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Goal is to study the internal structure 
of the nucleon in momentum space
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Transverse momentum distributions are 
probabilities in momentum space.

3

 TMDs are accessed in Semi-inclusive Deep Inelastic Scattering.

Standard Collinear PDF
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TMD
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Searching for nucleon structure ...
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1. Formalism 2. The eg1-dvcs Measurement

3. Data Analysis 4. Physics Results
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Figure 2.13: Beads of ammonia in a target cup. The purple discoloration is due to radiation damage.

the width of the target window. Helmholtz coils produce the required oscillating fields at the correct

frequencies to produce the desired pattern. Raster magnet ADC amplitudes are recorded in coinci-

dence with each scattering event, so that the raster pattern can be reconstructed (see, for example,

Section 3.3.4).

2.4.2 Dynamic Nuclear Polarization: Overview

The method of Dynamic Nuclear Polarization (DNP) is used to polarize the ammonia target material.

A complete, detailed treatise of this method is beyond the scope of this thesis; only a basic summary

(specific to this experiment) and appropriate references are included here.

For spin-12 nuclei, which only have two possible spin orientations in an external field (+ 1
2 and

− 1
2 ), the polarization along the magnetic field (z) axis is given in terms of the spins J as simply

P = 〈Jz〉/J = n+ − n− (2.5)

where n± represents the fraction of nuclei with each spin. Assuming internal equilibrium, the spins

can then be characterized by the Boltzmann law with a characteristic temperature TS:

n−

n+
= exp(−Em/kTS) (2.6)
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CLAS z (cm)
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CLAS z (cm)

57.50 58.5956.41

Kapton Target Window

Al Banjo Window

Figure 1: Target schematic for eg1-dvcs showing the used targets. Ammonia was the primary
experimental target used. Carbon and Empty targets were used to calculate dilution factors and
consistency checks.

As is seen from equations 2 and 3, the radiated cross section itself depends on lHe, which is one
of the quantities that we are trying to extract. Similar expressions can be written for the case of
the Carbon and Ammonia targets.

2 Method

We now have access to rates (n) using the Equation (1) and from our experimental data. We
also calculate theoretical rates from the radiated cross section model. The radiated cross sections
were obtained from inclusive data as explained in [2] and the areal density for each material was
measured in the lab or obtained from literature.

Property Helium Carbon Aluminum Kapton Ammonia

Volume Density � ( gm
cm3 ) 0.125 2.193 2.700 1.430 0.917

Radiation length X0 ( gm
cm2 ) 94.26 42.66 24.03 40.54 40.80

Length (cm) L, L� lA, L� lC 0.398 0.000147 0.000066 lA
Molar Mass ( gm

mol ) 4 12 27 382 17

Mol of nucleons/cm2 0.2725 0.7632 0.03969 0.009437 1.3755 lA
1.5

Table 1: Numbers used to calculate areal densities �̃i. The total length of the target cup was 1.5
cm which is used in the last row.

Dimensional analysis and some algebra gives both areal density as well as the total target

2



TMDs are accessed in Semi-inclusive Deep 
Inelastic Scattering.

5

electron

pion
proton

Q2  : Momentum transfer squared
xB  : Momentum fraction 
z = Eπ/ν: Fractional energy of the struck pion
Ph⊥ : Transverse momentum of the struck pion 
Φh  : Angle between hadron and lepton plane



6

The semi-inclusive DIS reaction is split 
between the hadron and lepton frame.

y  = ν/E

Ψ ⇔ ΦS in lepton frame

Q2  : Momentum transfer squared 

xB  : Momentum fraction 
z = Eπ/ν: Fractional energy of the struck pion
Ph⊥ : Transverse momentum of the struck pion 
Φh  : Angle between hadron and lepton plane



Experimentally we measure,
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Theoretical assumption,
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Theoretical assumption,
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Projection for measuring asymmetry using � d! np at
a proposed upgraded HIGS

Sucheta Jawalkar

July 16, 2012

Measurement of hadronic parity violation is one of the three foci at a proposed upgrade of
the High Intensity Gamma Source (HIGS) at the Triangle Universities Nuclear Lab (TUNL).
The reaction of interest is

d�SIDIS = Dq/h ⌦ �̂lq!l0q0 ⌦ fq/P (1)

� 3 ~He! � 3He (2)

�1 (3)

� d! np (4)

where a circularly polarized photon is incident on an unpolarized deuterium target at thresh-
old, breaking it up into a proton and a neutron. The experimental observable of interest
is

P � =
�L � �R

�L + �R
(5)

which is discussed in detail by Schindler and Springer in [1]. The total cross sections for
photons with left and right circular polarization are denoted by �L and �R respectively. The
size of this asymmetry is predicted to be on the order of 10�7 with a more conservative
estimate being 10�8 [2].

The luminosity (L) available for the upgraded HIGS is calculated to be,

L = FnT �x (6)

where F is the available photon flux, nT is the number density and �x is the target length.

nT =
⇢D

MD
(7)

where the density of deuterium is given by ⇢D = 0.17 g/cm3 and the mass is MD = 3.34⇥10�24

g. The two estimates for the luminosity calculation are given in Table 1.

1

distribution

fragmentation

A. Prokudin, HUGS 2011



Each helicity structure function is written as a 
convolution of a fragmentation and distribution 
function.
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Nucleon with longitudinal spin
Parton with transverse spin
Parton transverse momentum

Fsin�h
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2M
Q
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ĥ · kT
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xhLH⇥

1 +
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M
g1L
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(16)

Fsin2�h
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⇤
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(ĥ · kT)(ĥ · pT)�kT · pT
MMh

h⇥1L(xB, pT )H⇥
1 (z,kT )

⌅
, and (17)

2

The spin sum rule is given by,

1
2

=
1
2
(�q+�q̄)+�g+Lz (1)

gp
1 = ⇥

i
e2

i (�qi +�q̄i) (2)

gp
1(xB) = ⇥

i
e2

i (�qi +�q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p⌅[u⌅(xB)]� p⌅[u⇧(xB)] (5)

�u = p⌅[u⌅(xB, pT )]� p⌅[u⇧(xB, pT )] (6)

Asymmetries in terms of cross sections,

AUL =
⇥⇤

UL�⇥⇥
UL

⇥UU
(7)

d7⇥
dxB dy d⇤ dz d�h dP2

h⌥
= d⇥UU +d⇥UL +d⇥LU +d⇥LL +[...] (8)

The experimental asymmetries are given by,
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The beam and target polarization is given by
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⇤
�2

(ĥ · kT)(ĥ · pT)�kT · pT
MMh

h⇥1L(xB, pT )H⇥
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⌅
, and (17)

Ph⇥ = pT + zkT (18)
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Leading twist TMDs for different quark and 
nucleon polarizations 
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The semi-inclusive DIS asymmetries are 
formed based on helicity of the incoming 
electron or target nucleon.

13

electron
pion

proton

7

lepton is incident on an unpolarized target nucleon. It is written as,

ALU =
d�⇤0�d�⇥0

d�⇤0 +d�⇥0 (2.3)

The double spin asymmetry explores the case where both the lepton and target nucleon

are longitudinally polarized. It is given by,

ALL =
d�⇤⇤�d�⇥⇤�d�⇤⇥+d�⇥⇥

d�⇤⇤+d�⇥⇤+d�⇤⇥+d�⇥⇥
(2.4)

The first subscript represents beam polarization and the second denotes target polar-

ization. The letter U (or 0) indicates an unpolarized lepton or nucleon and L denotes a

longitudinally polarized lepton or nucleon. The arrows ⇤ and ⇥ denote cross sections

with right handed and left handed helicity respectively for the lepton, or target polariza-

tion along or opposite the incoming lepton direction. To understand the physics hidden in

these asymmetries we look at their theoretical foundations in the following sections.

2.2 Semi Inclusive Cross sections

The expression for the semi-inclusive cross section in terms of structure functions

FUL, FLL, etc. is derived in Ref. [26]. The differential cross section written in terms of
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is called ⇥S⇧ and �S is the angle between ⇥S⇧ and the lepton plane. The remainder of the

reaction products are given by X .

It is often useful to express the spin dependance of the process using asymmetries,

which are by looking at differences in polarized cross sections normalized by their sums.

In this thesis, we specifically look at three single and double spin asymmetries obtained

with a longitudinally polarized nucleon and a longitudinally polarized lepton.

J
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P
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7
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x

hadron plane

lepton plane

l
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P
h

P
h

!h
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target
rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon
momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

FIG. 2.1: Semi-inclusive deep inelastic scattering kinematics. The electron l = (E,⇥l) exchanges
a virtual photon q with the stationary nucleon and recoils with a 4-momentum l⌅ = (E ⌅,⇥l⌅). The
reaction produces a hadron with 4-momentum Ph = (Eh,⇥Ph). The plane formed by the incoming
lepton and virtual photon is called the lepton plane. The plane formed by the virtual photon and
the newly formed hadron is called the hadron plane. The angle between these two planes is given
by �h. The transverse component of the hadron momentum is denoted by Ph⇧. The component
of the nucleon spin transverse to the virtual photon is called S⇧ and �S is the angle between S⇧
and the virtual photon.

The target single spin asymmetry is obtained when an unpolarized lepton is incident

on a longitudinally polarized target. It is written in terms of cross sections as follows,

AUL =
d⇥0⇤�d⇥0⇥

d⇥0⇤+d⇥0⇥ (2.2)

Similarly, the beam single spin asymmetry is obtained when a longitudinally polarized



2. The eg1-dvcs Measurement.
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Solid, frozen ammonia is used as a target.
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The target is wheeled into the CEBAF Large 
Acceptance Spectrometer (CLAS).
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process. The center of the magnet is positioned
570 mm from the center of the CLAS detector. In
this position the target’s magnetic field serves as an

effective focusing magnet for M^ller-scattered
electrons, thus reducing the detectors’ background
counting rates.
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pump (1 of 2)

1K refrigerator

LHe to magnet
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Electron beam

LHe reservior

LHe to
refrigerator
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Fig. 2. Cutaway view of the polarized target cryostat from the beam-left side.
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Fig. 1. Schematic view of the polarized target positioned inside the CLAS detector system. Two of the spectrometer’s six
superconducting coils (which are not visible in this sectional drawing) are outlined by the dashed lines.

C.D. Keith et al. / Nuclear Instruments and Methods in Physics Research A 501 (2003) 327–339330



A small angle photon detector is used to 
detect photons are small angles.
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3. Data Analysis
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The measures asymmetries are scaled by,

• Beam polarization (PB)

• Target polarization (PT)

• Dilution (f)

• Depolarization (D’)

19

The spin sum rule is given by,

1
2

=
1
2
(�q + �q̄) + �g + Lz (1)

gp
1 =

�

i

e2
i (�qi + �q̄i) (2)

gp
1(xB) =

�

i

e2
i (�qi + �q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p�[u�(xB)]� p�[u⇥(xB)] (5)

�u = p�[u�(xB , pT )]� p�[u⇥(xB , pT )] (6)

The experimental asymmetries are given by,

AUL =
1
f

1
PT

Ameas
UL (7)

ALU =
1

PB
Ameas

LU (8)

ALL =
1
f

1
PBPT

Ameas
LL (9)
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The dilution factor was predicted by a 
SIDIS model constrained by the ratio of 
ammonia to carbon data.

20

CHAPTER 5

Data Analysis II

5.1 Dilution Factor

The dilution factor f is defined as the fraction of semi-inclusive scattering events

originating from polarizable nucleons. The target spin azimuthal asymmetries we mea-

sure are written as

A =
Araw

f
. (5.1)

The value of f depends on the reaction kinematics (Q2, xB, z, Ph�, �h). The polarized

ammonia target is detailed in Section 3.3. Here Figure 5.1 shows a schematic representa-

tion of the target contents as viewed from a right angle to the beam line. The components

of the target shown in the schematic are the elements of the target within the vertex cut

imposed for event selection. The nominal values for the target center are listed in Table

5.1. The dilution factor for the ammonia target is,

f =
nproton

nNH3 +nHe +nK +nAl
(5.2)

97

Loose NH3 beads (purple)
lA = unknown, packing fraction

Empty target cup

Solid Carbon target
lc = 0.40 cm 

Target Schematic

96

Figure 2.13: Beads of ammonia in a target cup. The purple discoloration is due to radiation damage.

the width of the target window. Helmholtz coils produce the required oscillating fields at the correct

frequencies to produce the desired pattern. Raster magnet ADC amplitudes are recorded in coinci-

dence with each scattering event, so that the raster pattern can be reconstructed (see, for example,

Section 3.3.4).

2.4.2 Dynamic Nuclear Polarization: Overview

The method of Dynamic Nuclear Polarization (DNP) is used to polarize the ammonia target material.

A complete, detailed treatise of this method is beyond the scope of this thesis; only a basic summary

(specific to this experiment) and appropriate references are included here.

For spin-12 nuclei, which only have two possible spin orientations in an external field (+ 1
2 and

− 1
2 ), the polarization along the magnetic field (z) axis is given in terms of the spins J as simply

P = 〈Jz〉/J = n+ − n− (2.5)

where n± represents the fraction of nuclei with each spin. Assuming internal equilibrium, the spins

can then be characterized by the Boltzmann law with a characteristic temperature TS:

n−

n+
= exp(−Em/kTS) (2.6)

CLAS z (cm)

57.50

58.2556.75

58.5956.41

Al Banjo Windows (gray) L ~ 2.18 cm
Helium filled (gray shading)

Kapton cup windows (brown) Lcup = 1. 50 cm

CLAS z (cm)

58.2556.75

CLAS z (cm)

57.50 58.5956.41

Kapton Target Window

Al Banjo Window

Figure 1: Target schematic for eg1-dvcs showing the used targets. Ammonia was the primary
experimental target used. Carbon and Empty targets were used to calculate dilution factors and
consistency checks.

As is seen from equations 2 and 3, the radiated cross section itself depends on lHe, which is one
of the quantities that we are trying to extract. Similar expressions can be written for the case of
the Carbon and Ammonia targets.

2 Method

We now have access to rates (n) using the Equation (1) and from our experimental data. We
also calculate theoretical rates from the radiated cross section model. The radiated cross sections
were obtained from inclusive data as explained in [2] and the areal density for each material was
measured in the lab or obtained from literature.

Property Helium Carbon Aluminum Kapton Ammonia

Volume Density � ( gm
cm3 ) 0.125 2.193 2.700 1.430 0.917

Radiation length X0 ( gm
cm2 ) 94.26 42.66 24.03 40.54 40.80

Length (cm) L, L� lA, L� lC 0.398 0.000147 0.000066 lA
Molar Mass ( gm

mol ) 4 12 27 382 17

Mol of nucleons/cm2 0.2725 0.7632 0.03969 0.009437 1.3755 lA
1.5

Table 1: Numbers used to calculate areal densities �̃i. The total length of the target cup was 1.5
cm which is used in the last row.

Dimensional analysis and some algebra gives both areal density as well as the total target

2

n = SIDIS event rate

Gray = Helium

Al Window



The SIDIS model supports kinematic 
dependence of dilution in (xB, Q2, z, Ph⊥).
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107

inclusive cross section ep⇥ e�+X is written as

⇥�+
p � (4u+ds)+(4us +d)r f . (5.14)

The superscripts on the sigma correspond to pion flavor, and u = uv +us and d = dv +ds

are quark distributions. The subscript v refers to the valence quarks in the nucleon and s

refers to the anti-quark distribution in the proton. No contributions from the strange quark

are included in this discussion. We extend this to write a full set of cross sections for all

three pion flavor for scattering from a proton or neutron,

⇥��
p � (4u+ds)r f +(4us +d) (5.15)

⇥�0

p � (4u+ds)(1+ r f )+(4us +d)(1+ r f )

⇥�+
n � (4d +us)+(4ds +u)r f

⇥��
n � (4d +us)r f +(4ds +u)

⇥�0

n � (4d +us)(1+ r f )+(4ds +u)(1+ r f )

The parton distribution functions from GRV 98 Ref. [65] are used to get u, d, us and ds

over our kinematic range of xB and Q2. We approximate the fragmentation function ratio

by 1/(1 + z)2 Ref. [66]. This gives us the expressions for scattering from a proton and

neutron. Using these, we build the cross sections for each of our target materials. For

example, Aluminum has 13 protons and 14 neutrons, we write the cross section as,

⇥�+

Al =
13⇥�+

p +14⇥�+
n

27
(5.16)

Following this principle, we write similar expressions for the different materials for each
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on their fits Ref. [23]. The Ph⇥ dependance is added into the attenuation by,

AHe
T (Q2,xB,z,Ph⇥) = 1+AHe

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅
(5.20)

AC
T (Q2,xB,z,Ph⇥) = 1+AC

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅

AN
T (Q2,xB,z,Ph⇥) = 1+AN

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅

AAl
T (Q2,xB,z,Ph⇥) = 1+AAl

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅

where pzshi f t
T = pT z + 1

2(z�0.4). The function of the z, Ph⇥, and ⇥ dependence here was

based on the detailed hadron attenuation studies shown in Ref. [67]. The final two fit

parameters used to constrain the model are pT p and pT z.

Combining the attenuation and individual cross section terms, we get

⌅⇤+
He =

⌅⇤+
p +⌅⇤+

n

2
AHe

T (Q2,xB,z,Ph⇥) (5.21)

⌅⇤+

C =
⌅⇤+

p +⌅⇤+
n

2
AC

T (Q2,xB,z,Ph⇥)

⌅⇤+
N =

⌅⇤+
p +⌅⇤+

n

2
AN

T (Q2,xB,z,Ph⇥)

⌅⇤+

Al =
13⌅⇤+

p +14⌅⇤+
n

27
AAl

T (Q2,xB,z,Ph⇥)

Similar expressions can be written for the other pion flavors. There is no explicit �h

dependence in the model. Semi-inclusive rate ratios of ammonia to carbon

nSIDIS
NH3

nSIDIS
C

(5.22)

where rf is the ratio of favored to unfavored fragmentation functions 
approximated by

Add in nuclear attenuation, e.g. Aluminum

Start with the one nucleon cross-section using PDFs from GRV98

Use. 

Fsin⇥h
UL =

2M
Q

C

⇤
ĥ · kT
Mh

�
xhLH⌅1 +

Mh

M
g1L

G̃⌅

z

⇥
+

ĥ · pT
M

�
x f⌅L D1�

Mh

M
h⌅1L

H̃
z

⇥⌅
,

(16)

Fsin2⇥h
UL = C

⇤
�2

(ĥ · kT)(ĥ · pT)�kT · pT
MMh

h⌅1L(xB, pT )H⌅1 (z,kT )

⌅
, and (17)

Ph⌅ = pT + zkT (18)

For the case of charged pions,

�� = �meas��theory (19)

�meas = distance/[(tTOF� tstart time)c] (20)

�theory =
p⇧

p2 +M2
⌅

(21)

⌅0 ⇤ ⇤ + ⇤ (22)

1
(1+ z)2 (23)

2



The model is constrained by SIDIS data 
for NH3/C data.
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Physics Results.

23

1. Beam Spin Asymmetry (BSA)
2. Target Spin Asymmetry (TSA)
3. Double Spin Asymmetry (DSA)



eg1-dvcs measures moments of helicity 
structure functions.
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16

and

ALL =
⌃LL

⌃UU
(2.27)

where

⌃LU =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥⇧
2⇥(1+ ⇥)sin⇤hFsin⇤h

LU (2.28)

and

⌃LL =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥
S⇤⇧e

⇤⇧
1+ ⇥2FLL +

⇧
2⇥(1+ ⇥)cos⇤hFcos⇤h

LL

⌅
.

(2.29)

The moment of the beam spin asymmetry is written as the coefficient of the sine function,

ALU = Asin⇤h
LU sin⇤h (2.30)

and moments of the double spin asymmetry are written terms of a constant term AC
LL and

the coefficient of the cosine term Acos⇤h
LL ,

ALL = AC
LL +Acos⇤h

LL cos⇤h (2.31)

For the beam spin asymmetry, the moment Asin⇤h
LU contains the twist 3 TMD e con-

voluted with the Collins fragmentation function, H⇥
1 . The moments of the double spin

asymmetry contain the twist 2 TMD g1L convoluted with the unpolarized FF, D1.

All of these moments are dependent on Q2, xB, z, Ph⇥ and ⇤h and they contain within

them the physics of TMDs.

16

and

ALL =
⌃LL

⌃UU
(2.27)

where

⌃LU =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥⇧
2⇥(1+ ⇥)sin⇤hFsin⇤h

LU (2.28)

and

⌃LL =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥
S⇤⇧e

⇤⇧
1+ ⇥2FLL +

⇧
2⇥(1+ ⇥)cos⇤hFcos⇤h

LL

⌅
.

(2.29)

The moment of the beam spin asymmetry is written as the coefficient of the sine function,

ALU = Asin⇤h
LU sin⇤h (2.30)

and moments of the double spin asymmetry are written terms of a constant term AC
LL and

the coefficient of the cosine term Acos⇤h
LL ,

ALL = AC
LL +Acos⇤h

LL cos⇤h (2.31)

For the beam spin asymmetry, the moment Asin⇤h
LU contains the twist 3 TMD e con-

voluted with the Collins fragmentation function, H⇥
1 . The moments of the double spin

asymmetry contain the twist 2 TMD g1L convoluted with the unpolarized FF, D1.

All of these moments are dependent on Q2, xB, z, Ph⇥ and ⇤h and they contain within

them the physics of TMDs.

15

2.3.3 Connection to Asymmetries

Single and double spin asymmetries provide an excellent tool to gain access to in-

dividual helicity structure functions in Equation 2.5. The target single spin asymmetry is

defined as,

AUL =
⇧UL

⇧UU
(2.22)

where ⇧UL is the cross-section portion from Equation 2.5 that relates to the polarized

target,

⇧UL =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥
S⇤

⇤⇧
2⇥(1+ ⇥)sin⇤hFsin⇤h

UL + ⇥ sin(2⇤h)F
sin2⇤h

UL

⌅

(2.23)

and

⇧UU =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥⇤
FUU + ⇥ cos(2⇤h)F

cos2⇤h
UU

⌅
. (2.24)

The target spin asymmetry is written in the form of moments of sine functions in the

above expressions,

AUL = Asin⇤h
UL sin⇤h +Asin2⇤h

UL sin2⇤h (2.25)

The moment, Asin2⇤h
UL contains the twist 2 TMD h⇥1L convoluted with the FF H⇥

1 , also

known as the Collins fragmentation function shown in Equation 2.15. The sin⇤h moment,

Asin⇤h
UL contains the twist 3 TMD, hL convoluted with the Collins fragmentation function.

Similarly, the beam spin asymmetry and double spin asymmetry are defined as,

ALU =
⇧LU

⇧UU
(2.26)
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is called ⇥S⇧ and �S is the angle between ⇥S⇧ and the lepton plane. The remainder of the

reaction products are given by X .

It is often useful to express the spin dependance of the process using asymmetries,

which are by looking at differences in polarized cross sections normalized by their sums.

In this thesis, we specifically look at three single and double spin asymmetries obtained

with a longitudinally polarized nucleon and a longitudinally polarized lepton.
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P
h
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h
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target
rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon
momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

FIG. 2.1: Semi-inclusive deep inelastic scattering kinematics. The electron l = (E,⇥l) exchanges
a virtual photon q with the stationary nucleon and recoils with a 4-momentum l⌅ = (E ⌅,⇥l⌅). The
reaction produces a hadron with 4-momentum Ph = (Eh,⇥Ph). The plane formed by the incoming
lepton and virtual photon is called the lepton plane. The plane formed by the virtual photon and
the newly formed hadron is called the hadron plane. The angle between these two planes is given
by �h. The transverse component of the hadron momentum is denoted by Ph⇧. The component
of the nucleon spin transverse to the virtual photon is called S⇧ and �S is the angle between S⇧
and the virtual photon.

The target single spin asymmetry is obtained when an unpolarized lepton is incident

on a longitudinally polarized target. It is written in terms of cross sections as follows,

AUL =
d⇥0⇤�d⇥0⇥

d⇥0⇤+d⇥0⇥ (2.2)

Similarly, the beam single spin asymmetry is obtained when a longitudinally polarized

7

lepton is incident on an unpolarized target nucleon. It is written as,

ALU =
d�⇤0�d�⇥0

d�⇤0 +d�⇥0 (2.3)

The double spin asymmetry explores the case where both the lepton and target nucleon

are longitudinally polarized. It is given by,

ALL =
d�⇤⇤�d�⇥⇤�d�⇤⇥+d�⇥⇥

d�⇤⇤+d�⇥⇤+d�⇤⇥+d�⇥⇥
(2.4)

The first subscript represents beam polarization and the second denotes target polar-

ization. The letter U (or 0) indicates an unpolarized lepton or nucleon and L denotes a

longitudinally polarized lepton or nucleon. The arrows ⇤ and ⇥ denote cross sections

with right handed and left handed helicity respectively for the lepton, or target polariza-

tion along or opposite the incoming lepton direction. To understand the physics hidden in

these asymmetries we look at their theoretical foundations in the following sections.

2.2 Semi Inclusive Cross sections

The expression for the semi-inclusive cross section in terms of structure functions

FUL, FLL, etc. is derived in Ref. [26]. The differential cross section written in terms of
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2.2 Semi Inclusive Cross sections

The expression for the semi-inclusive cross section in terms of structure functions

FUL, FLL, etc. is derived in Ref. [26]. The differential cross section written in terms of

The spin sum rule is given by,

1
2

=
1
2
(�q+�q̄)+�g+Lz (1)

gp
1 = ⇥

i
e2

i (�qi +�q̄i) (2)

gp
1(xB) = ⇥

i
e2

i (�qi +�q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p⌅[u⌅(xB)]� p⌅[u⇧(xB)] (5)

�u = p⌅[u⌅(xB, pT )]� p⌅[u⇧(xB, pT )] (6)

Asymmetries in terms of cross sections,

AUL =
⇥⇤

UL�⇥⇥
UL

⇥UU
(7)

d7⇥
dxB dy d⇤ dz d�h dP2

h⌥
= d⇥UU +d⇥UL +d⇥LU +d⇥LL +[...] (8)

The experimental asymmetries are given by,

AUL =
1
f

1
PT

Ameas
UL (9)

ALU =
1
PB

Ameas
LU (10)

ALL =
1
f

1
PBPT

Ameas
LL (11)

g1

F1
=

ALL

D⌃ (12)

The beam and target polarization is given by

PBPT =
Ameas

el
Ael

(13)

h⌥1L(xB, pT ) = (14)

hL(xB, pT ) = (15)

1
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h
!sin  0.006216± 0.03078 

  
h

!sin 2  0.005411± -0.009796 

> = 0.21  
B

> = 0.44, <xh<P
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"  2.318 / 5

Prob   0.8036
C         0.002534± -0.002152 

  
h

!sin  0.006113± 0.03561 
  

h
!sin 2  0.006225± -0.006017 

 / ndf 
2

"  2.318 / 5

Prob   0.8036
C         0.002534± -0.002152 

  
h

!sin  0.006113± 0.03561 
  

h
!sin 2  0.006225± -0.006017 

> = 0.27  
B

> = 0.44, <xh<P
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"  1.356 / 5

Prob   0.929
C         0.002937± -0.0009591 

  
h

!sin  0.007186± 0.0326 
  

h
!sin 2  0.006706± -0.01265 

 / ndf 
2

"  1.356 / 5

Prob   0.929
C         0.002937± -0.0009591 

  
h

!sin  0.007186± 0.0326 
  

h
!sin 2  0.006706± -0.01265 

> = 0.33  
B

> = 0.44, <xh<P
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"  5.792 / 7
Prob   0.5643

C         0.004354± -0.004596 
  

h
!sin  0.01017± 0.03043 

  
h

!sin 2  0.009045± -0.01903 

 / ndf 
2

"  5.792 / 7
Prob   0.5643

C         0.004354± -0.004596 
  

h
!sin  0.01017± 0.03043 

  
h

!sin 2  0.009045± -0.01903 

> = 0.39  
B

> = 0.44, <xh<P
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"  3.839 / 5
Prob   0.5728

C         0.004947± 0.003577 
  

h
!sin  0.007511± 0.03522 

  
h

!sin 2  0.0006205± -0.004111 

 / ndf 
2

"  3.839 / 5
Prob   0.5728

C         0.004947± 0.003577 
  

h
!sin  0.007511± 0.03522 

  
h

!sin 2  0.0006205± -0.004111 

> = 0.45  
B

> = 0.43, <xh<P
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"  0.5376 / 5
Prob   0.9907

C         0.0008969± 0.002787 
  

h
!sin  0.01381± 0.01154 

  
h

!sin 2  0.01196± -0.01086 

 / ndf 
2

"  0.5376 / 5
Prob   0.9907

C         0.0008969± 0.002787 
  

h
!sin  0.01381± 0.01154 

  
h

!sin 2  0.01196± -0.01086 

> = 0.15  
B

> = 0.56, <xh<P
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"  6.033 / 6
Prob   0.4195

C         0.001612± -0.002835 
  

h
!sin  0.004346± 0.02791 

  
h

!sin 2  0.003039± -0.01369 

 / ndf 
2

"  6.033 / 6
Prob   0.4195

C         0.001612± -0.002835 
  

h
!sin  0.004346± 0.02791 

  
h

!sin 2  0.003039± -0.01369 

> = 0.21  
B

> = 0.56, <xh<P
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"  3.841 / 7

Prob   0.7979
C         0.002819± -0.000725 

  
h

!sin  0.00343± 0.03311 
  

h
!sin 2  0.001471± 0.0004759 

 / ndf 
2

"  3.841 / 7

Prob   0.7979
C         0.002819± -0.000725 

  
h

!sin  0.00343± 0.03311 
  

h
!sin 2  0.001471± 0.0004759 

> = 0.27  
B

> = 0.56, <xh<P
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"  4.378 / 7

Prob   0.7354
C         0.003721± -0.00371 

  
h

!sin  0.006026± 0.02897 
  

h
!sin 2  0.00224± -0.006241 

 / ndf 
2

"  4.378 / 7

Prob   0.7354
C         0.003721± -0.00371 

  
h

!sin  0.006026± 0.02897 
  

h
!sin 2  0.00224± -0.006241 

> = 0.33  
B

> = 0.56, <xh<P
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"   5.85 / 7
Prob   0.5574

C         0.005183± -0.004554 
  

h
!sin  0.009625± 0.04747 

  
h

!sin 2  0.01032± -0.005915 

 / ndf 
2

"   5.85 / 7
Prob   0.5574

C         0.005183± -0.004554 
  

h
!sin  0.009625± 0.04747 

  
h

!sin 2  0.01032± -0.005915 

> = 0.39  
B

> = 0.55, <xh<P
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"  2.126 / 5
Prob   0.8314

C         0.008584± -0.01315 
  

h
!sin  0.01556± 0.043 

  
h

!sin 2  0.01719± 0.0 1118 

 / ndf 
2

"  2.126 / 5
Prob   0.8314

C         0.008584± -0.01315 
  

h
!sin  0.01556± 0.043 

  
h

!sin 2  0.01719± 0.0 1118 

> = 0.44  
B

> = 0.55, <xh<P
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"  5.379 / 7
Prob   0.6139

C         0.003222± -0.002315 
  

h
!sin  0.005663± 0.01744 

  
h

!sin 2  0.005455± -0.0117 

 / ndf 
2

"  5.379 / 7
Prob   0.6139

C         0.003222± -0.002315 
  

h
!sin  0.005663± 0.01744 

  
h

!sin 2  0.005455± -0.0117 

> = 0.15  
B

> = 0.68, <xh<P
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"  1.788 / 7
Prob   0.9706

C         0.002735± -0.002127 
  

h
!sin  0.004396± 0.03025 

  
h

!sin 2  0.005488± 0.002696 

 / ndf 
2

"  1.788 / 7
Prob   0.9706

C         0.002735± -0.002127 
  

h
!sin  0.004396± 0.03025 

  
h

!sin 2  0.005488± 0.002696 

> = 0.21  
B

> = 0.68, <xh<P
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"  7.079 / 8

Prob   0.5281
C         0.004006± -0.003756 

  
h

!sin  0.006535± 0.0242 
  

h
!sin 2  0.00631± -0.006607 

 / ndf 
2

"  7.079 / 8

Prob   0.5281
C         0.004006± -0.003756 

  
h

!sin  0.006535± 0.0242 
  

h
!sin 2  0.00631± -0.006607 

> = 0.27  
B

> = 0.68, <xh<P
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"  4.124 / 7

Prob   0.7654
C         0.006498± -0.005098 

  
h

!sin  0.007972± 0.03729 
  

h
!sin 2  0.009081± 0.005376 

 / ndf 
2

"  4.124 / 7

Prob   0.7654
C         0.006498± -0.005098 

  
h

!sin  0.007972± 0.03729 
  

h
!sin 2  0.009081± 0.005376 

> = 0.33  
B

> = 0.68, <xh<P
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"  11.22 / 7
Prob   0.1291

C         0.009182± 0.01322 
  

h
!sin  0.01538± 0.05898 

  
h

!sin 2  0.01543± -0.008989 

 / ndf 
2

"  11.22 / 7
Prob   0.1291

C         0.009182± 0.01322 
  

h
!sin  0.01538± 0.05898 

  
h

!sin 2  0.01543± -0.008989 

> = 0.38  
B

> = 0.67, <xh<P
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"  6.469 / 5
Prob   0.2632

C         0.01924± 0.007046 
  

h
!sin  0.03269± 0.00831 

  
h

!sin 2  0.03565± 0.003547 

 / ndf 
2

"  6.469 / 5
Prob   0.2632

C         0.01924± 0.007046 
  

h
!sin  0.03269± 0.00831 

  
h

!sin 2  0.03565± 0.003547 

> = 0.44  
B

> = 0.67, <xh<P
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"  7.669 / 8
Prob   0.4665

C         0.003856± 0.002143 
  

h
!sin  0.005923± 0.02023 

  
h

!sin 2  0.005983± -0.001878 

 / ndf 
2

"  7.669 / 8
Prob   0.4665

C         0.003856± 0.002143 
  

h
!sin  0.005923± 0.02023 

  
h

!sin 2  0.005983± -0.001878 

> = 0.15  
B

> = 0.81, <xh<P
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"  6.473 / 8
Prob   0.5944

C         0.004475± 0.001739 
  

h
!sin  0.006369± 0.03233 

  
h

!sin 2  0.006821± 0.0002916 

 / ndf 
2

"  6.473 / 8
Prob   0.5944

C         0.004475± 0.001739 
  

h
!sin  0.006369± 0.03233 

  
h

!sin 2  0.006821± 0.0002916 

> = 0.21  
B

> = 0.80, <xh<P
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"  8.309 / 8

Prob   0.4039
C         0.006391± -0.006134 

  
h

!sin  0.008934± 0.04524 
  

h
!sin 2  0.009443± -0.0008034 

 / ndf 
2

"  8.309 / 8

Prob   0.4039
C         0.006391± -0.006134 

  
h

!sin  0.008934± 0.04524 
  

h
!sin 2  0.009443± -0.0008034 

> = 0.27  
B

> = 0.80, <xh<P
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"  2.463 / 7

Prob   0.9298
C         0.01124± -0.0003013 

  
h

!sin  0.01632± 0.02376 
  

h
!sin 2  0.01772± 0.00212 

 / ndf 
2

"  2.463 / 7

Prob   0.9298
C         0.01124± -0.0003013 

  
h

!sin  0.01632± 0.02376 
  

h
!sin 2  0.01772± 0.00212 

> = 0.32  
B

> = 0.80, <xh<P
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"  5.404 / 6
Prob   0.4931

C         0.02416± -0.01212 
  

h
!sin  0.03575± 0.08265 

  
h

!sin 2  0.03915± 0.04119 

 / ndf 
2

"  5.404 / 6
Prob   0.4931

C         0.02416± -0.01212 
  

h
!sin  0.03575± 0.08265 

  
h

!sin 2  0.03915± 0.04119 

> = 0.38  
B

> = 0.79, <xh<P
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"  2.777 / 8
Prob   0.9476

C         0.005986± -0.006126 
  

h
!sin  0.008441± 0.03514 

  
h

!sin 2  0.008794± -0.00461 

 / ndf 
2

"  2.777 / 8
Prob   0.9476

C         0.005986± -0.006126 
  

h
!sin  0.008441± 0.03514 

  
h

!sin 2  0.008794± -0.00461 

> = 0.15  
B

> = 0.93, <xh<P
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"  10.07 / 8
Prob   0.2602

C         0.008164± 0.009637 
  

h
!sin  0.01177± 0.02051 

  
h

!sin 2  0.01192± -0.01385 

 / ndf 
2

"  10.07 / 8
Prob   0.2602

C         0.008164± 0.009637 
  

h
!sin  0.01177± 0.02051 

  
h

!sin 2  0.01192± -0.01385 

> = 0.21  
B

> = 0.92, <xh<P
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2

"   2.81 / 8

Prob   0.9457
C         0.01512± 0.004977 

  
h

!sin  0.02137± 0.04679 
  

h
!sin 2  0.02339± -0.02518 

 / ndf 
2

"   2.81 / 8

Prob   0.9457
C         0.01512± 0.004977 

  
h

!sin  0.02137± 0.04679 
  

h
!sin 2  0.02339± -0.02518 

> = 0.26  
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> = 0.92, <xh<P
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"  2.169 / 6

Prob   0.9035
C         0.03896± 0.03025 

  
h

!sin  0.05741± -0.04724 
  

h
!sin 2  0.05942± -0.05234 

 / ndf 
2

"  2.169 / 6

Prob   0.9035
C         0.03896± 0.03025 

  
h

!sin  0.05741± -0.04724 
  

h
!sin 2  0.05942± -0.05234 

> = 0.32  
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> = 0.91, <xh<P
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"  3.054 / 8
Prob   0.931

C         0.01333± -0.009232 
  

h
!sin  0.01882± 0.0166 

  
h

!sin 2  0.01928± -0.03099 

 / ndf 
2

"  3.054 / 8
Prob   0.931

C         0.01333± -0.009232 
  

h
!sin  0.01882± 0.0166 

  
h

!sin 2  0.01928± -0.03099 

> = 0.14  
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> = 1.04, <xh<P
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"  2.345 / 7
Prob   0.9383

C         0.03094± 0.006856 
  

h
!sin  0.01802± 0.1046 

  
h

!sin 2  0.0408± -0.0517 

 / ndf 
2

"  2.345 / 7
Prob   0.9383

C         0.03094± 0.006856 
  

h
!sin  0.01802± 0.1046 

  
h

!sin 2  0.0408± -0.0517 

> = 0.20  
B

> = 1.03, <xh<P
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"  5.493e-09 / 0

Prob       0
C         0.01713± -0.03025 

  
h

!sin  0.2606± 0.3005 
  

h
!sin 2  0.1626± 0.2277 

 / ndf 
2

"  5.493e-09 / 0

Prob       0
C         0.01713± -0.03025 

  
h

!sin  0.2606± 0.3005 
  

h
!sin 2  0.1626± 0.2277 

> = 0.27  
B

> = 0.10, <xh<P
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"  2.417 / 2

Prob   0.2986
C         0.0116 1± -0.009736 
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!sin  0.04523± -0.01651 
  

h
!sin 2  0.03715± -0.02225 

 / ndf 
2

"  2.417 / 2

Prob   0.2986
C         0.0116 1± -0.009736 
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!sin  0.04523± -0.01651 
  

h
!sin 2  0.03715± -0.02225 

> = 0.33  
B

> = 0.10, <xh<P
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"  4.449 / 4
Prob   0.3487

C         0.01177± -0.01082 
  

h
!sin  0.02343± 0.0118 

  
h

!sin 2  0.02264± -0.01898 

 / ndf 
2

"  4.449 / 4
Prob   0.3487

C         0.01177± -0.01082 
  

h
!sin  0.02343± 0.0118 

  
h

!sin 2  0.02264± -0.01898 

> = 0.39  
B

> = 0.09, <xh<P
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2

"  0.5307 / 3
Prob   0.9121

C         0.01838± -0.001453 
  

h
!sin  0.06536± 0.009835 

  
h

!sin 2  0.05973± 0.003119 

 / ndf 
2

"  0.5307 / 3
Prob   0.9121

C         0.01838± -0.001453 
  

h
!sin  0.06536± 0.009835 

  
h

!sin 2  0.05973± 0.003119 

> = 0.45  
B

> = 0.09, <xh<P
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2

"  1.151e-11 / 0
Prob       0

C         0.009145± 0.007654 
  

h
!sin  0.1526± 0.1434 

  
h

!sin 2  0.09381± 0.05586 

 / ndf 
2

"  1.151e-11 / 0
Prob       0

C         0.009145± 0.007654 
  

h
!sin  0.1526± 0.1434 

  
h

!sin 2  0.09381± 0.05586 

> = 0.22  
B

> = 0.21, <xh<P
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2

"  7.038 / 3

Prob   0.0707
C         0.003641± -0.002743 

  
h

!sin  0.0157± -0.003179 
  

h
!sin 2  0.01317± -0.02477 

 / ndf 
2

"  7.038 / 3

Prob   0.0707
C         0.003641± -0.002743 

  
h

!sin  0.0157± -0.003179 
  

h
!sin 2  0.01317± -0.02477 

> = 0.27  
B

> = 0.20, <xh<P
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2

"  4.249 / 5

Prob   0.5141
C         0.005049± -0.00154 

  
h

!sin  0.01018± 0.02864 
  

h
!sin 2  0.009612± -0.001556 

 / ndf 
2

"  4.249 / 5

Prob   0.5141
C         0.005049± -0.00154 

  
h

!sin  0.01018± 0.02864 
  

h
!sin 2  0.009612± -0.001556 

> = 0.33  
B

> = 0.20, <xh<P
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2

"  6.679 / 5
Prob   0.2456

C         0.004881± -0.0009547 
  

h
!sin  0.0106± 0.03495 

  
h

!sin 2  0.005391± -0.007573 

 / ndf 
2

"  6.679 / 5
Prob   0.2456

C         0.004881± -0.0009547 
  

h
!sin  0.0106± 0.03495 

  
h

!sin 2  0.005391± -0.007573 

> = 0.39  
B

> = 0.20, <xh<P
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2

"  2.345 / 5
Prob   0.7997

C         0.007916± 1.51e-05 
  

h
!sin  0.01581± 0.03494 

  
h

!sin 2  0.01529± -0.01177 

 / ndf 
2

"  2.345 / 5
Prob   0.7997

C         0.007916± 1.51e-05 
  

h
!sin  0.01581± 0.03494 

  
h

!sin 2  0.01529± -0.01177 

> = 0.45  
B

> = 0.20, <xh<P
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2

"  0.3173 / 1
Prob   0.5732

C         0.003037± 0.004522 
  

h
!sin  0.01287± 0.06059 

  
h

!sin 2  0.007903± -0.006322 

 / ndf 
2

"  0.3173 / 1
Prob   0.5732

C         0.003037± 0.004522 
  

h
!sin  0.01287± 0.06059 

  
h

!sin 2  0.007903± -0.006322 

> = 0.16  
B

> = 0.33, <xh<P
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h

! 
1 2 3 4 5 6
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2

"  3.033 / 3
Prob   0.3866

C         0.003128± -0.002619 
  

h
!sin  0.00816± -0.002084 

  
h

!sin 2  0.004923± -0.03327 

 / ndf 
2

"  3.033 / 3
Prob   0.3866

C         0.003128± -0.002619 
  

h
!sin  0.00816± -0.002084 

  
h

!sin 2  0.004923± -0.03327 

> = 0.21  
B

> = 0.32, <xh<P

 (radians)  
h

! 
1 2 3 4 5 6
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2

"  10.74 / 5

Prob   0.0568
C         0.002969± -0.006462 

  
h

!sin  0.006303± 0.04423 
  

h
!sin 2  0.005039± 0.01033 

 / ndf 
2

"  10.74 / 5

Prob   0.0568
C         0.002969± -0.006462 

  
h

!sin  0.006303± 0.04423 
  

h
!sin 2  0.005039± 0.01033 

> = 0.27  
B

> = 0.32, <xh<P

 (radians)  
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2

"  4.492 / 5

Prob   0.4809
C         0.00374± -0.003566 

  
h

!sin  0.0111 7± 0.05237 
  

h
!sin 2  0.01083± 0.007332 

 / ndf 
2

"  4.492 / 5

Prob   0.4809
C         0.00374± -0.003566 

  
h

!sin  0.0111 7± 0.05237 
  

h
!sin 2  0.01083± 0.007332 

> = 0.33  
B

> = 0.32, <xh<P
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2

"  3.352 / 5
Prob   0.6459

C         0.004592± -0.007729 
  

h
!sin  0.007972± 0.03941 

  
h

!sin 2  0.007672± 0.005635 

 / ndf 
2

"  3.352 / 5
Prob   0.6459

C         0.004592± -0.007729 
  

h
!sin  0.007972± 0.03941 

  
h

!sin 2  0.007672± 0.005635 

> = 0.39  
B

> = 0.32, <xh<P
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2

"  0.8221 / 5
Prob   0.9756

C         0.007214± 0.003086 
  

h
!sin  0.01445± 0.02706 

  
h

!sin 2  0.01496± -0.004853 

 / ndf 
2

"  0.8221 / 5
Prob   0.9756

C         0.007214± 0.003086 
  

h
!sin  0.01445± 0.02706 

  
h

!sin 2  0.01496± -0.004853 

> = 0.45  
B

> = 0.32, <xh<P
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2

"  0.3803 / 3
Prob   0.9443

C         0.003595± -0.001492 
  

h
!sin  0.01053± 0.03182 

  
h

!sin 2  0.009715± 0.003449 

 / ndf 
2

"  0.3803 / 3
Prob   0.9443

C         0.003595± -0.001492 
  

h
!sin  0.01053± 0.03182 

  
h

!sin 2  0.009715± 0.003449 

> = 0.16  
B

> = 0.45, <xh<P
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2

"  3.537 / 5
Prob   0.6178

C         0.002821± 0.003413 
  

h
!sin  0.006216± 0.03078 

  
h

!sin 2  0.005411± -0.009796 

 / ndf 
2

"  3.537 / 5
Prob   0.6178

C         0.002821± 0.003413 
  

h
!sin  0.006216± 0.03078 

  
h

!sin 2  0.005411± -0.009796 

> = 0.21  
B

> = 0.44, <xh<P
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h

! 
1 2 3 4 5 6

 
L

U
 A

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

 / ndf 
2

"  2.318 / 5

Prob   0.8036
C         0.002534± -0.002152 

  
h

!sin  0.006113± 0.03561 
  

h
!sin 2  0.006225± -0.006017 

 / ndf 
2

"  2.318 / 5

Prob   0.8036
C         0.002534± -0.002152 

  
h

!sin  0.006113± 0.03561 
  

h
!sin 2  0.006225± -0.006017 

> = 0.27  
B

> = 0.44, <xh<P

 (radians)  
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2

"  1.356 / 5

Prob   0.929
C         0.002937± -0.0009591 

  
h

!sin  0.007186± 0.0326 
  

h
!sin 2  0.006706± -0.01265 

 / ndf 
2

"  1.356 / 5

Prob   0.929
C         0.002937± -0.0009591 

  
h

!sin  0.007186± 0.0326 
  

h
!sin 2  0.006706± -0.01265 

> = 0.33  
B

> = 0.44, <xh<P
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2

"  5.792 / 7
Prob   0.5643

C         0.004354± -0.004596 
  

h
!sin  0.01017± 0.03043 

  
h

!sin 2  0.009045± -0.01903 

 / ndf 
2

"  5.792 / 7
Prob   0.5643

C         0.004354± -0.004596 
  

h
!sin  0.01017± 0.03043 

  
h

!sin 2  0.009045± -0.01903 

> = 0.39  
B

> = 0.44, <xh<P
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2

"  3.839 / 5
Prob   0.5728

C         0.004947± 0.003577 
  

h
!sin  0.007511± 0.03522 

  
h

!sin 2  0.0006205± -0.004111 

 / ndf 
2

"  3.839 / 5
Prob   0.5728

C         0.004947± 0.003577 
  

h
!sin  0.007511± 0.03522 

  
h

!sin 2  0.0006205± -0.004111 

> = 0.45  
B

> = 0.43, <xh<P
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2

"  0.5376 / 5
Prob   0.9907

C         0.0008969± 0.002787 
  

h
!sin  0.01381± 0.01154 

  
h

!sin 2  0.01196± -0.01086 

 / ndf 
2

"  0.5376 / 5
Prob   0.9907

C         0.0008969± 0.002787 
  

h
!sin  0.01381± 0.01154 

  
h

!sin 2  0.01196± -0.01086 

> = 0.15  
B

> = 0.56, <xh<P

 (radians)  
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2

"  6.033 / 6
Prob   0.4195

C         0.001612± -0.002835 
  

h
!sin  0.004346± 0.02791 

  
h

!sin 2  0.003039± -0.01369 

 / ndf 
2

"  6.033 / 6
Prob   0.4195

C         0.001612± -0.002835 
  

h
!sin  0.004346± 0.02791 

  
h

!sin 2  0.003039± -0.01369 

> = 0.21  
B

> = 0.56, <xh<P
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2

"  3.841 / 7

Prob   0.7979
C         0.002819± -0.000725 

  
h

!sin  0.00343± 0.03311 
  

h
!sin 2  0.001471± 0.0004759 

 / ndf 
2

"  3.841 / 7

Prob   0.7979
C         0.002819± -0.000725 

  
h

!sin  0.00343± 0.03311 
  

h
!sin 2  0.001471± 0.0004759 

> = 0.27  
B

> = 0.56, <xh<P
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2

"  4.378 / 7

Prob   0.7354
C         0.003721± -0.00371 

  
h

!sin  0.006026± 0.02897 
  

h
!sin 2  0.00224± -0.006241 

 / ndf 
2

"  4.378 / 7

Prob   0.7354
C         0.003721± -0.00371 

  
h

!sin  0.006026± 0.02897 
  

h
!sin 2  0.00224± -0.006241 

> = 0.33  
B

> = 0.56, <xh<P
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2

"   5.85 / 7
Prob   0.5574

C         0.005183± -0.004554 
  

h
!sin  0.009625± 0.04747 

  
h

!sin 2  0.01032± -0.005915 

 / ndf 
2

"   5.85 / 7
Prob   0.5574

C         0.005183± -0.004554 
  

h
!sin  0.009625± 0.04747 

  
h

!sin 2  0.01032± -0.005915 

> = 0.39  
B

> = 0.55, <xh<P
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2

"  2.126 / 5
Prob   0.8314

C         0.008584± -0.01315 
  

h
!sin  0.01556± 0.043 

  
h

!sin 2  0.01719± 0.0 1118 

 / ndf 
2

"  2.126 / 5
Prob   0.8314

C         0.008584± -0.01315 
  

h
!sin  0.01556± 0.043 

  
h

!sin 2  0.01719± 0.0 1118 

> = 0.44  
B

> = 0.55, <xh<P
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2

"  5.379 / 7
Prob   0.6139

C         0.003222± -0.002315 
  

h
!sin  0.005663± 0.01744 

  
h

!sin 2  0.005455± -0.0117 

 / ndf 
2

"  5.379 / 7
Prob   0.6139

C         0.003222± -0.002315 
  

h
!sin  0.005663± 0.01744 

  
h

!sin 2  0.005455± -0.0117 

> = 0.15  
B

> = 0.68, <xh<P
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"  1.788 / 7
Prob   0.9706

C         0.002735± -0.002127 
  

h
!sin  0.004396± 0.03025 

  
h

!sin 2  0.005488± 0.002696 

 / ndf 
2

"  1.788 / 7
Prob   0.9706

C         0.002735± -0.002127 
  

h
!sin  0.004396± 0.03025 

  
h

!sin 2  0.005488± 0.002696 

> = 0.21  
B

> = 0.68, <xh<P
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2

"  7.079 / 8

Prob   0.5281
C         0.004006± -0.003756 

  
h

!sin  0.006535± 0.0242 
  

h
!sin 2  0.00631± -0.006607 

 / ndf 
2

"  7.079 / 8

Prob   0.5281
C         0.004006± -0.003756 

  
h

!sin  0.006535± 0.0242 
  

h
!sin 2  0.00631± -0.006607 

> = 0.27  
B

> = 0.68, <xh<P
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"  4.124 / 7

Prob   0.7654
C         0.006498± -0.005098 

  
h

!sin  0.007972± 0.03729 
  

h
!sin 2  0.009081± 0.005376 

 / ndf 
2

"  4.124 / 7

Prob   0.7654
C         0.006498± -0.005098 

  
h

!sin  0.007972± 0.03729 
  

h
!sin 2  0.009081± 0.005376 

> = 0.33  
B

> = 0.68, <xh<P
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"  11.22 / 7
Prob   0.1291

C         0.009182± 0.01322 
  

h
!sin  0.01538± 0.05898 

  
h

!sin 2  0.01543± -0.008989 

 / ndf 
2

"  11.22 / 7
Prob   0.1291

C         0.009182± 0.01322 
  

h
!sin  0.01538± 0.05898 

  
h

!sin 2  0.01543± -0.008989 

> = 0.38  
B

> = 0.67, <xh<P
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"  6.469 / 5
Prob   0.2632

C         0.01924± 0.007046 
  

h
!sin  0.03269± 0.00831 

  
h

!sin 2  0.03565± 0.003547 

 / ndf 
2

"  6.469 / 5
Prob   0.2632

C         0.01924± 0.007046 
  

h
!sin  0.03269± 0.00831 

  
h

!sin 2  0.03565± 0.003547 

> = 0.44  
B

> = 0.67, <xh<P
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"  7.669 / 8
Prob   0.4665

C         0.003856± 0.002143 
  

h
!sin  0.005923± 0.02023 

  
h

!sin 2  0.005983± -0.001878 

 / ndf 
2

"  7.669 / 8
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The function used to fit the BSA is,
ALU = C + ALUsin Φh sinΦh + ALUsin 2Φh sin2Φh.

π+
PR

EL
IM
IN
AR

Y



Interpretation
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The beam spin asymmetry is consistent with 
data on pure hydrogen.

32

0 0.2 0.4 0.6 0.8 1
-0.04

-0.02

0

0.02

0.04

0.06

> = 0.21
B

<x > = 0.21
B

<x

0 0.2 0.4 0.6 0.8 1
-0.04

-0.02

0

0.02

0.04

0.06

> = 0.39
B

<x > = 0.39
B

<x

Ph⊥ (GeV) Ph⊥ (GeV)

A
LU

si
n 
Φh

A
LU

si
n 
Φh

<xB> = 0.21> <xB> = 0.39

Green Points from: eg1-dvcs
Black Points from: M. Aghasyan et al. Phys.Lett. B704 (2011) 

π0 π0

PR
EL

IM
IN
AR

Y

PR
EL

IM
IN
AR

Y



ALU

• No noticeable nuclear effect in the beam spin asymmetry while 
comparing with pure hydrogen.
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Comparison to the model predictions by 
Anselmino et al. [hep-ph/0608048] are 
consistent with the data.

• Simple picture 
assumes a 
Gaussian 
distribution for 
the TMD and 
FF

• Fit different 
widths for g1 
and F1

34

152

6.4 Comparison to Model and Existing Data

We interpret g1/F1 by assuming the simple factorized and gaussian behavior of in-

volved TMDs and FFs as discussed by Anselmino and others Ref. [24]. Under this

assumption, the unpolarized TMD f1 summed over all quarks q for a hadron h in the final

state is described as a Gaussian with width µ0,

f q
1 (xB,k⇥) = f q

1 (xB)
1

⇥µ2
0

exp
⇤
�

k2
⇥

µ2
0

⌅
(6.22)

and the unpolarized fragmentation function described as a Gaussian with width µD is

Dh
q(z, p⇥) = Dh

q(z)
1

⇥µ2
D

exp
⇤
�

p2
⇥

µ2
D

⌅
. (6.23)

The momenta k⇥ and p⇥ refer to the quark before scattering and the fragmenting

quark respectively. These are written in terms of the transverse momentum of the hadron

in the final state as

Ph⇥ = p⇥+ zk⇥. (6.24)

A similar expression for the polarized structure function is written as

gq
1(xB,k⇥) = gq

1(xB)
1

⇥µ2
2

exp
⇤
�

k2
⇥

µ2
2

⌅
(6.25)

where µ2 is the width of the Gaussian associated with it.

Using Equations 6.22 - 6.25, we write the ratio of polarized to unpolarized structure

functions for the example of the up quark hadronizing into ⇥+ as,

g1

F1
(xB,z,Ph⇥) =

g1

F1
(xB,z)

⇤
µ2

D + z2µ2
0

µ2
D + z2µ2

2

⌅
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z2P2
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0 )
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(6.26)
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g1/F1 shown in 
bins of Ph⊥ (GeV) 
and xB for π+,π- 

and π0.
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ALL

• From the unintegrated data, g1/F1 consistent with Anselmino Model.
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The TSA sin 2Φh moment is confirmed below 
for <Ph⊥> = 0.43 GeV.
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AULsin 2Φh

Effect first seen in H. 
Avakian et al. 
Phys.Rev.Lett. 105 (2010).
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We measure semi-inclusive DIS 
asymmetries for a longitudinally polarized 
target, where we see

• No noticeable nuclear effect in the beam spin asymmetry while 
comparing with pure hydrogen. No significant difference in the neutron 
beam spin asymmetry

• From the unintegrated data, g1/F1 consistent with Anselmino Model.

• Confirmation of TSA sin 2Φh moment. Higher twist term (sin Φh) 
dominates for TSA.

• Our data can be used in combination with other world data to get 
better determination of the TMDs, analogous to collinear PDFs
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Goal is to study the internal structure 
of the nucleon in momentum space
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Data as a function of z
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Data as a function of xB.
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Data as a function of Ph⊥ (GeV).
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on their fits Ref. [23]. The Ph⇥ dependance is added into the attenuation by,

AHe
T (Q2,xB,z,Ph⇥) = 1+AHe

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅
(5.20)

AC
T (Q2,xB,z,Ph⇥) = 1+AC

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅

AN
T (Q2,xB,z,Ph⇥) = 1+AN

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p
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AAl
T (Q2,xB,z,Ph⇥) = 1+AAl

T (Q2,x,z)

⇤�
Ph⇥

pzshi f t
T

⇥pT p

�1

⌅

where pzshi f t
T = pT z + 1

2(z�0.4). The function of the z, Ph⇥, and ⇥ dependence here was

based on the detailed hadron attenuation studies shown in Ref. [67]. The final two fit

parameters used to constrain the model are pT p and pT z.

Combining the attenuation and individual cross section terms, we get

⌅⇤+
He =

⌅⇤+
p +⌅⇤+

n

2
AHe

T (Q2,xB,z,Ph⇥) (5.21)

⌅⇤+

C =
⌅⇤+

p +⌅⇤+
n

2
AC

T (Q2,xB,z,Ph⇥)

⌅⇤+
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⌅⇤+
p +⌅⇤+

n

2
AN

T (Q2,xB,z,Ph⇥)

⌅⇤+

Al =
13⌅⇤+

p +14⌅⇤+
n

27
AAl

T (Q2,xB,z,Ph⇥)

Similar expressions can be written for the other pion flavors. There is no explicit �h

dependence in the model. Semi-inclusive rate ratios of ammonia to carbon

nSIDIS
NH3

nSIDIS
C

(5.22)
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pion flavor:

⇤⇥+

He,C,N =
⇤⇥+

p +⇤⇥+
n

2
(5.17)

⇤⇥�
He,C,N =

⇤⇥�
p +⇤⇥�

n

2

⇤⇥�
Al =

13⇤⇥�
p +14⇤⇥�

n

27

We account for nuclear effects in the different materials by introducing an attenuation

factor (AT ) depending on z and � = Q2/2MxB Ref. [66]. Each attenuation factor is scaled

to carbon assuming

AHe
T (Q2,xB,z) =

a
�F

⇤
4/12 (5.18)

AC
T (Q2,xB,z) =

a
�F

⇤
12/12

AN
T (Q2,xB,z) =

a
�F

⇤
14/12

AAl
T (Q2,xB,z) =

a
�F

⇤
27/12.

The scaling for the attenuation factor, a is the same for each material and is the first

fit parameter that is constrained using data. The denominator, �F contains the z and �

dependence and is given by,

�F =
� �

2.5

⇥�p
(1+(z�0.55)) (5.19)

in which �p is taken as a fit parameter. The HERMES Collaboration produced fits to the

ratio of fragmentation functions as a function of z. The dependence of �F on z is based
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on their fits Ref. [23]. The Ph⇥ dependance is added into the attenuation by,
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2(z�0.4). The function of the z, Ph⇥, and ⇥ dependence here was

based on the detailed hadron attenuation studies shown in Ref. [67]. The final two fit
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⌅⇤+
He =

⌅⇤+
p +⌅⇤+

n

2
AHe

T (Q2,xB,z,Ph⇥) (5.21)

⌅⇤+

C =
⌅⇤+

p +⌅⇤+
n

2
AC

T (Q2,xB,z,Ph⇥)

⌅⇤+
N =

⌅⇤+
p +⌅⇤+

n

2
AN

T (Q2,xB,z,Ph⇥)

⌅⇤+

Al =
13⌅⇤+

p +14⌅⇤+
n

27
AAl

T (Q2,xB,z,Ph⇥)
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In summary,
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Beam Energy 
(GeV) PB PBPT(+) PBPT(-) PT(+) PT(-)

5.887 86.8% 0.63 -0.61 72% -69%

5.954 83.6% 0.65 -0.57 79% -68%
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Moments of the TSA for π+, π-,and π0.
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Moments of the TSA for π+, π-,and π0.
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g1/F1 shown in bins of Ph⊥ (GeV) and xB for 

π+, π-,and π0.
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For a polarized electron and proton the 
SIDIS cross-section is written as
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15

2.3.3 Connection to Asymmetries

Single and double spin asymmetries provide an excellent tool to gain access to in-

dividual helicity structure functions in Equation 2.5. The target single spin asymmetry is

defined as,

AUL =
⇧UL

⇧UU
(2.22)

where ⇧UL is the cross-section portion from Equation 2.5 that relates to the polarized

target,

⇧UL =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥
S⇤

⇤⇧
2⇥(1+ ⇥)sin⇤hFsin⇤h

UL + ⇥ sin(2⇤h)F
sin2⇤h

UL

⌅

(2.23)

and

d⇧UU =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥⇤
FUU + ⇥ cos(2⇤h)F

cos2⇤h
UU

⌅
. (2.24)

The target spin asymmetry is written in the form of moments of sine functions in the

above expressions,

AUL = Asin⇤h
UL sin⇤h +Asin2⇤h

UL sin2⇤h (2.25)

The moment, Asin2⇤h
UL contains the twist 2 TMD h⇥1L convoluted with the FF H⇥

1 , also

known as the Collins fragmentation function shown in Equation 2.15. The sin⇤h moment,

Asin⇤h
UL contains the twist 3 TMD, hL convoluted with the Collins fragmentation function.

Similarly, the beam spin asymmetry and double spin asymmetry are defined as,

ALU =
⇧LU

⇧UU
(2.26)
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and

ALL =
⌃LL

⌃UU
(2.27)

where

⌃LU =
�2

xByQ2
y2

2(1� ⇥)

�
1+

⌅
2x

⇥⇧
2⇥(1+ ⇥)sin⇤hFsin⇤h

LU (2.28)

and

d⌃LL =
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xByQ2
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�
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1+ ⇥2FLL +
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2⇥(1+ ⇥)cos⇤hFcos⇤h

LL

⌅
.

(2.29)

The moment of the beam spin asymmetry is written as the coefficient of the sine function,

ALU = Asin⇤h
LU sin⇤h (2.30)

and moments of the double spin asymmetry are written terms of a constant term AC
LL and

the coefficient of the cosine term Acos⇤h
LL ,

ALL = AC
LL +Acos⇤h

LL cos⇤h (2.31)

For the beam spin asymmetry, the moment Asin⇤h
LU contains the twist 3 TMD e con-

voluted with the Collins fragmentation function, H⇥
1 . The moments of the double spin

asymmetry contain the twist 2 TMD g1L convoluted with the unpolarized FF, D1.

All of these moments are dependent on Q2, xB, z, Ph⇥ and ⇤h and they contain within

them the physics of TMDs.
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The spin sum rule is given by,

1
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=
1
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i

e2
i (�qi + �q̄i) (2)

gp
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�

i

e2
i (�qi + �q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p⇤[u⇤(xB)]� p⇤[u⌅(xB)] (5)

�u = p⇤[u⇤(xB , pT )]� p⇤[u⌅(xB , pT )] (6)

Asymmetries in terms of cross sections,

AUL =
�⇥UL � ��UL

�UU
(7)

d7�

dxB dy d⇤ dz d⇥h dP 2
h⌃

= d�UU + d�UL + d�LU + d�LL + [...] (8)

The experimental asymmetries are given by,
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1
f

1
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UL (9)

ALU =
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LU (10)

ALL =
1
f

1
PBPT

Ameas
LL (11)

g1

F1
=

ALL

D⇧ (12)

The beam and target polarization is given by

PBPT =
Ameas

el

Ael
(13)

hL = (14)

1



We look for the unintegrated version of the 
standard parton distribution function.
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The spin sum rule is given by,
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We look for the unintegrated version of the 
standard parton distribution function.
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We look for the unintegrated version of the 
standard parton distribution function.
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The spin sum rule is given by,

1
2

=
1
2
(�q + �q̄) + �g + Lz (1)

gp
1 =

�

i

e2
i (�qi + �q̄i) (2)

gp
1(xB) =

�

i

e2
i (�qi + �q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p�[u�(xB)]� p�[u⇥(xB)] (5)

1

The spin sum rule is given by,

1
2

=
1
2
(�q + �q̄) + �g + Lz (1)

gp
1 =

�

i

e2
i (�qi + �q̄i) (2)

gp
1(xB) =

�

i

e2
i (�qi + �q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p�[u�(xB)]� p�[u⇥(xB)] (5)

1

The spin sum rule is given by,

1
2

=
1
2
(�q + �q̄) + �g + Lz (1)

gp
1 =

�

i

e2
i (�qi + �q̄i) (2)

gp
1(xB) =

�

i

e2
i (�qi + �q̄i) (3)

where for the standard collinear parton distributions for the up quark,

�u = u(xB) (4)

�u = p�[u�(xB)]� p�[u⇥(xB)] (5)

�u = p�[u�(xB , pT )]� p�[u⇥(xB , pT )] (6)

1


