 1

INTRODUCTION

1.1 Charge Symmetry and Breaking

In a nuclear system, isospin (IS) and charge (CS) symmetries are introduced

to describe the underlying physics of matter and forces. Meanwhile, Quantum

chromodynamics (QCD) is the theory to describe the strong interaction between

fundamental constituents of matter, quarks and gluons. Invariance under rotation

in isospin space in all directions implies isospin symmetry, such that the QCD

Hamiltonian commutes with the isospin operator(T), i.e.

[H; T ] = [ H; T 2] = 0

CS is de�ned as a speci�c isospin rotation. The invariance is with respect to

a rotation of 180� about the y-axis, where the charge corresponds to the third

axis[51][16].

[H; PCS ] = 0; PCS = exp(i�T 2)

Consequently, isospin symmetry necessarily implies the validity of charge symme-
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try; however, the converse is not necessarily true. As charge symmetry is a more

restrictive symmetry than isospin symmetry, it is generally conserved in strong

interactions to a greater degree than isospin symmetry. Thus, while in many

nuclear reactions, isospin symmetry is violated at the few percent level, in most

cases, charge symmetry is obeyed to better than one percent[37].

At nuclei level, the CS operator interchanges neutrons and protons. The proton

and neutron masses are equal to about0:1%. The binding energies of tritium3H

and 3He are equal to about1%, after including the Coulomb corrections[65]. The

scattering length of the interaction between neutron-neutron and proton-proton

is similar to 1%[30]. Also, the mirror interaction in isospin space have the similar

cross-section, e.g.,� (n;3 He) ' � (p;3 H )[59].

At the quark level, CS turns a u quark into a d quark and protons into neutrons,

PCS jdi = jui ; PCS jui = � j di

CS indicates the invariance of a system under the interchange of up and down

quarks while simultaneously interchanging protons and neutrons, i.e. Eq. (1.1)

[52].

up(x; Q2) = dn (x; Q2)

dp(x; Q2) = un (x; Q2)

sp(x; Q2) = sn (x; Q2) � s(x; Q2)

cp(x; Q2) = cn (x; Q2) � c(x; Q2)

(1.1)

At the current stage, the degree of charge symmetry violation (CSV) in valence

quark distribution is unknown, however, as it is expected to be relatively small

[37], CS has been universally assumed in the global analysis and extraction of

PDFs. Nearly all extractions of PDFs from �ts to data impose CS, which reduces
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the number of free parameters. The validity of charge symmetry is required for

sum rules and many relations between the structure functions[27][28][3].

However, CS is broken by a few percent at the quark level. QCD derives

that CSV is related to the mass di�erence and the electromagnetic interactions.

The latter plays a minor role at a high energy level, but the mass di�erence is

an interesting part of CSV according to QCD. The CSV is estimated to be of

the order of the up-down quark mass di�erence divided by some average mass

expectation value of the strong Halmitonian,[53][30]

(md � mu)
hM i

wherehM i has a value roughly 0.5-1.0 GeV. This would put the CSV e�ect at 1%

or smaller [37].

Precision measurments of CSV in single-pion production in few-body systems

[62][78] brought out the CSV at low energies[54][60][85][31]. The success in low

energy CSV draw attention to the CSV at high energy range, the partonic part.

Charge-symmetry violation in the parton distributions is de�ned for the up

and down quarks as [43]

�d (x) � dp(x) � un (x);

�u (x) � up(x) � dn (x);

CSV(x) � �d (x) � �u (x) :

(1.2)

with similar de�nitions for anti-quark distributions. The strange quark distribu-

tions are the same in both the proton and neutron, as well as the antistrange

distributions.It's bene�cial to introduce the valence and sea quark distributions,

uv(x) = u(x) � u(x); dv(x) = d(x) � d(x) (1.3)
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For valence quark distributions, quark �avor number conseravations yields the

quark normalization conditions:

1
2

Z 1

0
up

v(x)dx =
1
2

Z 1

0
dn

v (x)dx =

Z 1

0
dp

v(x)dx =
Z 1

0
un

v (x)dx = 1;

Z 1

0
s(x)dx =

Z 1

0
c(x)dx = 0

(1.4)

The CSV in Eq1.2 can be decomposed into valence and sea pieces,

�u v(x) = un
v (x) � dn

v (x);

�d v(x) = dp
v(x) � un

v (x);

� u(x) = un (x) � d
n
(x);

� d(x) = d
p
(x) � un (x)

(1.5)

From the constrain of valence quark normalization (Eq. 1.4) and the de�nition of

CSV (Eq. 1.2), we arrive at the constraints

Z 1

0
�u v(x)dx =

Z 1

0
�d v(x)dx = 0 (1.6)

which leads to

Z 1

0
�d (x)dx =

Z 1

0
� d(x)dx;

Z 1

0
�u (x)dx =

Z 1

0
� u(x)dx (1.7)

and
Z 1

0
CSV(x)dx = 0 : (1.8)

Charge symmetry is widely assumed in parton distribution functions (PDFs),

but it is so common that this assumption is not always mentioned. However,

there are no direct measurements of the contributions from CSV. Nevertheless,

the apparent violation of SU(2) �avor symmetry in the nucleon draws attention

to CSV. The Gottfried sum rule[27] written in terms of the proton and neutron
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structure functions F2 is de�ned asSG =
R1

0 (F p
2 � F n

2 )dx=x. It can be expressed

in the quark-parton model in terms of the quark momentum distributionsqi (x):

SG =
Z 1

0

X

i

e2
i [qp

i (x) + qp
i � qn

i (x) � qn
i (x)]dx (1.9)

whereei is the charge of a quark of �avori . The integral represents the di�erence

between the sum of the squares of the quark charges in the proton and neutron.

Assuming charge symmetry and valence quark normalization condition1.4, theSG

becomes:

SG =
1
3

+
Z 1

0

X

i

e2
i [2qp

i (x) � 2qn
i (x)]dx (1.10)

The assumption of isospin symmetry between the proton and the neutron (u �

up = d
n

and d � d
p

= un ) and the �avor-symmetric sea (u = d) the sea quark term

in Eq.1.10 vanishes and the expected result is1=3. The value ofSG is determined

from F p
2 � F n

2 which can be expressed asF p
2 � F n

2 = 2F d
2 (1� F n

2 =Fp
2 )=(1+ F n

2 =Fp
2 ).

The ratio F n
2 =Fp

2 � 2F d
2 =Fp

2 � 1 is determined by the ratio of deuteron/proton

measured cross-section. The New Muon Collaboration (NMC)[63] is0:240� 0:016,

signi�cantly below the simple quark-parton model result of1=3.

The violation of the Gottfried sum rule has an alternative explanation, that of

CSV in the proton sea. Ellis and Stirling noticed [22] an elegant way of observing

the CSV in proton sea by the Drell-Yan process. The proton-nucleon collisions,

pN �! l+ l � + X cross section asymmetry is de�ned as

ADY =
� pp � � pn

� pp + � pn
(1.11)

where � pp and � pn are the cross-sections for dileptons produced in p-p and p-

n collisions. The asymmetry can be written in terms of valence and sea quark
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structure functions in the Drell-Yan model

ADY =
(4uv � dv)(u � d) + ( uv � dv)(4u � d)

(4uv + dv)(u + d) + ( uv + dv)(4u + d)
(1.12)

By substitution of up quark to down quark ratios for the valence and sea parton

distribution, � v(x) = uv(x)=dv(x) and � s(x) = u(x)=d(x), it becomes

ADY =
(4� v � 1)(� s � 1) + ( � v � 1)(4� s � 1)
(4� v + 1)( � s + 1) + ( � v + 1)(4 � s + 1)

(1.13)

In the NA51 collaboration at the CERN [7] region, typical values for� v are slightly

higher than 2. Sea isospin symmetry means� s = 1, for � v = 2, leads toADY =

0:09. The NA51 experiment measures cross-sections for proton beam scattered

on proton and deuteron targets. TheADY can be measured from the ratio of

Drell-Yan cross-sections

ADY = 2
� pp

� pd
� 1 (1.14)

with the assumption � pd = � pp + � pn . The experimental result onADY is four

standard deviations away from the values obtained with an isospin symmetric sea.

Values of� v are taken within a range[2; 2:7] and induce an additional systematic

uncertainty on � s. The measured value of� s at x = 0:18 is

� s = 0:51� 0:04(stat) � 0:05(syst) (1.15)

This result suggests that isospin symmetry is violated in the light quark sea of the

nucleon. Some recent results from several groups are shown in Fig.1.1

Fermilab Experiment 866 measured the Drell-Yan muon pair yield from 800

GeV=cproton bombardment of liquid deuterium and hydrogen targets. Thed=u

and d� u in the proton over the range0:02 < x < 0:345are extracted. A signi�cant

di�erence between thed and u distribution is found. [29] The results from the
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Figure 1.1: A recent result of � s and � v from some groups[57][89][68] as de�ned in Eq.1.13, Q is 2 GeV which is

around the CSV experiment setting.

NA51 collaboration at CERN and the Drell-Yan experiment at FNAL do support

the existence of �avor asymmetry in the sea quark region. However, this could

also in principle be explained even if �avor symmetry were conserved if we assume

CSV in the nucleon sea.

The valence quark CSV is also critical since it makes a more signi�cant con-

tribution than the sea quark CSV in the extraction of the Weinberg angle from

neutrino Deep Inelastic Scattering (DIS). The "Nutev anomaly", which is from

the NuTeV collaboration[91], can be explained by the assumption of CSV in the

valence quark region. The NuTeV collaboration uses high purity neutral current

(NC) � and charged current (CC)� beam produced from the decay of pions and

kaons provided by Fermilab. Neutrino interactions were observed in the NuTeV

detector with the criterion that the visible energy in the calorimeter satis�ed the

relation 20 < E vis < 180GeV, and the event vertex was contained in the calorime-
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ter. After the selection, the results data sample of 1.62 million� and 0.351 million

� events were used to extract the independent value for the weak mixing angle, or

Weinberg angle in terms ofsin2 � W , using a procedure 1.16 suggested initially by

Paschos and Wolfenstein[64].

RP W �
h� �N 0

NC i � h � �N 0
NC i

� 2
0(h� �

CC N0i � h � nuN 0
CC i )

=
1
2

� sin2� W =
R� � R�

1 � rR �
(1.16)

In Eq.1.16, h� �N 0
NC i is the total neutral current inclusive cross-section for the neu-

trinos on an isoscalar target. The quantity� 0 � MW =(M zcos�W ) is one in the

Standard Model. The Paschos-Wolfenstein (PW) ratio can be written in terms

of ratios of NC to CC ratio of the total cross-section on an isoscalar target in-

duced by neutrinosR� , by antineutrinos R� and the ratio of CC cross sections for

antineutrinos to CC cross section induced by neutrinosr .

The result from NuTeV group issin2 � W = 0:2277� 0:0013(Stat) � 0:0009(Syst)

which is surprisingly three sigma away from the measured value for the Wein-

berg angle obtained from electroweak (EW) processes near the Z pole,sin2� W =

0:2227� 0:00037, the NuTeV anomaly. There are no universally accepted complete

explanations yet.

The derivation of PW ration requires lots of assumptions: an isoscalar tar-

get; neglects contributions from quark masses; assumes isospin symmetry in the

parton distribution functions; neglects nuclear e�ects in PDFs; and neglects any

contributions outside the Standard Model[41]. It is quite di�cult to �nd new

particles beyond Standard Model that contribute to the NuTeV neutrino mea-

surement but do not change other measured quantities from their experimental

limits. It's probably wise to consider Standard Model explanations. The correc-

tion to the Weinberg angle because iron is not an isoscalar target has already
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been considered by the NuTeV group and it's well under control. The radiative

correction for the charge current events used by the NuTeV group for the estimate

of uncertainty might be too optimistic.

Another contribution comes from isospin violation, the charge symmetry viola-

tion in parton distributions. The correction to the PW ratios from parton charge

symmetry violation (�d v(x) � dp
v(x) � un

v (x); �u v � up
v � dn

v (x)) has the form:

� RP W
CSV � [1 �

7
3

sin2� W ]
�U v � �D v

2(Uv + Dv)
;

Qv �
Z 1

0
x[q(x) � q(x)]dx

(1.17)

The small QCD radiative correction terms are simpli�ed to be proportional to� s,

and only the valence PDFs contribution remains.

The phenomenological �ts of PDF from the MRST group[46] include sea quark

CSV and valence quark CSV. The valence quark CSV makes a substantially larger

contribution to the extraction of the Weinberg angle from neutrino DIS. Using the

sea-quark CSV and the best-�t value for valence quark CSV obtained by the MRST

group would remove roughly 1/3 of the NuTeV anomaly. The CSV estimated value

within the 90%con�dence limit from MRST would completely remove the NuTeV

anomaly. Compared with the phenomenological �ts of MRST, the theoretical

estimates of valence PDF CSV by Sather[70] and Rodionovetal.[69] both reduce

the size of the NuTeV anomaly.

To extract the CSV e�ect in the valence quark distribution, we measured

SIDIS with a charged pion in the Super High Momentum Spectrometer (SHMS)

in coincidence with a scattered electron in the High Momentum Spectrometer

(HMS). In order to determine the CSV e�ects, we evaluate the ratio of two charged

pion polarity yields by this SIDIS measurement. Although the absolute yield is
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not required, the precision of two spectrometers assured the accuracy of our ratio.

This experiment has severalQ2 (4,4.7,5.5GeV2) settings; for the range of x is

0:35 � 0:5, 0:45 � 0:6 and 0:5 � 0:65 respectively, and z from 0.4 to 0.7. These

kinematic settings were not accessible to be measured in the previous experiments;

however, the precision and su�cient range make it possible to probe this small

component of quark distribution functions. The experiment can not only constrain

the limit of CSV on quark distribution but also enrich the data set for Thomas

Je�erson National Lab (JLab) Hall C SIDIS program.

1.2 Experimental Limits

Without direct measurements that reveal the presence of CSV in parton dis-

tribution functions, there are only some upper limits on the magnitude of CSV.

The precise neutrino measurements of the CCFR collaboration[74] and muon

interactions of NMC collaboration[37] give an upper limit of 9% at the region of

0:1 < x < 0:4.The limits arise from comparing the structure functionF �
2 measured

in neutrino induced charged current reactions and the structure functionF 

x for

charged lepton DIS, both measurements on isoscalar targets. In leading order,

assuming parton charge symmetry, the structure functions have the form [37]

F 
N 0
2 (x) �

5Q(x)
18

+
x
6

(c(x) + c(x) � s(x) � s(x)) ;

F W � N0
2 (x) � Q(x) � x(s(x) � s(x) + c(x) � c(x));

Q(x) =
X

j = u;d;s;c

x(qj (x) + qj (x))

(1.18)

whereF W � N0
2 is the structure function for charged current reaction produced by

neutrinos. The relation between the charged-lepton and neutrino structure func-
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Figure 1.2: The ratio Rc (x; Q 2 ) vs. x using CCFR neutrino data combined with muon DIS data. Solid circles

are from NMC � � D data[5]; open triangles are from BCDMS group[87];solid triangles are from SLAC electron

scattering data[6]

tion is de�ned as Rc(x; Q2)[13][82]:

Rc(x) �
F 
N 0

v (x) + x(s(x) + s(x) � c(x) � c(x))=6

5F2
W N 0 (x)=18

;

� 1 +
3x(�u (x) + � u(x) � �d (x) + � d(x))

10Q(x)

(1.19)

The quality F
W N 0

2 is the average of neutrino and antineutrino,F2, charge chang-

ing structure functions. The strange and charm PDFs are known. It includes

the CSV parton distribution �u (x) and �d (x). The neutrino measurements are

from the CCFR group[74], which extracted theF2 structure function for neutrino

and antineutrino interactions using the Quadrupole Triplet Beam at FNAL. The

F2 structure functions from DIS reactions using high-energy muons or electrons

measured by the NMC group[5], BCDMS muon scattering experiments,[87] and

electron scattering results from SLAC [6]. The ratioRc is plotted in Fig.1.2 vs. x.

In the region 0:1 < x < 0:4, the charge ratioRc test is consistent with unity, with

errors in the range2 � 3%. Solving the CSV fromRc, one can set an upper limit
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to the parton CSV e�ects in this x range at about6 � 9% level. For large values

of x the upper limit on CSV e�ects is substantially greater. This is due to both

the poorer statistics and the large Fermi motion corrections needed for the heavy

target iron used for the CCFR group.

Theoretical estimates of parton CSV for valence quarks can be obtained by

examining simple models for parton distribution functions, then observing how

these change upon applying the operations of charge symmetry. Some theorists,

Sather[25] and Rodionov et al[69], investigated valence quark distributions for the

proton and neutron in a quark model and in the MIT bag model respectively.

Sather[70] assumed the CSV was from the neutron-proton mass di�erence

�M � M n � M p and the di�erences in diquark masses. In a valence quark approx-

imation, the nucleon is constructed by three valence quarks,

jpi � [uud]; jni � [udd] (1.20)

The Adelaide group[75] developed a method for calculating twist-two valence par-

ton distributions through the relation

qv(x; � 2) = M
X

X

j hX j
1 + � 3

2
� (0) jN i j 2 � � (M (1 � x) � p+

X ) (1.21)

where � 3 = 
 0
 3. This equation denotes that one quark is removed from three

valence quarks, leaving a residual diquark.

There are several potential sources of CSV in Eq. 1.21. The CSV comes from

electromagnetic e�ects is at the order of electromagnetic coupling constant� . This

is tiny compared with the other sources like the mass di�erence. One is then � p

mass di�erence�M � M n � M p, this is the result of all electromagnetic e�ects

including the u � d quark mass di�erence. A second e�ect is the di�erence in
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Figure 1.3: Theoretical valence CSV PDFs from Sather. Solid curve: x�d v ; dashed curve: x�u v . The valence

PDFs were preliminary �ts to CCFR Tevatron structure functions evolved to Q2 = 12 :6GeV 2

diquark masses� ~m = mdd � muu . With the variational method, the CSV can be

written:

�q �
@qv
@�~m

� ~m +
@qv
@M

�M (1.22)

The valence quark CSV is related to the derivative of the valence PDFs,

�d v(x) � dp
v(x) � un

v (x)

= �
�M
M

d
dx

[xdv(x)] �
�m
M

d
dx

dv(x)

�u v(x) � up
v(x) � dn

v (x)

=
�M
M

(�
d

dx
[xuv(x)] +

d
dx

uv(x))

(1.23)

where M is the n-p mass di�erence,�M = 1:3MeV, and �m = mdd� muu � 4MeV

is the down-up quark mass di�erence. The numerical results showedup(x) and

dn (x) satis�ed CS to within 1% while dp(x) and un (x) were predicted to violate

charge symmetry by 2-3% as in Fig.1.3.

According to the calculation of Rodionov[69], the CSV term for large x region

can go up to 5%. He explicitly included the e�ect of quark transverse momentum
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Figure 1.4: MRST valence isospin symmetry breaking PDF corresponding to best �t value � = � 0:2

within the MIT bag model.

Because CSV e�ects are typically very small at nuclear physics energy scales, all

previous phenomenological parton distribution functions have assumed the validity

of parton charge symmetry. However, the MRST group[46] has included isospin

violation in a phenomenological evaluation of PDFs. They used a wide range of

high-energy data to get a global �t of PDFs. The model for valence quark charge

symmetry violating PDFs is chosen to be:

�u v(x) = � �d v(x) = �f (x);

f (x) = (1 � x)4x � 0:5(x � 0:0909)

(1.24)

which is plotted in Fig.1.4. The integral over x of the valence CSV PDFs

�d v � dp
v(x) � un

v (x) and �u v � up
v(x) � dn

v (x) must be zero, which is the quark

normalization condition. At both small and large x, f(x) has the same form as the

MRST valence quark distributions, and the �rst momentum of f(x) is zero. The

coe�cient � was varied in a global �t to high energy data. The best �t is obtained

at � = � 0:2 as in Fig.1.5. It corresponds to at maximum about a3% violation of
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Figure 1.5: MRST shallow � 2 minimum

(a) large xbj range (b) experiment xbj range

Figure 1.6: MRST valence CSV �d � �u �rst momentum corresponding to best �t value � = � 0:2 and the 90%

con�dence value � = � 0:8 and � = 0 :65

isospin forun
v (x).

The CSV de�ned in this experiment is�d � �u , plotted from the MRST models

is in Fig.1.6a. The90%con�dence level is obtained for� = � 0:8 or � = 0:65. The

experiment x ranges from 0.3 to 0.7, the prediction of CSV from MRST models

for the experiment range is in Fig.1.6b

The calculation of CSV by photon radiation and quark mass di�erence suggests

that the CSV is 20%larger than the value based on quark mass di�erences alone

at a scale of 5GeV2[86]. The calculations showed CSV violating e�ects as large
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as5% at large-x, while they were at the percent level in the momentum fractions:

�U =
Z 1

0
dxx�u (x); �D =

Z 1

0
dxx�d (x) (1.25)

In the lattice calculation, the dynamical parton distributions generated radia-

tively from valence-like inputs at low scales are determined from the global �t

by GRV[26], taking into account small-x data on deep inelastic and other hard

scattering processes. The QED radiation on DIS processes is important, which

is added to the valence quark charge asymmetries. The DGLAP evolution equa-

tions are modi�ed by photon PDF. At the low scaleQ2
0, the major part of the

input photon distribution � comes from the coherent emission of the photon from

the elastic proton�[47]. Both QCD and QED radiation is treated as incoherent

radiation from the quarks in the evolution.

The pure QED contributes to the charge symmetry violation in both�u v and

�u v. At Q2 = 4GeV2, the QED contribution to the second momentum is� 0:00099

for �U v and � 0:00009for �D v. The QCD contributions to the second momentums

are derived by extrapolating the �rst lattice simulations to the physical point:

�U v = 0:0023(7); �D v = 0:0017(4) (1.26)

where the number in brackets indicates the error in the last signi�cant �gure.

Combining the QED and QCD contributions, the total isospin violation dis-

tributions at Q2 = 4GeV2 are shown in Fig.1.7. The quantity is comparable with

the MRST prediction.
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Figure 1.7: The charge symmetry violation x�u v and x�d v valence quark distribution for Q2 = 4 GeV 2 . Dash-

dotted, dashed and solid curves represent pure QED, pure QCD, and the total contributions, respectively.
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Chapter 2

FORMALISM

2.1 Deep Inelastic Scattering

Deep Inelastic Scattering is a scattering process used to probe the insides of

hadrons. In the lowest order deep inelastic electron-proton scattering, a single

photon is exchanged between the electron and the proton. A lepton is scattered

on a hadron and breaks the hadron into several pieces. The lepton in the �nal

state is detected with four-momentumk0. If the �nal state hadron is detected in

coincidence with the scattered lepton, it is semi-inclusive DIS (SIDIS).

l + N ,! l0+ X (2.1)

A lepton l with four-momentum k(E,
�!
k ) is scattered on a hadron N with four-

momentum P(ET ,�! p ). The scattered leptonl0 with four-momentum k0(E 0,
�!
k0) is

detected.

There are two independent variables that are Lorentz invariant to describe the

kinematics of inclusive DIS. The momentum transfer to the nucleon, de�ned as

Q2 = � qs, is directly related to the resolution of the lepton probe. Theq is four
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Figure 2.1: Deep-Inelastic scattering of a lepton with four-momentum k o� a proton with four-momentum P. The

scattered lepton has four-momentum k0. If one of the �nal states is detected in coincidence with the lepton, it is

semi-inclusive deep-inelastic scattering.

momentum vector of the exchanged gauge bosonq = k � k0 = ( E � E 0;
�!
k �

�!
k0).

For q2 = 0, the photon is real. Forq2 < 0, the exchanged photon is an o� mass

shell virtual photon. It carries some extra energy for a small period of time. The

minus sign forQ2 insures it is positive.

Q2 = � q2 = 2( EE 0 �
�!
k �

�!
k0) (2.2)

And the other independent variable is Bjorken scaling variable x, a measurement

of the momentum fraction of the stuck parton that is hit compared to the whole

neutron[12]:

xBj �
Q2

2P � q
=

Q2

2M�
(2.3)

where� is the Energy loss of the lepton in the nucleon rest frame.

� �
P � q
M

= E � E 0 (2.4)

A related invariant term, called the fractional energy loss is de�ned as:

y �
P � q
q � k

=
E � E 0

E
(2.5)
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Another important variable is the invariant mass squared of the hadronic �nal

state:

W 2 = ( P + k � k0)2 = ( P + q)2 = M 2 + 2M� + q2 (2.6)

For elastic scattering, W 2 = M 2, and Bjorken scaling variablexbj = 1; for

inelastic scattering, thexbj is between0 < x bj < 1, and the invariant mass squared

is higher than M 2, since it get higher energy to form more �nal hadronic states,

W 2 = M 2 +
1 � x

x
Q2 > M 2 (2.7)

2.2 Structure Function and Quark-Parton Model

The cross section for deep-inelastic scattering can be derived with Quantum

Electromagnetic Dynamics:

d2�
d
 dE

=
� 2E 0

Q4E
L �� W�� (2.8)

The d
 is the solid angle of scattered lepton. The lepton tensorL �� describes the

lepton-photon coupling in the electron vertex. The hadron tensorW�� describes

the coupling of the virtual photon to the hadronic system in the hadron vertex.

It contains all nucleon structure information, given by[39][21]:

W�� =
1

4�

Z
d4xeiqx hP � jJ� (x)J� (0)jP � i (2.9)

For unpolarised DIS, due to gauge invariance:

q� W�� = q� W�� = 0 (2.10)

The W�� can be expressed in terms of only two structure functionsW1(Q2; � ) and

W2(Q2; � ) which reveal essential information for its inner structure:

W�� = W1(Q2; � )( � g�� �
q� q�

q2
)+ W2(Q2; � )

1
M 2

(P� �
P � q
q2

q� )(P� �
P � q
q2

q� ) (2.11)
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As a result, the cross-section formula in the rest frame of the proton where the

electron scattering angle is� :

d2�
d
 dE0

= (
d�
d


)Mott (2W1(Q2; � )tan2 �
2

+ W2(Q2; � )) (2.12)

where the( d�
d
 )Mott is the Mott cross section for point like electron scattering:

d� Mott

dQ2
=

4�E 02

Q4
cos2

�
2

(2.13)

In the DIS regime, in the limit � �! 1 , Q2 �! 1 , �W 2 and W1 become

dependent on only one variable,xbj [11][12]:

MW2(Q2; � ) �! F1(x); �W 2(Q2; � ) �! F2(x) (2.14)

The Elastic scattering falls rapidly with q2 due to the proton form factors.

However, the early DIS experiments performed at the Stanford Linear Accelerator

Center (SLAC) show that the deep-inelastic scattering cross sections show a weak

dependence onq2. This indicates the scattering from point-like objects within

the proton. The quark-parton model, proposed by Richard Feynman, is that

the proton was made up of point-like constituents partons before the quarks and

gluons were generally accepted. The inter partonic interactions can be neglected.

The structure function becomes:

F1(x) =
1
2

X

i

e2
i qi (x) (2.15)

F2(x) = x
X

i

e2
i qi (x) (2.16)

whereqi is the parton distribution functions (PDF), ei is the parton charge. The

relation 2xF1(x) = F2(x) is the Callan-Gross relation. This model well describes

the results for limited Q2 data. The quark-parton model is then improved by
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Quantum ChromoDynamics (QCD) which evolved to other scales. Written in

quark �avors:

1
x

F p
2 (x) = (

2
3

)2[up(x) + up(x)] + (
1
3

)2[dp(x) + d
p
(x)] + (

1
3

)2[sp(x) + sp(x)] (2.17)

If we separate the valence and sea quark

u(x) = uv(x) + us(x); d(x) = dv(x) + ds(x) (2.18)

Extraction of individual parton distribution functions is done by global �ts on all

the experiments. Additional global constraints on net quark numbers are assumed

to match the experiment. For up quarks in proton, the net quark number is 2:

Z 1

0
uv(x)dx =

Z 1

0
(u(x) � u(x))dx = 2 (2.19)

And the momentum fraction for up quark in proton
R1

0 xu(x)dx = 2=3. For down

quark in proton, the net quark number is 1:

Z 1

0
dv(x)dx =

Z 1

0
(d(x) � d(x))dx = 1 (2.20)

the momentum fraction for down quark in the proton is 1/3.

The current PDFs are precise with small estimated uncertainties, and the agree-

ment between di�erent groups is within a small error[57][89][8]. Fig. 2.2 shows

some current PDFs from the JAM group, the CTEQ group and the NNPDF group.

The parton distributions are plotted at experimentQ2 setting in comparison with

high Q2 PDFs. This will be used in the equation to extract CSV.
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Figure 2.2: Momentum parton distributions (x times parton distribution function) for experiment Q2 = 4 :6 GeV 2

setting and high Q2 = 10000 GeV 2 setting

2.3 Semi-Inclusive Deep Inelastic Scattering

Semi-Inclusive Deep Inelastic Scattering measures one or more �nal state

hadrons in coincidence with scattered electrons.

l + N ,! l0+ X + h (2.21)

In this experiment, the target is �xed, so the target four-momentum is reduced

to P(M;
�!
0 ). Here in conventional,M represents the mass of proton. In the �nal

state of semi-inclusive scattering, the scattered leptonl0 with four-momentum

k0(E 0,
�!
k0) is detected with a hadronh with four-momentum Ph as in Fig.2.3

For the SIDIS experiment, the �nal hadronic particle h is detected in coinci-

dence with the scattered lepton. The energy fraction transferred to the hadronh

in the laborator frame is de�ned asz, which ranges between0 < z < 1,

z �
P � Ph

P � q
=

Eh

�
(2.22)

The mass of the unobserved �nal state isW 02,

W 02 = ( P + k � k0 � Ph)2 = ( M 2 + � � Eh)2 � j �! q � �! ph j2

= M 2 + Q2 1 � x
x

+ M 2
h � 2 � (z + 1)

Q2

2 � Mx

(2.23)
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Figure 2.3: the semi-inclusive pion production process, spectrometer HMS is for electrons detection, SHMS is for

hadrons.

The usual DIS kinematics such thatQ2 > 1GeV2 and W 2 > 4GeV2 are re-

quired. For the SIDIS region, the missing mass squaredW 02 is required to be

greater than 2:5GeV2

2.4 Fragmentation

Isolated partons have never been observed in nature. Partons exist only inside

the hadron and are bound by the interaction between each. This is known as

con�nement in QCD. Even if the quark in the bound state is ejected by a high-

energy photon, it will immediately form a colorless bound state �jet� of hadrons[24].

The fragmentation process proceeds through the generation of additional quark-

antiquark pairs, which eventually combine with the original quark or antiquark.

The associated hadronization process is described by fragmentation function (FFs)

D h
i (z; Q2)(i = q;q; g), which can be a measure of the probability density that an

outgoing stuck parton produces a hadron h. TheD h
q (z; Q2) may be viewed as the
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Figure 2.4: Fragmentation Functions for � production, � � for left and � + for right

�nal-state analogs of the initial-state parton distribution functions[92].

The fragmentation functions obey the momentum sum rule constraint

X

h

Z 1

0
zDh

i (z; Q2)dz = 1 (2.24)

separately for each �avor i = q;q; g. The h represents the possible produced

hadrons �; K; etc from each �avor stuck quark. The sum rule involves the sum

over all possible hadrons.

The current knowledge of FFs is not as precise as PDFs. While evolving rapidly,

the parameterizations for the FFs are not well constrained. The disagreement is

shown in Fig.2.4[57][32][18][17].

The FFs are used in the sea quark terms in the formula.

2.5 General Formulas for Semi-Inclusive Reactions

The cross section of SIDIS given in the quark parton model is given by:

1
� N (x)

d� h
N (x; z)
dz

=
P

i e2
i qN

i (x)D h
i (z)

P
i e2

i qN
i (x)

: (2.25)

In Eq.2.25,qN
i (x) is the distribution function for quarks of �avor i and chargeei ,

in the hadron N as a function of Bjorken x.D h
i (z) is the fragmentation function



26

for a quark of �avor i into hadron h depending onz. The quark longitudinal

momentum fractionz = Eh=� is energy ratio of the hadron and the virtual photon.

The numerator in Eq.2.25,N Nh �
P

i e2
i qN

i (x)D h
i (z), is the yield of hadronh per

scattering from nucleonN , as a function ofz and x. In terms of these quantities,

semi-inclusive production of a charged hadron from a proton can be described by

N p� (x; z) =
4
9

up(x)D �
u (z) +

4
9

up(x)D �
u (z) +

1
9

dp(x)D �
d (z)

+
1
9

d
p
(x)D �

d
(z) +

1
9

sp(x)D �
s (z) +

1
9

sp(x)D �
s (z);

(2.26)

N n� (x; z) =
4
9

un (x)D �
u (z) +

4
9

un (x)D �
u (z) +

1
9

dn (x)D �
d (z)

+
1
9

d
n
(x)D �

d
(z) +

1
9

sn (x)D �
s (z) +

1
9

sn (x)D �
s (z):

(2.27)

whereD �
i are the fragmentation functions into positively or negatively charged

hadrons. Assuming charge conjugation invariance, one gets

D � +

u = D � �

u � D1; D � �

d = D � +

d � D2

D � �

u = D � +

u � D3; D � +

d = D � �

d � D4

D � +

s = D � �

s � Ds;1; D � �

s = D � +

s � Ds;2

(2.28)

By making the additional assumption of charge symmetry, three independent frag-

mentation functions will obey the relations:

D fav = D1 = D2

Dunfav = D3 = D4

Ds = Ds;1 = Ds;2

(2.29)

and the parton distribution functions will satisfy the relations:

up(x) = dn (x)

dp(x) = un (x)

sn (x) = sp(x)

(2.30)



27

With these assumptions, we can rewriteN n� as:

N n� (x; z) =
4
9

dp(x)D �
u (z) +

4
9

d
p
(x)D �

u (z) +
1
9

up(x)D �
d (z)

+
1
9

up(x)D �
d

(z) +
1
9

sp(x)D �
s (z) +

1
9

sp(x)D �
s (z):

(2.31)

The di�erence of lepton production of positively and negatively charged

hadrons is

N p+ (x; z) � N p� (x; z) =
4
9

up
v(x)(D +

u (z) � D +
u (z)) +

1
9

dp
v(x)(D +

d (z) � D +
d

(z))

+
1
9

sp
v(x)(D +

s (z) � D +
s (z)) ;

(2.32)

N n+ (x; z) � N n� (x; z) =
4
9

un
v (x)(D +

u (z) � D +
u (z)) +

1
9

dn
v (x)(D +

d (z) � D +
d

(z))

+
1
9

sn
v (x)(D +

s (z) � D +
s (z)) ;

(2.33)

These quantities depends on valence quark distributionsuv(x) � u(x) � u(x),

where qi (sea) = qi (sea). Also, the validity of the impulse approximation is as-

sumed:

N D� �
(x; z) = N p� �

(x; z) + N n� �
(x; z) (2.34)

2.6 Factorization at 12 GeV JLab

To extract charge symmetry violating quark distributions, factorization is as-

sumed. The semi-inclusive pion production can be described by two independent

processes. First, in the scattering process, a virtual photon interacts with a quark

in the hadronic system. Then the fragmentation process, that quark subsequently

hadronizes forming a pion or other particle. The separation between the scattering

and the fragmentation subprocess ensures the independence of the fragmentation
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of the quarks. Assuming these two processes are independent, the cross section

can be written as a product of the quark distribution functionq(x) and the frag-

mentation function, D(z), weighted by the quark charge squarede2
i :

� �
X

i

e2
i qi (x)D h

i (z) (2.35)

With this picture, the formalism for CSV extraction can be derived.

The semi-inclusive processes at a 12GeV JLab should satisfy the factorization

criteria for this experiment. The previous experiment done in the 6GeV era has

shown a sign that the factorization criteria is satis�ed. The result in JLab 6GeV

HallC experiment E-00-108[58] with semi-inclusive charged pion production from

hydrogen and deuterium targets veri�es the factorization condition. In the exper-

iment, the cross section is modeled following the factorization assumption by the

CTEQ5 next-to-leading-order (NLO) parton distribution functions q(x; Q2)[40],

fragmentation function parametrization from Binnewise[10], and ratio ofD � =D+

from HERMES Collaboration[66]. The cross section measured by the experiment

is found to be consistent with the modeled cross section as in Fig.2.5

In addition, the simple ratios of the measured cross sections are formed insen-

sitive to the factorization process:

� � +

p + � � �

p

� � +

d + � � �

d

=
4u + 4u + d + d

5(u + u + d + d)
(2.36)

and

� � +

p � � � �

p

� � +

d � � � �

d

=
4uv � dv

3(uv + dv)
(2.37)

The two quantity should be independent of combinations of the two charge states

and targets if the factorization holds. The results for the two ratios in the 6GeV

experiment are in Fig. 2.6. The ratios are independent of z up toz � 0:7, which
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Figure 2.5: Cross section for H; D (e; e0� � from Hall C experiment E-00-108. Curves denote cross section calcula-

tion using simple factorization using the models. Closed symbols have been corrected for exclusive � production

backgrounds.

indicates that the simple factorization assumption holds up toz � 0:7.

With results from the 6 GeV experiment promising, a similar test of factoriza-

tion on this experiment is done. TheH2 runs are performed with the kinematics

relevant to the experiment. The factorization assumption is tested to satisfy the

kinematics coverage.

2.7 Experimental Extraction of Charge Symmetry

Violation

Semi-inclusive pion production from lepton deep inelastic scattering on an

isoscalar nuclear targets was suggested[37; 42] as a sensitive probe of CSV e�ects

in nucleon valence distributions. For pion production, the semi-inclusive reactions
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Figure 2.6: Ratios of proton to deuterium results for the sum (top) and di�erence (bottom) of the � + and � �

cross sections. Closed symbols have been corrected for exclusive � production backgrounds.

are proportional to the square of the quark charge, with the assumption of charge

symmetry, the "favored" � + production is four times more than the �unfavored�

� � production. The name "favored" comes from the quarks that are included in

the lepton production. The authors proposed to measure the quantityRD
meas(x; z)

de�ned by:

RD
meas(x; z) =

4N D� �
(x; z) � N D� +

(x; z)
N D� + (x; z) � N D� � (x; z)

(2.38)

whereN D� +
(N D� �

) is the yield of � + (� � ) produced in coincidence with the scat-

tered electron from deuterium. With the validity of the impulse approximation in

Eq. 2.34, and Eq. 2.26, Eq. 2.27, the expression forRD
meas is

RD
meas =

4N p� �
+ 4N n� �

� N p� + � N n� +

N p� + + N n� + � N p� � � N n� �
(2.39)



31

The numerator part is

16
9

upD �
u +

16
9

upD �
u +

4
9

dpD �
d +

4
9

d
p
D �

d
+

4
9

spD �
s +

4
9

spD �
s

+
16
9

unD �
u +

16
9

unD �
u +

4
9

dnD �
d +

4
9

d
n
D �

d
+

4
9

snD �
s +

4
9

snD �
s

�
4
9

upD +
u �

4
9

upD +
u �

1
9

dpD +
d �

1
9

d
p
D +

d
�

1
9

spD +
s �

1
9

spD +
s

�
4
9

unD +
u �

4
9

unD +
u �

1
9

dnD +
d �

1
9

d
n
D +

d
�

1
9

snD +
s �

1
9

snD +
s

(2.40)

The valence quarkuv(x) = u(x) � u(x) and dv(x) = d(x) � d(x). With the charge

conjugation invariance as in Eq.2.28 and the charge symmetry assumption as in

Eq.2.29 and Eq.2.30, the denominator part is in Eq. 2.38

N D� +
� N D� �

=
1
3

(up
v + dp

v)[D +
u (z) � D �

u (z)]

=
1
3

(up
v + dp

v)D +
u (1 � �( z))

(2.41)

where

�( z) =
D �

u (z)
D +

u (z)
(2.42)

The numerator Eq.2.40 becomes

15
9

upD �
u +

15
9

dpD �
u +

15
9

upD +
u +

15
9

d
p
D +

u +
3
9

(sp + sn )(D �
s + D +

s ) (2.43)

With charge symmetry assumed in parton distribution function and fragmentation

function, RD
meas becomes

RD
meas(x; z) =

5�( z)
1 � �( z)

+ 5
�

1 + �( z)
1 � �( z)

�
�

[up(x) + d
p
(x)]

[up
v(x) + dp

v(x)]

+
�

� s(z)
1 � �( z)

�
s(x) + s(x)

up
v(x) + dp

v(x)

(2.44)

For strange quark in sea region, the quark distributions obeysp = sp and

sn = sn . The charge conjugation implies that the fragmentation function to have

the relation D �
s = D +

s and D +
s = D �

s . With all the equations, strange quark part
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can be written

RD
strange =

(sp + sn )(D �
s + D +

s )
(up

v + dp
v)D +

u [1 � �( z)]

=
�

� s(z)
1 � �( z)

�
s(x) + s(x)

up
v(x) + dp

v(x)

(2.45)

with the strange-favored ratio of the quark fragmentation functions

� s(z) =
D �

s (z) + D +
s (z)

D +
u (z)

(2.46)

Keeping charge-symmetry-violating functions, the quantityRD
meas contains charge

symmetry-violating quark distribution functions

�d (x) = dp(x) � un (x)

�u (x) = up(x) � dn (x)

(2.47)

and the charge symmetry breaking fragmentation functions

�D (z) =
D +

u (z) � D �
d (z)

D +
u (z)

(2.48)

In the region of interest (moderately large z), the unfavored fragmentation function

is considerably smaller than the favored term. We can neglect the CSV part of

the �unfavored� fragmentation function, D +
d (z) = D �

u (z). In consequence, the

unfavored CSV term should be proportionately smaller than the favored CSV

term. The sea quark charge symmetry breaking in this region can also be neglected

(un = d
p
; d

n
= up). The strange quark part is the same with or without CSV

assumption.

Expanding to the �rst order of the small quantities (�d ,�u ,�D ), and ignoring

the terms with both sea quark distribution and�D , the up and down quark part
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in the numerator from Eq. 2.40 becomes

16
9

upD �
u +

16
9

upD +
u +

4
9

dpD +
u �

4
9

dpD +
u �D +

4
9

d
p
D �

u

+
16
9

dpD �
u �

16
9

�dD �
u +

16
9

d
p
D +

u +
4
9

upD +
u �

4
9

upD +
u �D

�
4
9

�uD +
u +

4
9

upD �
u

�
4
9

upD +
u �

4
9

upD �
u �

1
9

dpD �
u �

1
9

d
p
D +

u

�
4
9

dpD +
u +

4
9

�dD +
u �

4
9

d
p
D �

u �
1
9

upD �
u +

1
9

�uD �
u

�
1
9

upD +
u

=
15
9

upD �
u +

15
9

upD +
u +

15
9

dpD �
u +

15
9

d
p
D +

u

�
4
9

dpD +
u �D �

4
9

upD +
u �D

+
4
9

�dD +
u �

16
9

�dD �
u �

4
9

�uD +
u +

1
9

�uD �
u

(2.49)

The denominator is

3
9

(up
v + dp

v)(D +
u � D �

u ) + ( D +
u � D �

u )(
1
9

�u �
4
9

�d ) +
1
9

(up + dp)D +
u �D (2.50)

which can be written:

3
9

(up
v + dp

v)(D +
u � D �

u )(1 +
�u � 4�d

3(up
v + dp

v)
+

�D
3(1 � �( z))

) (2.51)

For the small quantity (�d; �u; �D ) in denominator, Taylor series is used:

1
1 � �

= 1 + � + O(� 2) (2.52)

The terms in RD
meas numerator that includes just parton distribution function

and fragmentation function terms are:

15
9 upD �

u + 15
9 dpD �

u + 15
9 upD +

u + 15
9 d

p
D +

u
1
3(up

v + dp
v)D +

u (1 � �( z))
(1 �

�u � 4�d
3(up

v + dp
v)

�
�D

3(1 � �( z))
)

= (
5�( z)

1 � �( z)
+

5(up + d
p
)(1 + �( z))

(up
v + dp

v)(1 � �( z))
)(1 �

�u � 4�d
3(up

v + dp
v)

�
�D

3(1 � �( z))
)

=
5�( z)

1 � �( z)
+

15(�( z) + 1)( up + d
p
)

3(1 � �( z))( up
v + dp

v)
+

5�( z)(4�d � �u )
3(up

v + dp
v)(1 � �( z))

�
5�( z)�D

3(1 � �( z))2

(2.53)
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The terms include charge symmetry breaking fragmentation functions�D (ig-

nore the sea quark terms) are:

� 4
9dpD +

u �D � 4
9upD +

u �D + 1
9d

p
D +

u �D + 1
9upD +

u �D
1
3(up

v + dp
v)D +

u (1 � �( z))

= �
4�D

3(1 � �( z))

(2.54)

Here the higher order terms from the Taylor expansion term of denominator

are ignored. Same for the terms that include the CSV�d and �u :

� 16
9 �dD �

u � 4
9 �uD +

u + 4
9 �dD +

u + 1
9 �uD �

u
1
3(up

v + dp
v)D +

u (1 � �( z))
(2.55)

The RD
meas(x; z) ratio becomes:

RD
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5�( z)
1 � �( z)

�
[4 + �( z)]�D (z)

3[1� �( z)]2
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�
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�
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"
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#

+
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� s(z)
1 � �( z)

�
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up
v(x) + dp

v(x)

(2.56)

And the strange/favored ratio of quark fragmentation functions as in Eq. 2.46.

To separate the x and z dependence more cleanly, one can multiply the ratio with

a z dependent factor,

~RD (x; z) �
1 � �( z)
1 + �( z)

RD
meas(x; z)

=
5�( z)

1 + �( z)
�

(4 + �( z)) �D (z)
3(1 � � 2(z))

+
4[�d (x) � �u (x)]

3[up
v + dp

v]

+
5(up(x) + d

p
(x)) + � s(z)[s(x) + s(x)]=(1 + �( z))

[up
v(x) + dp

v(x)]

� ~RD
f (z) + ~RD

CSV (x) + ~RD
sea(x; z)

(2.57)

where

~RD
f (z) =

5�( z)
1 + �( z)

�
(4 + �( z)) �D (z)

3(1 � � 2(z))

~RD
CSV (x) =

4[�d (x) � �u (x)]
3[up

v + dp
v]

~RD
sea(x; z) =

5(up(x) + d
p
(x)) + � s(z)[s(x) + s(x)]=(1 + �( z))

[up
v(x) + dp

v(x)]

(2.58)
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The quantity ~RD (x; z) separates into three pieces. The �rst piece,~RD
f in Eq.

2.58, depends only onz. The CSV contribution of the fragmentation function to

the z-dependent term ~RD
f (z) was estimated to be1% [42]. Therefore, it can be

neglected in the expression of~RD
f (z)

~RD
f (z) �

5�( z)
(1 + �( z))

(2.59)

For most values of z, this term should decrease monotonically as z increases (not

true for large values of z). More accurate and sophisticated fragmentation func-

tions are carried out which will be used in this calculation. The second term,

~RD
CSV depends only onx. It is proportional to the nucleon CSV term. The last

term ~RD
sea is proportional to the sea quark distributions and can be written as a

sum of a strange sea termRD
seaS

and a non-strange sea termRD
seaNS

, where

RD
seaS

=
� s(z)[s(x) + s(x)]=(1 + �( z))

[up
v(x) + dp

v(x)]
(2.60)

RD
seaNS

=
5(up(x) + d

p
(x)

[up
v(x) + dp

v(x)]
(2.61)

By rearranging Eq. 2.57, we can get the following formula:

D(z)R(x; z) + A(x)CSV(x) = B(x; z) (2.62)

where

D(z) =
1 � �( z)
1 + �( z)

; �( z) =
D �

u (z)
D +

u (z)

R(x; z) =
5
2

+ RD
meas;

CSV(x) = �d � �u;

A(x) =
� 4

3(uv + dv)
;

B (x; z) =
5
2

+ RD
sea_ S(x; z) + RD

sea_ NS (x):

(2.63)
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For a better estimate of the sea quark terms, PDFs from the CTEQ group [68]

and the JAM group are used. Fragmentation functions are from De Florian and

collaborators [17] and the JAM group [57]. In this experiment,RD
meas(x; z) (see

Eq. (2.38)) is measured, and thus R(x,z) for 16 bins in x and z for 3 distinctQ2

bins. At the end, there will be one equation similar to Eq. (2.62) for each of the

kinematic settings. The CSV can then be extracted from all the experiment data.
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Chapter 3

EXPERIMENTAL APPARATUS

3.1 Overview

This experiment was performed at the Thomas Je�erson National Accelerator

Facility (TJNAF), a.k.a. Je�erson Lab, using the standard Hall C apparatus.

Je�erson Lab is a National Laboratory with an accelerator known as the Con-

tinuous Electron beam Accelerator Facility (CEBAF). Its mission is "to provide

forefront scienti�c facilities, opportunities, and leadership essential for discover-

ing the fundamental structure of nuclear matter." The electron beam is generated

from CEBAF with a frequency of 1497 MHz. The upgraded bending magnets at

the arc ensure the electrons loop �ve times in the beamline and get accelerated

enough in the linear accelerator sections. Then the electron beam is directed into

three experimental halls, as in Figure 3.1 Since the high demand for accurate mea-

surements, small angles, and large momenta spectrometers are required. HMS and

SHMS in Hall C at Je�erson Lab are suitable for this experiment. They have iden-

tical acceptance for� + and � � , which enables them to be the ideal spectrometers
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Figure 3.1: Je�erson Lab CEBAF

for measuring the charged pion ratio.

3.2 CEBAF Accelerator and Hall C Beamline

The Continuous Electron Beam Accelerator Facility (CEBAF) provides high-

quality continuous electron beams incident in experiment halls in Thomas Jef-

ferson National Accelerator Facility (TJNAF). The �rst beam was successfully

delivered into experimental Hall C in 1994 and reached beam energy at 4GeV

in the following year. Implementing novel superconducting radiofrequency (SRF)

accelerator technology for continuous wave (CW) operation allows beam energy up

to 6 GeV with an electron beam delivered simultaneously into three experimental

halls. Shortly after the �rst experiment, the upgrade of beam to the maximum

energy of 12GeV plan is put on the table. In 2012, the facility o�cially �nished
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all the 6 GeV experiments and started to be prepared for the 12GeV upgrade.

[2]

The principal modi�cation of CEBAF needed to provide an increased beam

energy is in the linac section of the beamline. Out of the existing 20 cryomodules

accelerator, �ve more new cryomodules are added on both sides of the linac beam-

line. Each of the new cryomodules is upgraded to 8 7-cell superconducting RF

cavities which are attached with an RF generator to create the �ipping electric

�eld for electrons to get accelerated as in Fig. 3.2. Each of the new cryomodule

could accelerate electrons up to 100 MeV, which yielded an additional acceleration

of 0.5 GeV per linac. Added to the existing cryomodules boost of 0.6GeV per

linac, the electrons can accumulate 1.1GeV per linac now. The electrons get ac-

celerated 2.2GeV each pass with the upgraded bending arc. For Hall C, as well as

Halls A and B, electrons get boosted �ve times and reach a maximum of 11GeV

energy. For the newly built Hall D, with the new arc, electrons were accelerated

by one more linac, which yielded the JLab maximum beam energy, 12GeV[48].

Simultaneous CW operation of three end stations was designed to send beams

to all the halls. It is achieved by striking three independent laser lights to a single

photocathode to generate three independent electron beams as in Fig. 3.3. Each

has one-third of the main accelerator frequency.The RF cavity frequency is 1497

MHz, and the electrons delivered to hall C have a frequency of 249 MHz, as in

Fig. 3.4, which leads to a 4 ns beam period. The RF separator at the end of the

beamline will kick the corresponding beam bucket to each hall.
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Figure 3.2: Electrons get accelerated in the RF cavity. The frequency is 1497 MHz, producing three beams at the

third sub-harmonic, 500 MHz.The RF separator can split all beams and send them to the respective experimental

halls at the end.[38]

Figure 3.3: Four Laser con�guration for electron injector.[38]
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Figure 3.4: Each sine wave represents the 1500 MHz accelerating frequency. The top three are before the 12 GeV

upgrade; each experimental hall gets a 500 MHz beam. The center and bottom beams are modi�ed to make room

for the Hall D beam. One of the high pass Hall (A or C) would reduce the frequency to 250 MHz
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Figure 3.5: Cryogenic and solid target ladders. Loop 2 is liquid hydrogen. Loop 3 is liquid deuterium. The

aluminum dummy and carbon optics targets are below liquid targets. The cryo-targets are assembled above the

solid target ladder. The beam enters from the left in the left picture.[88]

3.3 Target Chamber

The experiment used a system of cryo-targets and solid targets in Hall C. Liquid

hydrogen, liquid deuterium, and aluminum dummy target, including other targets,

are mounted on a target ladder as shown in Fig. 3.5. The whole target ladder

system is kept in a vacuum (few times10� 6 Torr) inside a scattering chamber with

a single axis vertical motion system to move the desired target into the beamline

axis position.

The liquid hydrogen and liquid deuterium target are used for data collection

during the experiment. The aluminum dummy target is mounted on separate

frames at the locationsZ = � 5cm corresponding to the cryogenic target entrance

and exit windows. The dummy target runs are used to subtract the actual cryo-

target windows backgrounds. The hydrogen and deuterium targets are lique�ed
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Target Temperature (� K ) Pressure (PSIA) Freezing T (� K ) Boiling T ( � K )

H2 19� 0:1 24� 2 13.86 22.24

D2 22� 0:1 24� 2 18.83 25.13

Table 3.1: Cryo-target states during normal operating conditions. [88]

Figure 3.6: This is the target screen graphic user interface when the beam is not on any targets. Moving the

target ladder can move the desired target to the beam position. Liquid cryo-target states are monitored and can

be changed by cooling and heating. [88]

by the target group and controlled in a stable state, as in the Table 3.1. The tem-

perature is controlled by the coolant loop and a high-power heater. The interface

to control the coolant valve and heater is shown in Fig. 3.6 in the counting room.

3.4 Hall C Spectrometer

Hall C has two spectrometers, SHMS and HMS (Fig. 3.7), for particle mea-

surement. The spectrometer can rotate around the pivot where the scattering

chamber is located. There are two main coordinate systems in Hall C, as shown in
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Figure 3.7: Hall C setup

Fig.3.8. The experiment beam coordinate system and the spectrometer coordinate

system. For the beam coordinate system: z directs along the beamline; y points

down to the ground; x is decided by the right-hand law to the right of the beam

(look downstream). After the target chamber, the coordinates transfer to the

spectrometer system. In the spectrometer coordinate system: z directs along the

optical axis inside the spectrometer; x-direction is perpendicular to z-direction to

the ground; y-direction is determined by right-hand law, which is left (look down-

stream) to both spectrometers. The central trajectory is the trajectory along the

center of the entrance acceptance.

3.4.1 Hall C High Momentum Spectrometer (HMS)

The HMS is used as the electron arm in this experiment. It operates on the

beam-right side of the beamline as in Fig.3.7. When beam electrons are scat-
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Figure 3.8: Hall C top view and coordinate system

tered in the target chamber, secondary particles are produced everywhere in all

directions with all energies. Those produced particles at the con�gured spectrom-

eter setting will be accepted. The accepted particles traverse three quadrupole

magnets, Q1, Q2, and Q3, bend upwards by25� in the dipole and produce a sig-

nal in the detector hut. The quadrupoles focus on the particle trajectories and

determine the main acceptance. The quadrupoles are made by cold iron super-

conducting magnets, with soft iron around the superconducting coils. Followed

by the QQQD magnets is the detector hut wrapped in a large concrete room as

in Fig.3.9. The magnets and the detector hut are mounted on a big carriage with

steel wheels mounted on rails that can rotate around the pivot. The rotation

of the spectrometer can be controlled remotely by rotation GUI in the counting

room. The NMR probe is placed at the center of the dipole and reads the mag-

netic �eld which determines the spectrometer's central momentum. The magnets
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Range of central momentum 0.4-7.4GeV=c

Momentum deviation � 10%

Momentum resolution 0:1%� 0:15%

Scattering angle range 10:5� - 90�

Scattering angle plane angular acceptance � 32 mrad

Out of plane angular acceptance � 82 mrad

Scattering angle plane angular resolution 0.8 mrad

Out of plane angular resolution 1.0 mrad

Table 3.2: HMS performance

are precooled with liquid nitrogen and cooled by liquid helium to the operating

temperature of 4.3 K.

The HMS can be moved to a scattering angle between 10.5� to 90� . Cameras

down in the hall can monitor the rotation and monitor the angles. The momen-

tum range can reach up to 7.4GeV, which satis�es our momentum requirement

(around 6 GeV). The dipole determines the momentum for the particle to travel

along the central trajectory, the central momentump0. The deviation near the

central momentum is�p which is de�ned as p� p0
p0

in percentage. The momentum

acceptance for HMS is� 10%about the central momentum. The momentum res-

olution of the HMS is 0:1% to 0:15%. The angular acceptance is� 32 mrad along

the horizontal direction and � 85 mrad along the vertical direction. The angular

resolution is 0.8 mrad horizontal and 1.0 mrad vertical.
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Figure 3.9: HMS side view

Figure 3.10: SHMS side view
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3.4.2 Hall C Super High Momentum Spectrometer (SHMS)

The major upgrade of the Hall C 12GeV era is the Super High Momentum

Spectrometer (SHMS), as in Fig. 3.10. It replaces the old Short Orbit Spec-

trometer (SOS). The capability of the 11GeV=cmomentum setting provides the

ability to measure the secondary charged particles produced using the maximum

available beam energy from the upgraded Je�erson Lab accelerator. It o�ers excel-

lent kinematic control reproducibility, a thorough understanding of spectrometer

acceptance, small-angle capability, high central momentum, and in-plane and out-

of-plane acceptance well matched to the existing HMS to detect two particles in

coincidence. The entire spectrometer is also mounted on a carrier that can ro-

tate around the central pivot. The pions �rst go through a horizontal bender

(HB) which decides the vertical acceptance and provides an initial 3� separation

between scattered particles and the electron beam. It allows the spectrometer

to measure small angle particles down to 5.5� . It moves the subsequent pieces

of the SHMS farther from the beamline, which allows more space for the follow-

ing quadrupoles and shielding. The shielding, which is made of concrete, lead,

boron, and plastic, reduces the background �ux seen by the detectors. The �rst

quadrupole focuses on the vertical direction while the second quadrupole defo-

cused, and the third quadrupole focuses on maximizing the acceptance in the

vertical scattering plane. The following dipole magnet bends the trajectories up

by 18.4� into the detector hut. All of the magnets are set by the current. The

whole trajectory for particles to travel in the SHMS spectrometer is 22 m. This

length is critical to calculating di�erent particles' travel times for separation. All

the magnets are superconducting magnets that have a liquid cryogenic supply to
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Range of central momentum 2-11GeV=c

Momentum deviation � 10%to 22%

Momentum resolution 0:03%to 0:08%

Scattering angle range 5:5� to 40�

Scattering angle plane angular acceptance � 18 mrad

Out of plane angular acceptance � 50 mrad

Scattering angle plane angular resolution 0.5-1.2 mrad

Out of plane angular resolution 0.3-1.1 mrad

Table 3.3: SHMS performance

keep them cool. The power supplies for magnets and the spectrometer rotation

controls can be controlled remotely in the counting room. For our experiment,

the scattered hadrons, the pions, are accepted into the spectrometer window after

scattering inside the target chamber on the right side in Fig. 3.10.

3.5 Hall C Detectors

Two detector huts are attached at the end of each spectrometer magnet to

record the particle information. The detectors are shielded to avoid the back-

ground from the hall. The con�gurations in the two spectrometers are similar,

with di�erences in part to achieve particle triggering, tracking, and identi�cation.

The HMS detector hut (Fig. 3.11) starts with a pair of drift chamber planes for

tracking purposes. The HMS aerogel detector is not installed during the experi-

ment. Then the particles go through the �rst set of hodoscope planes, the Heavy

Gas Cherenkov, and the second set of hodoscope planes. The hodoscope planes
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