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ABSTRACT

The semi-inclusive deep inelastic scattering process, where an electron scatters o↵ a proton target

at high enough energy that the process can be described by the scattering o↵ a single constituent

particle, o↵ers targeted access to the internal structure of the nucleon. The process can be

described in two phases by parton distribution functions (PDFs), which describe the likelihood of

finding a quark or gluon in a particular state inside of the nucleon and then by fragmentation

functions (FFs) which describe the likelihood of forming a particular final state particle. One way

to study these properties is via the measurement of the beam spin asymmetry, loosely defined as

the di↵erence in the production cross section of final state particles from partons with opposite

intrinsic angular momenta. The internal physical laws that govern this mechanism are dictated in

part by the PDFs and FFs that are of interest. Furthermore, when the final state particles include

two hadrons these PDFs are more easily accessed and new and exciting FFs emerge.

Azimuthal correlations in the production of hadron pairs in semi-inclusive deep-inelastic scattering

provide rich information on nucleon structure. A high precision study of data taken with the newly

upgraded CLAS12 detector has been used to extract beam-spin asymmetries for the ⇡+⇡� channel.

The presented data were taken in the fall of 2018 with CLAS12 using a 10.6 GeV longitudinally

spin-polarized electron beam delivered by CEBAF incident on a liquid hydrogen target. The wide

acceptance and high luminosity of the CLAS12 experiment enable the simultaneous measurement

of the scattered electron and multiple final state hadrons with a previously unmatched statistical

precision. These data represent the first experimental results obtained with the new CLAS12

system. Beam spin asymmetry amplitudes with respect to the variables x, the fraction of

longitudinal momentum carried by the struck quark, and Mh, the invariant mass of the hadron

pair, are presented.

One extracted asymmetry, sensitive to the azimuthal modulation sin(�R?), provides the first

opportunity to extract the PDF e(x), which provides information about the interaction between

gluons and quarks, in a collinear framework. This measurement provides cleaner access to the PDF

than alternative methods that also depend on the transverse momentum of the struck quark. A

second modulation, sensitive to sin(�h � �R?), corresponds to the first ever signal sensitive to the

helicity-dependent two-pion fragmentation function G?
1 . A nonzero signal is reported which

describes the dependence of the produced pions on the helicity of the fragmenting quark. A clear

sign change is observed around the mass of the ⇢-meson that appears in model calculations and

results from the interference of s and p wave dihadrons. Numerous other asymmetry amplitudes,

each sensitive to its own combination of PDFs and FFs, are also extracted.
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DIHADRON BEAM SPIN ASYMMETRIES ON AN UNPOLARIZED HYDROGEN TARGET

WITH CLAS12



CHAPTER 1

Introduction

1.1 Motivation

The visible portion of the universe is composed almost entirely of atoms. These atoms are

themselves made up of two distinct kinds of particles: densely packed nucleons found at the center

of the atom and very light, negatively charged particles called electrons that orbit that center.

The interactions between atoms, mediated by the force exchanged between electrons, comprise the

majority of large-scale dynamics that impact day-to-day life. The properties of these interactions

have been tested to extraordinary precision via the theory of quantum electrodynamics (QED) [1,

2, 3, 4, 5, 6]. Although they are significantly better understood, electrons make up a tiny fraction

of the atomic mass. Instead, the majority of matter is comprised of nucleons in the form of protons

and neutrons.

The quest for a complete understanding of the nucleon has been ongoing since the 1950s when

Hofstadter and collaborators fired an electron beam at a hydrogen target to demonstrate that the

2
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proton had a finite size [7, 8]. Further work in the following decades led to the discovery that

protons and neutrons were comprised of constituent particles, called quarks, with fractional electric

charges [9, 10]. These quarks interact with a fundamental force, called the strong nuclear force,

mediated by particles called gluons [11, 12, 13]. In the same way that there is a “charge” associated

with the electromagnetic force, the strong force has a so-called color-charge that can come in three

di↵erent varieties. Despite encompassing the majority of visible matter, many of the properties of

the nucleon remain a mystery. Important properties that emerge from the strong interactions of

the quarks and gluons, such as mass and spin, are not understood. Therefore, the study of the

internal dynamics of the nucleon is fundamental to our understanding of the strong interaction and,

by extension, to our understanding of the nature of matter itself. The study of the force mediated by

gluons, quantum chromodynamics (QCD) [14], has been successfully tested in a wide range of high

energy settings [15, 16]. Due to the non-perturbative nature of QCD, however, the low energy range

has posed numerous problems for both experimentalists and theorists.

For example, researchers initially thought that the proton was comprised solely of three quarks

which each contributed approximately 1/3 of the proton’s total spin. The “spin crisis” [17, 18]

arose when evidence [19] was presented that the valence quarks carried only a small fraction of

the proton’s total spin. Although the exact proportions remains an open question, it is believed

that the proton’s spin is comprised of quark and gluon orbital angular momentum and gluon spin.

An understanding of the transverse motion of quarks and gluons inside the nucleon is expected to

provide crucial insight into this issue. Another interesting problem was the so-called proton radius

puzzle [20]; in QED the proton is treated as a point-like particle but in QCD the internal structure of

the proton leads to a finite charge radius. The puzzle arose when researchers discovered a discrepancy

between the measurements of this radius via di↵erent experimental methods [21, 22]. Perhaps the
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most famous conundrum in nuclear physics is that of confinement [23], the phenomenon that color-

charged particles (quarks and gluons) cannot exist in isolation. Instead, they must clump together

and form objects called hadrons, of which the proton is the most famous example. To date no

analytic proof of confinement has been found but its experimental evidence is unquestionable.

One method for studying the internal structure of the proton is the Semi-Inclusive Deep Inelastic

Scattering (SIDIS) process, where an electron scatters o↵ a proton target at a high enough energy

such that it can be described by the scattering o↵ a single constituent quark within the proton

target. Theoretical advances over the past decades have led to the development of a framework

where information on the confined motion of quarks and gluons inside the nucleus are matched

to transverse momentum-dependent parton distribution functions (TMDs/PDFs). These objects

encode knowledge about the orbital motion of quarks in the parent nucleon and include information

about the correlations between the motion of quarks and gluons and their spin. During the 1970s, 80s

and 90s these PDFs were mapped in a wide range in x, the fractional parton momentum longitudinal

to the nucleon direction of motion, and Q2, the square of the momentum transferred between the

scattered electron and the struck parton [24]. Increasingly precise three-dimensional imaging of the

nucleon became possible as more and more information about these models was uncovered.

Comparably, the process of the formation of hadrons out of quarks and gluons can be described by

fragmentation functions (FFs) [25, 26, 27, 28]. These functions can be interpreted as the probability

that a quark forms a certain final state particle, such as a pion. The concept of FFs was already in

use shortly after the parton model [29], where they were commonly understood as the counterpart to

PDFs because they described the probability for finding a color-neutral particle inside an individual

parton [30]. These FFs can o↵er insight into the transverse momenta and on polarization degrees of

freedom in the final state particles.
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One way to extract information about these functions is via the measurement of the so-called

beam spin asymmetry, which can be loosely thought of as the di↵erence in the production cross section

of final state particles from partons with opposite intrinsic angular momenta. Since the pioneering

observations of single-spin azimuthal asymmetries in the production of a hadron at HERMES [31,

32, 33, 34], CERN [35] and Je↵erson Laboratory (JLab) [36, 37, 38] the SIDIS process has become an

invaluable tool in probing nucleon structure. The internal physical laws that govern this mechanism

are dictated in part by the PDFs and FFs that are of interest and o↵er a valuable tool for studying

the transverse structure of the nucleon in momentum space.

Recently, there has been increased interest in the experimental investigation of the SIDIS electro-

production of a hadron pair [39]. This process o↵ers much cleaner access to the collinear description

of the nucleus, where the struck quark’s momentum is longitudinal to the virtual photon, at the

subleading twist level (terms that are suppressed by an extra factor of 1/Q compared to the lead-

ing twist). If the nucleon is studied in a frame in which it has a very large momentum, collinear

means that the PDFs depend only on x, i.e. the parton momentum is collinear with the hadron’s.

Furthermore, when the final state comprises two or more hadrons, unique new objects called di-

hadron fragmentation functions (DiFFs) emerge which o↵er further insight into the structure of the

nucleon [40, 41, 42].

The Continuous Electron Beam Accelerator Facility (CEBAF) at Je↵erson Laboratory has re-

cently been upgraded to a maximum electron beam energy of 12 GeV. As part of this upgrade,

the original CEBAF Large Acceptance Spectrometer (CLAS) in Hall B was decommissioned and

upgraded to the new CLAS12 spectrometer. The CLAS12 experiment is a fixed target experiment

dedicated to probing the internal structure of hadrons and the interactions between them mediated

by gluons. The large acceptance of CLAS12 makes it an ideal experiment because the simultane-
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ous detection of the outgoing electron and many final state hadrons is possible. Additionally, the

relatively low beam energy at JLab makes it easier to access the 1/Q suppressed higher-twist com-

ponents of the nucleon. The CLAS collaboration collected data in 2018 by scattering a 10.6 GeV

longitudinally polarized electron beam o↵ of an unpolarized liquid hydrogen target. These data have

been analyzed in order to study the beam spin asymmetries in the SIDIS electroproduction of two

final state charged pions. This analysis is motivated by a desire to further understanding of QCD by

extracting information about how the partons behave inside of the nucleus and by explicitly measur-

ing several terms sensitive to the combination of PDFs and FFs. The results of this work have been

published in Phys. Rev. Lett. [43].

1.2 Dihadrons in Semi-inclusive Deep Inelastic Scattering

The process e�(`) + p(P ) ! e(`0) + h1(P1) + h2(P2) + X, pictured in Fig. 1.1, is considered.

An electron is scattered o↵ a proton target via the exchange of a virtual photon and the resulting

scattered electron and at least two hadrons are detected. The four-momenta are given in parenthesis.

The mass of the nucleon is denoted, M . The final hadrons have masses M1, M2 and momenta P1, P2.

It is natural to introduce the pair total momenta Ph = P1+P2 and relative momentaR = (P1 � P2) /2.
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FIG. 1.1: The electroproduction of two final state hadrons in SIDIS. An incident electron inter-
acts with a proton target, whose momentum-dependent quark distributions are described by PDFs,
through the exchange of a virtual photon. The virtual photon energy is such that it interacts with
a single quark inside the nucleus, which fragments into two or more final state hadrons in a process
described by DiFFs.

The SIDIS dihadron kinematic variables are then defined by,

Q2 = �q2, (1.1)

W 2 = (P + q)2, (1.2)

⌫ =
q · P
M

= E � E 0, (1.3)

x =
Q2

2P · q =
Q2

2M⌫
, (1.4)

y =
P · q
P · ` =

⌫

E
, (1.5)

z =
P · Ph

P · q =
Eh

⌫
, (1.6)

� =
2Mx

Q
=

Q

⌫
, (1.7)

P?
h

= Ph sin ✓�h, (1.8)

xF =
2Ph · q
|q|W . (1.9)
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The exchanged virtual photon is defined as q = ` � `0 such that Q2 = �q2 is the hard scale of the

process (the mass of the virtual photon). Conversely, W is the mass of the virtual photon, target

system. If the electron beam has energy E and the scattered electron has energy E 0 then ⌫ is defined

as the di↵erence between these two quantities. The variables x, y and z are the fraction of target

momentum carried by the struck quark, the fraction of beam energy transferred to the virtual photon

and the fraction of virtual photon energy carried by the hadron system. The quantity � describes

the relationship between the energy transferred to the struck quark and the virtual photon energy.

If ✓�h is the angle between the dihadron momentum and the virtual photon momentum then P?
h

is

the projection of Ph perpendicular to the virtual photon direction. The “x-Feynman” variable, xF ,

is used to di↵erentiate between current and target fragmentation and takes a positive value if the

outgoing hadron moves in the same direction as the incoming electron, in the struck quark center-

of-mass frame. A final variable, Mh, is the invariant mass of the dihadron system. For a complete

review of SIDIS variables see Ref. [44].

The relevant angle definitions used in this analysis come from Ref. [45]. The first, �h, follows the

Trento conventions [46] and is the angle between the lepton scattering plane and the plane spanned

by Ph and q,

�h =
(q ⇥ `) · Ph

| (q ⇥ `) · Ph|
arccos

(q ⇥ `) · (q ⇥ Ph)

| (q ⇥ `) || (q ⇥ Ph) |
. (1.10)

The second comes from defining the vector RT , the component of R perpendicular Ph, calculated as

RT = (z2P?
1 � z1P?

2 )/z,

�R? =
(q ⇥ `) ·RT

| (q ⇥ `) ·RT |
arccos

(q ⇥ `) · (q ⇥RT )

| (q ⇥ `) || (q ⇥RT ) |
, (1.11)
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where this definition has been realized in an invariant fashion. Subtly di↵erent definitions for the

second angle also exist depending on if the “transverse plane” is considered to be the “T Frame”

(transverse to dihadron momenta Ph) or the “? plane” (transverse to the fragmenting quark mo-

mentum). The former definition was used at COMPASS [47] and the latter at HERMES [48] and in

the theory work of Ref. [39]. The two planes are related by a boost [49],

PiT = Pi? + zikT , (1.12)

where kT is the fragmenting quark momentum. The di↵erences in these two definitions amount to

corrections of order 1/Q2 which can be neglected at leading order [39] and were found to not e↵ect the

next-to-leading order extractions when both definitions were tested for the asymmetry amplitudes

extracted in this analysis. Both angles are pictured in Fig. 1.2.

FIG. 1.2: Definitions of the azimuthal angles �h and �R? . The electron scattering plane is spanned
by the incoming and outgoing lepton. The dihadron plane is spanned by P1 and P2 and contains
Ph, R, and RT. The q ⇥ Ph plane contains only q and Ph. The azimuthal angles �h and �R?

are defined within the plane transverse to q, from the electron scattering plane to, respectively, the
q⇥Ph plane and the dihadron plane.
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An additional angle, ✓, is shown in Fig. 1.3 and is defined in the center-of-mass of the two

hadrons and is the angle between the direction of emission and the direction of Ph from the photon-

target rest frame. The positive pion is typically taken to be P1 although this is not strictly necessary

as long as consistency is maintained.

FIG. 1.3: A description of the polar angle, ✓, which is defined as the angle between the hadron P1

in the pair center-of-mass frame and the direction of the pair, Ph, in the photon-target rest frame.

The SIDIS dihadron electroproduction cross section expansion depends on structure functions

that are associated with sinusoidal modulations in �h and �R? . Each structure function contains the

convolution of a TMD and a DiFF. The DiFFs can be further expanded into partial waves on the

basis of spherical harmonics [45] which results in modulations of cos ✓.

These partial waves are associated with the angular momenta of the dihadron, with s-wave

dihadrons being unpolarized and p-wave dihadrons longitudinally or transversely polarized. The

DiFF partial waves are enumerated by the total angular momentum of the hadronic system with the

eigenvalues ` and m. The interference of two s-wave dihadrons has ` = 0, sp-interference has ` = 1,

and pp-interference has ` = 2. Pion pair production has a large contribution from vector meson
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decays which are limited to at most ` = 2. Uncorrelated hadrons are not technically restricted to

any finite ` value but at the low-invariant pair mass of JLab higher values of ` should be suppressed.

This motivates the truncation of the expansion at ` = 2. The eigenvalue m 2 [�`, `] \ Z, that is m

can be any integer value from �` to `, enumerates the various angular momentum degrees of freedom

for each value of `. The notation |`,mi is used to label the associated partial wave, for example,

DiFF partial waves such as G?|`,mi
1 .

The twist-2 (leading order) and twist-3 (next-to-leading order) structure functions in the dif-

ferential cross section will be considered in this work. Twist is rigorously defined as the di↵erence

between the dimension and spin of an operator in the product expansion of correlation functions [50].

A more accessible definition is related to the Taylor expansion of the cross section in terms of 1/Q2,

with higher twist terms receiving additional suppression in this term.

The cross section for dihadron production with an unpolarized beam and unpolarized target is

similar in structure to the single hadron cross section because it is dictated by the helicity matrix of

the virtual photon. This matrix is 2⇥2 and contains two diagonal elements related to its longitudinal

and transverse polarizations and two interference terms with each term containing an infinite number

of structure functions. Thus, four distinct terms can be identified in the cross section [45],

d�UU =
↵2

4⇡xyQ2

✓
1 +

�2

2x

◆

⇥
2X

`=0

⇢
A(x, y)

`X

m=0


P`,m cos(m(�h � �R?))

✓
F

P`,m cos(m(�h��R? ))

UU,T
+ ✏F

P`,m cos(m(�h��R? ))

UU,L

◆�
+

B(x, y)
`X

m=�`

P`,m cos((2�m)�h +m�R?)F
P`,m cos((2�m)�h+m�R? )

UU
+ (1.13)

V (x, y)
`X

m=�`

P`,m cos((1�m)�h +m�R?)F
P`,m cos((1�m)�h+m�R? )

UU

�
.
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Similarly, the cross section for a longitudinally polarized beam and unpolarized target is

d�LU =
↵2

4⇡xyQ2

✓
1 +

�2

2x

◆
�e

⇥
2X

`=0

⇢
C(x, y)

`X

m=1


P`,m sin(m(�h � �R?))2

✓
F

P`,m

LU,T

cos(m(�h��R? )) + ✏F
P`,m cos(m(�h��R? ))

LU,L

◆�
+

W (x, y)
`X

m=�`

P`,m sin((1�m)�h +m�R?)F
P`,m sin((1�m)�h+m�R? )

LU

�
. (1.14)

In both cross sections, ↵ is the fine structure constant, �e is the beam electron helicity and P`,m

are the Legendre polynomials in cos ✓. The twist-2 functions A, B and C and the twist-3 functions

V and W are kinematic depolarization factors given by

A(✏, y) ⌘ y2

2(1� ✏)
=

1

1 + �2

✓
1� y +

1

2
y2 +

1

4
�2y2

◆
⇡
✓
1� y +

1

2
y2
◆
, (1.15)

B(✏, y) ⌘ y2

2(1� ✏)
✏ =

1

1 + �2

✓
1� y � 1

4
�2y2

◆
⇡ (1� y) , (1.16)

C(✏, y) ⌘ y2

2 (1� ✏)

p
1� ✏2 =

yp
1 + �2

✓
1� 1

2
y

◆
⇡ y

✓
1� 1

2
y

◆
, (1.17)

V (✏, y) ⌘ y2

2 (1� ✏)

p
2✏(1 + ✏) =

2� y

1 + �2

r
1� y � 1

4
�2y2 ⇡ (2� y)

p
1� y, (1.18)

W (✏, y) ⌘ y2

2 (1� ✏)

p
2✏(1� ✏) =

yp
1 + �2

r
1� y � 1

4
�2y2 ⇡ y

p
1� y, (1.19)

and dependent on the ratio ✏ of longitudinal and transverse photon flux [51],

✏ =
1� y � 1

4�
2y2

1� y + 1
2y

2 + 1
4�

2y2
. (1.20)

Following [45], the di↵erential cross section expands as a sum of terms, each proportional to

a structure function and its corresponding modulations F
 (�h,�R? ,✓)

PBPT
, where  is the modulation

function, and PB and PT are the beam and target polarizations. A third subscript is used to denote
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virtual photon polarization. Each structure function contains the convolution of a PDF f and

fragmentation function D, denoted by

I [wfD] =
X

q

e2
q

Z
d2kTd

2pT �2
✓
kT � pT � Ph?

z

◆

⇥ wm(x, zh,Mh,�h,kT ,pT )

⇥ x f q(x,kT )D
q |`,mi(zh,Mh, |pT |) , (1.21)

where w is a weight function and kT and pT refer to the transverse component of the quark momentum

in the fragmentation function and the distribution functions respectively. The variables chosen to

represent the PDF and the DiFF may appear to be backwards but are given this way for historical

reasons.

The polarized di↵erential cross section d�LU contains the leading-twist structure functions

F
P`,m sin(m(�h��R? ))

LU,T
= �I

h
2 cos

�
m(�h � �p)

�
f1G

|`,mi
1

i
, (1.22)

where �p is the azimuthal angle referring to pT [52]. The PDF, f1, is the experimentally well-measured

momentum distribution and G1 is a twist-2 dihadron fragmentation describing the fragmentation of a

longitudinally polarized quark into two hadrons. The virtual photon must be transversely polarized,
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whereas the structure function FLU,L = 0. At twist-3, the structure function is

F
P`,m sin((1�m)�h+m�R? )

LU
=

2M

Q
I
"
� |pT |

Mh

cos
�
(1�m) (�p � �h)

�

⇥
 
xeH?|`,mi

1 +
Mh

M
f1
G̃?|`,mi

z

!

+
|kT |
M

cos
�
(m� 1)�h + �k �m�p

�

⇥
 
xg?1 D

|`,mi
1 +

Mh

M
h?
1

Ẽ |`,mi

z

!#
, (1.23)

where �k is the azimuthal angle referring to kT . The first term in the structure function contains

the sum of two products, the first of which includes the twist-3 PDF e(x) which is coupled to H1,

the interference fragmentation function that arises from the interference of amplitudes with the

hadron pair being in two states with di↵erent relative angular momentum [53, 54, 55]. The second

product is made up of the momentum distribution function f1 and the T-odd twist-3 fragmentation

function G̃ which encodes the quark-gluon-quark correlation [56]. The second term also contains

two products, the first of which is the PDF g1, which describes the helicity distribution and the

unpolarized fragmentation function D1. The second product involves the combination of h1, the

relatively little studied transversity distribution [57] and the fragmentation function Ẽ. The cross

section for an unpolarized beam and target at leading twist structure functions

F
P`,m cos((1�m)�h+m�R? )

UU,L
= 0 , (1.24)

F
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and at twist-3,
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1.3 The Parton Distribution Function e

Recent experimental and theoretical progress has shown that understanding the gluonic degrees

of freedom inside the nucleon is crucial to advancing our knowledge of QCD. Higher-twist functions

give access to a wealth of information about nucleon partonic structure [58, 59] such as the description

of multi-parton correlations inside the nucleon [60, 61]. That twist-3 PDFs are sensitive to quark-

gluon interactions and that those should be large in any confined nucleon has been known for some

time [62]. Despite being suppressed with respect to twist-2 observables, twist-3 structure functions

are not small in the kinematics of fixed target experiments such as those at JLab12. Evidence of

twist-3 PDFs has been seen in results from COMPASS [47, 63] and CLAS6 [64, 65]. CLAS12 provides

an ideal situation in which to further our understanding of twist-3 observables because of the low-Q2

range and wide acceptance of its experiments [66, 67].

The PDF e(x) is one of six collinear functions that are needed to describe the light-cone wave-

function of the nucleon up to subleading twist, which includes gluon interactions with the struck

quark. These functions provide unique insight into the dynamics of hadrons [62] but at this point
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experimental extractions have remained scarce [68]. The PDF e(x) encloses knowledge of the inter-

action between gluons and the struck quark [39]. For a full review of e(x) see Ref. [69].

The first moment of e(x) is related to the pion-nucleon sigma term [70], �⇡N ,

Z 1

�1

dxeq(x,Q2) =

Z 1

�1

dx
�
eu + ed

�
(x,Q2),

=
1

2M
hP |

�
ū(0)u(0) + d̄(0)d(0)

�
|P i (Q2),

=
�⇡N

(mu +md)(Q2)/2
, (1.28)

where indices u and d refer to the up and down quark with mu and md their respective masses. The

pion-nucleon sigma term is itself related to the strangeness content of the proton, paraemterized by

�s =
y

2

ms

(mu +md)/2
�⇡N , (1.29)

where the index s refers now to the strange quark. The pion nuclear-sigma term arises in chiral

perturbation theory in order to measure the explicit symmetry breaking due to nonzero masses of

the light quarks. In a sense, the term measures the contributions from the finite quark masses to the

total mass of the nucleon [71]. Recently, the cross section for the production of supersymmetric dark

matter particles was shown to depend strongly on the value of the pion-nucleon sigma term [72].

The second moment of e(x) is proportional to the number of valence quarks in the nucleon,

Z 1

�1

dxxeq(x) =

Z 1

0

dxx (eq � eq̄) (x),

=
mQ(Q2)

M
Nq, (1.30)

which vanishes in the chiral limit. In chiral models this moment can be related to the renormalized
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constituent quark masses which manifest as spontaneous chiral symmetry breaking in the QCD

vacuum. Finally, the third moment is the dynamic part of the PDF and can be related to the

transverse force experienced by a transversely polarized quark ejected from a polarized nucleon [73].

The PDF e(x) has been calculated extensively in a number of models. Most of the low energy

models do not contain explicit gluon fields. The quark-gluon interaction comes from confinement

and ultimately the implicit description of the proton states in that particular model. In Fig. 1.4

the twist-3 PDFs e(x), hL(x), and f1(x) in the MIT Bag Model are shown. The twist-3 PDF hL(x)

describes the distribution of quarks in a longitudinally polarized nucleon [74]. The PDF f1(x) is

the transverse momentum distribution function and has been very well studied [75] and so model

predictions indicating that e(x) is of approximately similar size indicate that it should be detectable

experimentally. In Fig. 1.5 the relative sizes of the eu and ed functions are compared. Future analyses

involving a deuterium target, of which an approximately equal sized portion of data has already been

recorded with CLAS12, will be able to disentangle the separate flavor contributions to the overall

PDF. These calculations do not involve sea or strange quarks except in the case of the chiral quark

soliton model.

A preliminary attempt to access e(x) via single-hadron asymmetries was performed at CLAS [78]

and later with preliminary dihadron spin asymmetries [79] (the preliminary asymmetry data was later

published [65] but no updated e(x) extraction has been performed). The simplest way to access e(x)

is through the semi-inclusive production of hadron pairs in deep inelastic scattering [68]. In that

measurement, e(x) appears coupled to the chiral-odd DIFF H^
1 [80, 81]. This DiFF is for historical

reasons often referred to as the “Interference-Fragmentation Function” (IFF).

When DiFFs are integrated over �h they are collinear objects. However, due to the additional

degree of freedom present in the two hadron case as opposed to single hadron FFs, they can still
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FIG. 1.4: The twist-3 PDFs eu(x) and hu

L
(x) compared to transverse momentum distribution function

fu

1 (x) in the MIT Bag Model of Ref. [70]. The PDF f1(x) has been well constrained by data and
so model predictions that e(x) and hL(x) are of similar magnitude indicate that they should be
observable experimentally.

FIG. 1.5: Left: The functions eq(x), for the case q = u and q = d as solid red and dashed-blue
lines respectively for the spectator model of Ref. [76]. Right: The functions xeq(x), for the case
q = u and q = d as solid red and dashed-blue lines respectively in the chiral quark soliton model of
Ref. [77]. Additionally, the anti-quark functions q = ū and q = d̄ are shown as dashed green and
dashed magenta lines.
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carry angular momentum. This characteristic enables measurements sensitive to the transverse

polarization of partons. H^
1 has been the focus of considerable theoretical and experimental work

due to its importance in the studies of the transverse spin structure of the nucleon. It was first

measured at Belle [81], which enabled the first extraction of H^
1 [80] so that it can now be used as a

an additional input to extract other quantities.

WithH^
1 known it becomes possible to access collinear PDFs that describe transversely polarized

partons without introducing additional convolutions over the intrinsic transverse momentum in the

initial and final state. The Collins e↵ect in single-hadron SIDIS actually mixes the momentum

dependence of the extracted PDF with the FF. This causes the PDF to only be accessible in a

factorization framework that takes the intrinsic transverse momenta of the partons into account.

This is the so-called Transverse Momentum Dependent (TMD) framework. This is much less well

understood than the collinear framework and scale evolution requires additional non-perturbative

input [82]. Additionally, the transverse momentum dependence of the FF and PDF must be known

for a model independent extraction. An example for the success of using DiFFs, is the extraction of

the transversity PDF h1 from a global fit [83]. Unlike the extraction from single hadrons, this fit can

incorporate proton-proton scattering data [84] as well.

The beam helicity-dependent part of the two-pion cross section can be written in terms of PDFs

and FFs, integrating over partonic transverse momenta at subleading twist as [39, 45, 74],

d�LU / W�e sin(�R?)

✓
xe(x)H^

1 (z,Mh) +
1

z
f(x)G̃^(z,Mh)

◆
+ . . . . (1.31)

in which the subscript LU refers to a longitudinally polarized beam and an unpolarized target, �e is

the electron helicity and W is a kinematic proportionality factor appropriate for the twist-3 terms

and dependent on x and y, which is interpreted as the depolarization of the exchanged virtual photon.



20

The additional terms are linearly independent of the sin(�R?) term shown here and can therefore be

extracted independently. Eq. (1.31) omits the sum over quark flavors.

The subleading-twist fragmentation function G̃^ present in the second term of Eq. 1.31 arises

from quark-gluon correlation functions on the fragmentation side and is assumed to only have a

small contribution to the structure function via the Wandzura-Wilczek (WW) approximation [85].

This assumption is frequently made but there are no compelling theoretical grounds supporting its

validity [86]; moreover, the twist-3 parts of e(x) would also vanish. Recent spectator models predict

the contributions from G̃^ are small, but not negligible in some kinematic regions [56]. Upper bounds

on G̃^ can be explored in double spin asymmetries, as was done at CLAS6 [63] and is proposed to

be done at CLAS12 using a longitudinally polarized target [87]. The CLAS6 results indicate D̃^

is small compared to the leading-twist D1, and therefore G̃^ is also likely very small. Finally, note

that the analysis presented here does not assume the WW approximation and merely presents the

asymmetry itself. The possible contributions of G̃^ will need to be considered in the future when

using the asymmetries to extract e(x).

This simple description for a measurement stands in stark contrast to the corresponding single-

hadron structure function that is sensitive to e(x). That formula is a convolution, denoted by I, of

TMDs and fragmentation functions [51],

F sin�
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Ẽ
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and crucially mixes with other twist-3 PDFs that would significantly complicate any extraction.

Worse still, in the single hadron asymmetry e(x) couples to the TMD Collins function and it is unclear

if factorization is valid in the TMD picture at twist-3 [88]. Accessing e(x) is made significantly easier

when working in the dihadron framework.
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1.4 The Dihadron Fragmentation Function G?
1

An exciting example of a DiFF that has no single-hadron analog is the helicity-dependent func-

tion G?
1 . This quantity describes the azimuthal dependence of an unpolarized hadron pair on the

helicity of the outgoing quark [89]. This is similar to the Boer-Mulders e↵ect and requires intrinsic

transverse momentum that is acquired in the fragmentation model. In quark jet models [49], this

intrinsic momentum is acquired in the quark-to-quark splitting in the fragmentation process and

through the associated spin transfer the recoiling quarks acquire a non-zero transverse polarization.

Some of the initial interest in G?
1 was motivated by its connection to the so-called jet-handedness [89],

which in turn might receive contributions from CP-violating QCD vacuum fluctuations [69]. Extract-

ing G?
1 gives an exciting opportunity to study spin-momentum dynamics in hadronization. Frag-

mentation functions are not accessible on the lattice [26], therefore this channel presents an unique

opportunity to extend our knowledge of hadronization experimentally.

The correlation of the transverse polarizations of the outgoing quarks leads to an e↵ect which

is predicted to have sizable observables. Quark-jet model predictions [90] for G?
1 and H1 are shown

in Fig. 1.6. H^
1 is known to be large, therefore it is reasonable to expect that e↵ects sensitive to

G?
1 , which is predicted to be about 30% of the magnitude of H^

1 , should be observable. Another

model prediction, shown in Fig. 1.7, comes from the spectator model [91, 92] where partial waves

of G?
1 are again compared to the unpolarized DiFF. The lowest order partial wave, G?

1,OT
, which

comes from the interference of an s and p-wave dihadron, is shown on the left-hand side. The higher

order partial wave, denoted G?
1,TT

, which originates from the interference of two p-waves with the

same polarization, is shown on the right-hand side. Interesting behavior is observed for both partial

waves of G?
1 at approximately 775 MeV around the ⇢-meson resonance. This behavior, in particular

the sign change in the lower order partial wave should be observable in experimental asymmetries.
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FIG. 1.6: Model calculations for the ratio of G?
1 and H^

1 to the unpolarized DiFF D1 from Ref. [90].
The separate definitions for H^

1 represent the process dependence for a specific model (e+e� vs.
SIDIS). The⇠ indicates that the functions have been integrated over the mass of the dihadron system.
Predictions that G?

1 is of similar size to H^
1 indicate that it should be observable experimentally.
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FIG. 1.7: Spectator model prediction for the ratio of G?
1,OT

/D1,OO (left) from Ref. [91] and
G?

1,TT
/D1,OO (right) from Ref. [92]. Both partial waves exhibit noteworthy behavior around the

⇢ resonance at ⇡ 775 MeV that should be observable experimentally.

COMPASS sought this result in an AUL measurement [47] but their results were merely consistent

with zero within statistical precision.

The DiFF G?
1 can be accessed in AUL as well as ALU [74], where AUL and ALU are longitudinal

target and beam spin asymmetries. In ALU it couples to the spin averaged PDF f1(x), whereas in

AUL it couples to the helicity distribution g1(x), both of which have a significant magnitude. Starting

from the di↵erential cross sections in [74, 93] at leading twist (cf. twist-3 version [39]), the DiFF G?
1

appears as

d�LU / C�e

⇥
sin(�h � �R?)I

�
f1G

?
1,OT

�
+ sin(2�h � 2�R?)I

�
f1G

?
1,TT

�⇤
+ . . . , (1.33)

where C is the corresponding kinematic depolarization factor, f1 is the parton density distribution

and additional terms in the cross section are again linearly independent from the given one. An

additional partial wave, G?
1,LT , exists which technically contributes to the sin(�h � �R?) asymmetry.

However, because this term is also proportional to sin 2✓ it vanishes when integration over ✓ is
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performed. As G?
1 is a TMD FF, it appears in Eq. (1.33) in a convolution, denoted by I, over

the transverse momentum dependencies of the PDF and FF [45, 74, 94]. A beam spin asymmetry

ALU sensitive to G?
1 can be formed [95] via the ratio of a weighted azimuthal moment of d�LU to

the unweighted moment of d�UU . The weighted moment includes a term P?
h
/Mh in the azimuthal

moment, which is needed to break the momentum-weighted convolution between f1 and G?
1 into

a product of distributions [96]. For the analysis presented here this weighting was not performed

because substantial acceptance studies would be needed. Future studies and explicit extractions of

G?
1 will focus on this aspect.



CHAPTER 2

Experimental Set Up

2.1 Thomas Je↵erson National Accelerator

The Continuous Electron Beam Accelerator Facility (CEBAF) is located at the Thomas Je↵erson

National Accelerator Facility [97]. An overhead view of the accelerator site can be seen in Fig. 2.1.

At the site, four experimental halls (A, B, C and D) receive a recently upgraded up-to 12 GeV,

polarized, high quality, high luminosity electron beam. CEBAF is constructed in a race-track design

which consists of parallel north and south linear accelerators (linac) where the beam is passed up to

five times before being sent to the respective beam halls. The recent upgrade to CEBAF included

five new super conducting radio frequency (SCRF) cavities to each pass of the linac.

2.2 Hall B Beamline

The Hall B beamline [98] is divided into two separate segments: the “2C” line following ex-

traction from CEBAF and the “2H” line inside of the experimental hall. Accelerator operators have

25
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FIG. 2.1: Overhead view of the Je↵erson Lab CEBAF accelerator site and four experimental halls.

access to several quadrupoles and corrector dipoles upstream of the CLAS12 apparatus that are used

to deliver beam to the target. Additionally, there are several beam position, polarization, current

and halo monitors controlled by Hall B personnel.

A conductive metal device designed to catch charged particles called a Faraday cup, located in

the downstream tunnel, is comprised of a lead cylinder and capacitor system used to measure the

collected charge. The Faraday Cup does not have active cooling and so is limited to 175 W of beam

power. Unfortunately, most CLAS12 experiments run with beam currents that exceed this power

limit and so an additional 5 kW beam dump is inserted in front of the Faraday Cup. While most of

the beam is blocked by this additional beam dump, there is still a certain amount of bleed-through

that is proportional to the total charge with an accuracy of better than 0.5%.

Beam position monitors consist of RF cavities that provide the beam position in the x-y plane.

They measure the relative beam intensity which is used to cross check with the Harp Scanners’
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position information and the Faraday Cup’s intensity information. Additional Harp Scanners are

comprised of wires moving perpendicular to the beam and the scattered electrons are detected via

Cherenkov radiation by PMTs.

A Møller polarimeter at the entrance of Hall B is used to measure the beam polarization.

Møller measurements are typically done on a weekly basis or following changes to the accelerator

configuration. Individual Møller measurements have a statistical precision of approximately 1.5%

which is lower than the overall systematic uncertainty.

2.3 CEBAF Large Acceptance Spectrometer

The CEBAF Large Acceptance Spectrometer (CLAS) [99] at 12 GeV is shown in Fig. 2.2. The

upgraded CLAS12 system is constructed similarly to the original CLAS detector. CLAS12 makes

uses of a newly constructed dual magnetic field system with a superconducting solenoid magnet

providing momentum reconstruction in the polar angle from 5 to 45� and a torus magnet providing

nearly completely 360� azimuthal coverage. CLAS12 is divided into six azimuthally distributed

sectors that operate independently from one another with each sector contributing one-sixth of the

total azimuthal coverage. The detector is further divided into the Forward Detector (FD) and

Central Detector (CD) systems. The FD of CLAS12 consists of Cherenkov counters, drift chambers,

time-of-flight scintillators and electromagnetic calorimeters.

2.4 Drift Chambers

The CLAS12 drift chambers (DC) [100] are used to reconstruct the tracks of charged particles.

These particles ionize a 92:08 Argon:CO2 gas mixture whose electrons then “drift” toward high
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FIG. 2.2: The CLAS12 detector system with the beamline running right to left. The forward detector
used in this research consists of the DC, HTCC, LTCC, FTOF, EC and PCAL and comprises
kinematic coverage from 5-45�.

voltage sense wires allowing for the determination of the track. The curvature of tracks in the

magnetic field allows for a reconstruction of particle momenta. The modern drift chambers represent

a significant upgrade over the old CLAS detector system [101]. For example, the CLAS12 drift

chambers cover a much smaller solid angle which allows for more e�cient tracking at the higher

luminosities of JLAB12 because of less accidental occupancy. Tracks are reconstructed in conjunction

with time-of-flight scintillator counters. The timing is then used to predict when a charged particle

passes through the DC and allows for a conversion into a distance between charged particle track

and sense wire.

Following the overall CLAS geometry determined by the toroidal magnet, the drift chambers

are arranged in six azimuthally distributed sectors. These six sectors are divided into three regions:

before, inside and after the magnetic field. Each drift chamber region is comprised of wires in two

superlayers of six wires layers each; the wires in successive superlayers are strung in ±6� stereo angles.
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The wires are laid out with a guard wire, followed by two layers of field wires and one sense wire

layer.

The “alignment” or determination of the exact position of each chamber was a crucial step in

accurately reconstructing the momentum of tracks. This procedure was performed simultaneously

with this analysis and will be an ingredient in all future CLAS12 publications. The CLAS12 geometry

services allow for the specification of an alignment table where o↵sets for each of the 18 chambers

can be specified. The e↵ects of these shifts and rotations were studied by reconstructing the real

straight-track data with and without a 0.2 cm or 0.2� shift/rotation in the local sector coordinate

system. Each of these shifts causes a change in the reconstructed fit residuals of the track. The

di↵erence between the mean residuals of the shifted reconstruction and the unshifted data for each

of the 36 layers was taken as a distortion table corresponding to that particular shift.

Shifts have di↵erent e↵ects on di↵erent angular ranges. This e↵ect necessitated the splitting of

the initial data set into multiple angular bins. For each sector, 8 angular ranges corresponding to

two bins in � (positive or negative in each sector) and four polar angular ranges: [0, 10), [10,15),

[15,20), [20,90) were simultaneously fit. Minimizing the residual distributions in each of these bins

only accounted for intra-sector alignment. An additional constraint requiring all six sectors to point

to a common vertex position was imposed to align the various sectors with respect to one another.

For the RG-A fall 2018 data set the z vertex position was given by survey as �5 mm.

The o↵sets are found independently for each of the six sectors via the minimization of a com-

bination of the residuals of fits of the straight-track data and the reconstructed vertex position of

those tracks.
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2.5 Cherenkov Counters

CLAS12 makes use of two separate Cherenkov counter detector systems. The first, the High

Threshold Cherenkov Counter (HTCC) [102] is installed just in front of the region 1 drift chambers

and is used to generate fast trigger signals for di↵erentiation between electrons and charged mesons.

The HTCC provides e�cient coverage of the entire CLAS12 acceptance and is comprised of a single

unit made from 60 lightweight composite ellipsoidal mirrors. Each sector of CLAS12 is covered by

two half-sector mirrors that focus light on eight 5-inch phototubes. The space between mirrors is

filled with CO2 gas which has a refraction index of 1.00045. Charged particles enter the HTCC and

emit radiation if their velocity is higher than the velocity of light in the medium. Electrons, which

are nearly massless, produce light at much lower energies than pions. The HTCC allows for electron

detection at a success rate greater than 99.9% up to 4 GeV.

The second set of Chereknov counters are the Low Threshold Cherenkov Counter (LTCC) [103]

system which are primarily used for pion/kaon discrimination. Four of the six sectors of CLAS12 are

equipped with an LTCC box containing 108 lightweight mirrors, 36 Winston light-collecting cones,

36 125-mm diameter PMTs and 36 magnetic shields. The sectors are all filled with C4F10 gas which

allows for pion/kaon discrimination from 3.5 to 9 GeV. The LTCC system was previously used to

detect electrons in CLAS at lower energies [104] and has been refurbished to provide increased e�-

ciency for charged pion detection. This was done by increasing the volume of radiator gas, improving

the sensitivity of the PMTs to Cherenkov light and refurbishing the elliptical and hyperbolic mirrors

with new coatings.
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2.6 Forward Time-of-Flight Counter

The CLAS12 Forward Time-Of-Flight (FTOF) [105] system is used to measured the time-of-

flight of charged particles. It is comprised of six sectors of plastic scintillators consisting of three

arrays of counters. The FTOF system provides excellent timing resolution (⇡ 100 ps) and is primarily

used for particle identification and flexible triggering options. The system spans a range in polar

angle from 5� to 45�, covering 50% in � at 5� and 90% at 45�.

2.7 Electromagnetic Calorimeters

The CLAS12 detector system uses the preexisting electromagnetic calorimeter (EC) from CLAS [106]

and an additional pre-shower calorimeter (PCAL). Together, the two systems are referred to as the

ECAL. The calorimeters of CLAS12 are primarily used for the identification of electrons, photons,

neutral pions and neutrons. The ECAL and PCAL detectors are sampling calorimeters, in which the

material that measures the deposited energy is separate from the material that produces the shower.

This allows each material to be well designed for its specific task but causes some of the energy to

be deposited in the wrong material.

Each calorimeter consists of six modules with triangular shape and 54 layers (15, 15 and 24

each for the PCAL, ECAL-inner and ECAL-outer) of 1-cm thick scintillators. Each scintillator layer

is segmented into 4.5 and 10 cm wide strips for the PCAL and ECAL respectively that are placed

between lead sheets. The total thickness is approximately 20 radiation lengths. Scintillator layers are

grouped into three separate readout views providing several cm resolution of energy clusters. Light

from each group is routed to PMTs via optical fibers.
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The calorimeter detector system has a polar angular coverage of 5-35� with increasing azimuthal

coverage from 50% at 5� to 85% at 35�. The energy resolution is 0.1/
p
E and the expected time

resolution is approximately 500 ps.

2.8 Additional Detector Systems

In addition to the Forward Detector system, CLAS12 also contains a so-called Central Detector

system. This system is comprised of a silicon vertex tracker [107], a central time of flight system [108]

and a central vertex tracker [109]. Tracks reconstructed in the CD, which covers acceptance at

higher polar angles than the FD, were not used in this analysis because the calibrations were not yet

complete.

2.9 Data Processing

The data acquisition process of CLAS12 is divided into four steps: acquisition, decoding, recon-

struction and filtering. Detailed information about the CLAS12 data acquisition including design,

hardware and software descriptions and achieved performance can be found in Ref. [110]. Further

information about the detector responses used to trigger a data acquisition sequence are described

in Ref. [111]. The first step involves the writing of low-level detector information into “evio” files.

The information encoded in these files are the TDC and ADC responses recorded by the individual

detectors. Each detector component is associated with a separate slot, channel and time. Decoding

this information involves converting the hardware responses into recognizable physics values such as

energy, position, time, etc.
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The CLAS12 EventBuilder is responsible for associating associating tracks with detector infor-

mation. The information provided by the EventBuilder, which is a CLARA micro-service, is stored

in data-structures referred to as “banks” where all relevant information from each detector is as-

sociated with a track. At the analysis stage, “REC” (for reconstructed) banks are used such as

REC::Cherenkov, REC::Scintillator, REC::Calorimeter and REC::Particle. The REC::Particle bank

is organized with separate rows for each reconstructed particle and columns representing informa-

tionation such as momentum, vertex, timing and status. Detailed detector responses for each track in

REC::Particle are accessible via mapping schema that link the track index to each of the individual

detector banks.

One additional bank of note, the REC::Event bank, encloses information about the electron

beam helicity, start time, beam charge, etc. The helicity variable is used to determine the helicity

state on an event-by-event basis. The beam-charge variable is also accessible in this bank. This

corresponds to the accumulated charge as determined by the Faraday cup over the run period.

A skimming procedure is applied to the output from the trains prior to the actual analysis of

events. In the case of this analysis all particles were required to be in the Forward Detector (which

e↵ectively removed about half of the statistics when not allowing for tracks in the Central Detector)

with at least one pion detected in the final state particles. Unfortunately, the SIDIS process is

extremely general and this only resulted in a reduction of file sizes of about 30%.



CHAPTER 3

Data Analysis

3.1 CLAS12 Run-Group A

The CLAS12 Run Group A (RG-A) experiments were a set of complementary measurements

with common target and detector settings. These experiments were designed to study the proton

structure for both the ground and excited states, 3D imaging of the proton and gluonic excitations

with the ultimate goal of understanding how the constituent parts of the proton are held together

by the strong force. SIDIS experiments, such as the results presented here, the corresponding single

pion beam spin asymmetry measurements or the single and two-pion multiplicity measurements were

just one subset of the overall physics program.

RG-A was the first of many such run groups that will take data with CLAS12. Data have

been taken in three separate run periods: spring 2018 (126 mC), fall 2018 (99 mC) and spring 2019

(60 mC). The collected charge amounts to roughly half of the full approved RG-A beam time and

both inbending and outbending magnetic field configurations were used. Data was taken at just

34
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under 11 GeV with a longitudinally polarized beam and an unpolarized hydrogen target with a

high luminosity, L = 1035 cm�2s�1. The spring 2018 data was the pioneering experimental run of

CLAS12 and although many useful things were learned it was determined that the calibration process

would be easier for the fall 2018 data. As such, the focus of RG-A was initially on calibrating and

understanding the fall 2018 data in order to use it for initial publications like the results presented

in this analysis.

The common features of the RG-A experiments allowed researchers to benefit from many col-

laborative e↵orts. The RG-A Analysis Overview and Procedures internal note [112] details the

calibration process, common particle identification, fiducial cuts and many of the common systemat-

ics. The common analysis note is an overarching summary document that is intended to streamline

future publications using the RG-A data set.

3.2 Data Set

The analyzed data set corresponds to the RG-A Fall 2018 inbending data taken by CLAS12 with

a polarized 10.6 GeV electron beam incident on a liquid hydrogen target. This analysis used only

the forward detector of CLAS12 which contains a tracking subsystem consisting of drift chambers

in a toroidal magnetic field and high and low threshold cherenkov counters to identify the scattered

electron and final state pions, respectively. A general filtering procedure was performed on the data

before final particle ID. This procedure used preassigned particle ID to significantly reduce the output

size of the data set. The data files analyzed correspond to the so-called “skim-4” which consists of

all data with an electron (as assigned by the CLAS12 EventBuilder) in the Forward Detector and at

least one charged pion detected.
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3.3 Hadron Pairs Analyzed

While the kinematics and physics discussed here are valid for many possible hadron combina-

tions, the present study focused on measurements of dihadron SIDIS where at least one positively

charged and one negatively charged pion were observed. This choice is preferred both for ease of

analysis in the first publication coming from CLAS12 and more importantly because the complemen-

tary information encoded in the fragmentation function H^
1 which is needed to access the PDF e(x)

is only available for the ⇡+⇡� data. Future studies can easily extend a generalization of the analysis

procedure presented below to di↵erent hadron pairs given the good PID performances and extensive

kinematic range expected in CLAS12. This extension will ultimately be crucial to understand con-

tributions in the production mechanism from intermediate meson channels and to perform a flavor

separation of the structure functions.

3.4 Data Quality Assurance

Data Quality Assurance (QA) is a necessary study for any analysis. The QA focuses on two

aspects: the electron yield as normalized by the Faraday Cup (FC) charge and the helicity of each

event. The initial QA is based on reading DST files, with the result being a data structure called

QADB.

3.4.1 Normalized Electron Yield

Understanding the trigger electron yield, denoted as N , normalized by the FC charge, denoted

by F is the primary goal of the QA. The values of N and F are determined separately for each DST
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file and N additionally for each of the six forward detector sectors of CLAS12. The value of N/F

should be constant for a data acquisition period with stable conditions and configurations. Outlying

values of N/F can be caused by several factors including detector trips, trigger issues, atypical beam

conditions, etc.

The trigger electron yield, N , is determined by a simple counting of the number of trigger elec-

tron events present in the DST. The electron is required to be a trigger electron in the Forward or

Central Detector. Additionally, it must be within ±3� PID cuts. A maximum of one electron per

event satisfies these criteria. This number is expected to scale with the accumulated charge, F , and

normalizing it by this number accounts for fluctuations in beam conditions. The minimum and max-

imum accumulated FC charge, gated by the DAQ, was determined using RUN::scaler:fcupgated.

The identification of outlying N/F values is performed by determining the interquartile range

(IQR), the di↵erence between the 25th and 75th percentiles, on a sector-by-sector basis. This value

was determined manually for each period of time were runs were relatively constant. Fig. 3.1 shows

N/F plotted against run number for each DST file. The red vertical lines represent three di↵erent

ranges. It was possible to calculate an overall interquartile range for the entire data set but this

method allowed for a tighter QA cut.

Within each epoch and forward detector sector, the IQR of N/F values from all DST files in

the epoch is determined. The IQR is denoted by I = QU � QL, where QU and QL are respectively

the 75th and 25th percentiles. The cut on N/F , outside of which N/F is considered outlying, is

QL � fI  N

F
 QU + fI, (3.1)

where f allows for a scaling of the cut width. For this analysis the cut was set relatively loosely at
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FIG. 3.1: N/F , the ratio of trigger electron yield to the Faraday cup charge, versus run number, for
sector 1, for a period of inbending data. Each histogram entry is for one DST file. The vertical red
lines are boundaries between epochs.

f = 4 to allow for the maximization of the identification of “true” outliers.

3.4.2 Helicity Assignment

The accurate identification of electron helicity is necessary for the extraction of any beam spin

asymmetry. The well known semi-inclusive ⇡+ beam spin asymmetry [113, 114, 115, 116] was used

in order to check the helicity identification assignment. For the Pass 1 RG-A data the semi-inclusive

⇡+ beam spin asymmetry integrated over all kinematics is approximately 2%. A run with a value

significantly di↵erent than this expectation (like the wrong sign) could perhaps have the wrong

helicity assignment. Although it is in a sense risky to use a monitor of ALU to establish QA cuts, it

was still able to provide some confidence that the helicity assignment was correct.

The event selection criteria for the ⇡+ beam spin asymmetry include the aforementioned trigger



39

electron selection along with a cut of z⇡ 2 (0.3, 1), Q2 > 1 GeV2, W > 2 GeV, y < 0.8, and a defined

helicity (positive or negative). Each run is binned in values of sin�h and fit to the linear function

ALU (�h) = Asin�h
LU

sin�h. (3.2)

An example for a single run is shown in Fig. 3.2. Fig. 3.3 shows Asin�h
LU

for ⇡+ and ⇡� in red and black

respectively. In general these values are as expected and no QA cuts were applied to this measure

as it was only meant to serve as a monitor.

The other helicity monitor tracks the number of events with a defined helicity. Typically this

fraction is ⇡ 99% for each run but there were cases where the fraction is lower. While the origin

of this e↵ect is not understood, a comparison with Fig. 3.3 shows there is no noticeable di↵erence

in the beam spin asymmetry or in the fit quality. Additional studies of the dihadron beam spin

asymmetries, done specifically for this analysis, show no impact. The helicity assignment of those

events that received a helicity in abnormal runs appears to be correct.

3.4.3 Application of QA

The QA procedure assigns an integer, called defect, to each DST file and sector. Each bit of

defect corresponds to a particular QA criteria; the bit is set to 1 if the file fails the QA requirement,

i.e., has that defect. The defect bits that are used in the current QA procedure are:

• Bit 0: TotalOutlier: outlierN/F , but not TerminalOutlier, MarginalOutlier, or SectorLoss.

This typically represents an issue for all 6 sectors, usually corresponding to non-standard condi-

tions, such as a low-luminosity run or an empty target test.
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• Bit 1: TerminalOutlier: outlier N/F of first or last file of the run, not MarginalOutlier or

SectorLoss. This defect happens for the first or last file of a run, where the number of trigger

electrons recorded is much lower than usual, likely from DAQ ine�ciency during run starting or

stopping. While it likely does not impact spin asymmetries, this defect is omitted from analysis

for safety.

• Bit 2: MarginalOutlier: marginal outlier N/F , within one standard deviation of a cut line,

and not SectorLoss. Sometimes these are true outliers, but not outlying enough to be a

TotalOutlier, whereas other times it can represent a statistical fluctuation.

• Bit 3: SectorLoss: N/F diminished within a sector for several consecutive files, typically for the

remainder of the run. This defect represents losses in sector-by-sector yields, which can introduce

azimuthal modulations.

For a DST file to be included in the analysis it must not register for any of these issues.
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RUN 5202: pi+ asymmetry vs. sin(phiH)
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FIG. 3.2: Example of the semi-inclusive ⇡+ beam spin asymmetry ALU from a single run, plotted on
the vertical axis, for bins of sin�h. The red line is a linear fit, the slope of which is the amplitude of
the sin�h modulation of ALU .

FIG. 3.3: Timeline of run-by-run beam spin asymmetry sin�h modulation amplitudes for ⇡+s (red,
near 2%) and ⇡�s (black, near 0%); the asymmetry is on the vertical axis and the run number is on
the horizontal axis. Error bars represent statistical uncertainty.
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3.5 Particle Identification

The RGA Analysis Overview and Procedures note [112] goes into significant detail about the

common particle identification scheme used for both the single pion and dipion RGA first experiment

analyses. The first layer of identification is the CLAS12 EventBuilder which is used to associate

detector responses from various CLAS12 subsystems to particles via an identification protocol. The

resulting information is output to dedicated data structures, called HIPO banks, for further physics

analysis. This first level of particle assignment by the EventBuilder is relatively loose and significant

refinement was added on top of it to improve the PID quality. The identification schema described

in the following sections corresponds to the final selection criteria used in this analysis.

3.5.1 Electron Particle ID

Electron candidates were first required to correspond to negatively charged tracks (identified by

the curvature of the particle as it traverses through the torodial magnetic field) that were measured

in the CLAS12 forward detector system. The requirement that a particle be measured in the forward

detector was enforced by limiting the status variable present in the REC::Particle bank to be between

(-4000,2000]. The status of the particle represents the detector topology and is the sum of numbers

associated to detector hits.

The High Threshold Cherenkov counter was used to assist in rejecting negative pions up to

4.9 GeV. An electron will produce more photoelectrons than a pion because of its significantly lower

momenta. Electron candidate tracks were required to produce more than 2 photoelectrons. The

distribution of photoelectrons for negative tracks in sector 1 is show in FIG. 3.4 as an example.

Three separate cuts related to the sampling calorimeters were applied. The first cut exploited
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=

FIG. 3.4: Number of photoelectrons for all negative tracks in the REC::Particle HIPO bank in sector
1. The vertical red lines illustrates the EB cut requiring more than 2 photoelectrons for electron ID.

the di↵erence between the deposited energy in the first two calorimeter layers (preshower and elec-

tromagnetic calorimeters) for electrons and heavier minimum ionizing particles. Electrons traveling

through the calorimeter develop an extended electromagnetic shower and deposit a significant amount

of energy. Conversely, pions deposit a much smaller and nearly constant amount of energy. The en-

ergy deposition vs the energy in the PCAL is shown in FIG. 3.5. A distinct energy profile is then

visible for both particles and a minimum deposited energy of 0.07 GeV was required for electron

candidates. The sampling fraction (the sum of energy depositions in all three calorimeter layers over

the momentum vs the deposited energy) is another criteria used to separate electrons and pions. The

sampling fraction for sector 1 with the 5� limits used by the EventBuilder is shown in FIG. 3.6. In

the final analysis this cut was tightened to 3.5� in order to improve pion rejection. Finally, studies

of the contamination of pions in the electron sample above the HTCC threshold of 4.5 GeV showed
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a significant contribution. A so-called “diagonal cut” given by

Einner

p
< 0.2� EPCAL

p
(3.3)

and shown in FIG. 3.7 was applied as a final step.

=

FIG. 3.5: Energy deposition ECin + ECout vs the energy deposited in the PCAL. Three separate
red lines are shown corresponding to the EventBuilder (>0.06 GeV), the cut used in this analysis
(>0.07 GeV) and a potential tighter cut (>0.09 GeV).

The final cut on electron track candidates was on the z-vertex position in order to reject electrons

scattered in the beamline or at the exit window of the target cell. The enforced cut, (�13.0 cm <

vz < 12.0 cm) is relatively loose and mainly serves to reject electrons scattered o↵ of the target

window. The distribution of electron vertices is shown in FIG. 3.8.

While not strictly related to particle identification, the sample of electrons was also severely

constrained by the requirement that all events have a y value, the fraction of beam energy transferred

to the virtual photon, of less than 0.8. This corresponds to a lower limit of approximately 2.1 GeV
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FIG. 3.6: The sampling fraction, the ratio of the sum of energy deposited in the calorimeter layers
to reconstructed track momentum, vs deposited energy for sector 1. The electron candidate tracks
shown are with the Nphe and Epcal cuts applied. The black dashed line corresponds to the mean
sampling fraction and the red dashed lines correspond to the 5� width.

for electrons. The distribution of y is shown in FIG. 3.21 in the channel selection cuts.
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FIG. 3.7: The “diagonal cut” shown as a red line for electron candidates of more than 4.5 GeV. Two
separate distributions corresponding to true electrons and pions misidentified as electrons are visible.

FIG. 3.8: Distribution of the z-vertex position of electrons in all six sectors. Events with electrons
scattered o↵ of the downstream target window at ⇡ 26 cm are removed by the electron vertex cut
shown in vertical red lines.
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3.5.2 Pion Particle ID

Charged particles that did not satisfy the electron criteria were considered to be hadron can-

didates. The hadron identification of CLAS12 is based on the time of flight information from the

scintillation based time of flight counters (TOF) and exploiting the fixed relationship between the

velocity � and the momenta of known particles. FIG. 3.9 shows �, the usual ratio of velocity to the

speed of light, vs p for positively charged particles with three clear bands corresponding to pions,

kaons and protons.

=

FIG. 3.9: Distribution of � vs p for positively charged hadrons. The three bands correspond (from
top to bottom) to pions, kaons and protons. At high momenta it becomes di�cult to separate pions
and kaons.

Pions produced outside of the target region were rejected by placing a cut on the di↵erence

between the scattered electron z vertex and the pion vertex. Fig. 3.10 shows the distribution of the

di↵erence in vertex positions for pion candidates. A relatively loose cut of |vz(elec)�vz(pion)|  20 cm
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(a requirement that the hadron vertex be within 20 cm of the electron vertex) was enforced.

FIG. 3.10: Vertex di↵erence between the scattered electron and positive pions (left) and negative
pions (right).

For hadron candidates the EventBuilder assigns a “chi2pid” variable defined as the number

of � away from the expected vertex time for the best particle ID hypothesis, i.e. �t/�. A cut

was placed limiting the values of this variable to assist in separating pions from kaons at higher

momenta. On the negative side no contamination is expected and so a cut corresponding to 3� is

applied. The distribution of chi2pid values for charged pions do not have widths equal to one as

would be expected (because the chi2pid values were determined in an older, less calibrated cooking)

so this cut corresponds to chi2pid > �2.64 for ⇡+ and chi2pid > �2.79 for ⇡�. On the positive side

significant contamination can be expected for higher momenta pions. The resolution of � vs p for

pions and kaons as a function of their momentum is shown on the left hand side of Fig. 3.11. There

is significant overlap at higher momenta. A momentum dependent cut equal to half the distance

between the expected � vs p values for pions and kaons (shown as a black line on the right-hand side

of Fig. 3.11) was applied. The full parameterization is given by:

chi2pid < 3C for p < 2.44 GeV

chi2pid < C(0.00869 + 14.98587 · exp(�p/1.18236) + 1.81751 · exp(�p/4.86394)) for p > 2.44 GeV
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Where C is the scaling factor for �:

• C = 0.88 for ⇡+

• C = 0.93 for ⇡�

FIG. 3.11: Left: Di↵erence in � between pions and kaons in comparison to the typical CLAS12
�-resolution for pions and kaons. Right: Cut position in black for the cut used in this analysis and
a potential tighter cut at higher momenta in red.

A final requirement for the pions was a momentum greater than 1.25 GeV in order to limit

radiative e↵ects and low-momentum regions where reconstruction e�ciencies were low. This does

limit the phase space of the dihadrons but was considered a necessary step in this early analysis.

3.6 Fiducial Volume Cuts

3.6.1 Calorimeter Cuts

Electrons interacting with the calorimeter initiate electromagnetic showers. If these collisions

occur near the edge of the calorimeter the shower will not be fully contained within the detector. This
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can cause the reconstructed energy to be reduced and lead to an incorrect sampling fraction. This

e↵ect necessitated the incorporation of fiducial volume cuts into the calorimeter measurements. The

cuts were not required to be overly strict because the electron momentum and angle are determined

by the drift-chambers and due to the general decreased importance of detector ine�ciencies when

calculating spin asymmetries with charged pions. Future studies involving the ⇡0 could require more

stringent calorimeter cuts in order to ensure that the energy of photons is properly reconstructed.

The cut borders are determined by the correlation of the sampling fraction and the local calorime-

ter coordinates v and w, which is shown in Fig. 3.12. A relatively loose cut of w > 9 and v > 9

was chosen based on this being the approximate location of the sampling fraction beginning to sta-

bilize. Fig. 3.13 shows the e↵ect of the PCAL fiducial cut on the particle distributions of electrons.

Approximately 89% of the PID 11 electrons survive the applied loose fiducial cut.

FIG. 3.12: The sampling fraction, E/p, and the local detector coordinate v (left) and w (right). Red
vertical lines correspond to possible loose, medium and tight cuts.
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FIG. 3.13: E↵ect of the PCAL fiducial cut on the particle distributions on the PCAL hit plane for
electrons. The black points show the hits before the cuts were applied and the overlaid colored points
show the hits that survive the PCAL fiducial cut.
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3.6.2 Drift Chamber Cuts

The drift chamber fiducial cuts are based on omitting the regions which correspond to an unstable

distribution of the chi2ndf of the track. The cuts can be extracted in either the ✓/� plane (chosen

for the pions) or the x/y plane (chosen for the electron). The center of both distributions were fit

with a constant around x or � = 0 and then the corresponding value where a 20% increase or 50%

decrease occurred was determined. This procedure is demonstrated in Figs. 3.14-3.15. These edges

were fit for many separate bins in y or ✓ and the resulting parameterization determined the drift

chamber fiducial cuts. The results of the drift chamber fiducial cuts for electrons and positive pions

in region 1 are shown in Fig. 3.16. A more thorough discussion of the DC fiducial cuts including the

exact parameterizations can be found in the RGA Analysis Overview and Procedures note [112].

FIG. 3.14: Illustration of the determination of the x value for a particular y bin for electrons in
region 1, sector 1. The blue values correspond to the five times the mean �2 value at each point.
The red line corresponds to the region determined to be stable.
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FIG. 3.15: Illustration of the determination of the � value for a particular ✓ for electrons in region
1, sector 1. The blue values correspond to the five times the mean �2 value at each point. The red
line corresponds to the region determined to be stable.

FIG. 3.16: The e↵ect of the region 1 DC fiducial cuts on the electron (left) and on positive pions
(right). The black points show the hits before the cuts were applied and the overlaid colored points
show the hits that survive the fiducial cut.
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3.7 Channel Selection

Channel selection cuts were required to insure that the investigated data came from SIDIS

dipion events occurring in the current fragmentation region. Dipion events were taken by selecting

events with at least one electron, one positive pion and one negative pion. In cases when more

than two charged pions were identified (approximately 4% of dipion events) all possible ⇡+/⇡� pairs

were considered. DIS events were selected with traditional cuts on the mass of the virtual photon

and the hadronic mass of the system (Q2 > 1 GeV2 and W > 2 GeV). The distribution of Q2

and W are shown in Fig. 3.17. These cuts were ultimately redundant in our final sample but were

included because of historical reasons. In order to minimize contributions from the target-fragment

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5

FIG. 3.17: The distributions of Q2 (left) and W (right) with all other channel selection cuts applied.
The SIDIS cuts (Q2 > 1 GeV2 and W > 2 GeV) are shown as red lines.

region the individual x-Feynman, which takes a positive value if the outgoing hadron moves in the

same direction as the incoming electron in the struck quark center-of-mass frame, of both pions was

required to be positive (xF i > 0). The distribution of xF for both pions is shown in Fig. 3.18.

Exclusive events were removed by placing a cut on the missing mass, MX > 1.5 GeV. A less
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0.0 0.50 1.0-0.50-1.0 0.0 0.50 1.0-0.50-1.0

FIG. 3.18: The distributions of xF for the positive pions (left) and the negative pions (right) with
all other channel selection cuts applied. The applied cut to reduce contributions from the target
fragmentation region (xF > 0) is shown as a red line.

strict cut than this might traditionally be used but MX > 1.5 GeV was chosen in part because of the

beam-spin asymmetries shown in Fig. 3.19. The asymmetries are changing as a function of missing

mass in the region below 1.5 GeV which indicates contributions from exclusive reactions. It is also

traditional to place a cut on the upper bound of the dihadron variable z but this was found to be

redundant with the missing mass cut. The final distributions of MX and z are shown in Fig. 3.20.

Finally, radiative e↵ects were limited by cutting on the y value of the event (y < 0.8) and

requiring the pion momenta to be greater than 1.25 GeV. The e↵ect on the extracted asymmetry

was studied as a function of the y value cut on a range from 0.7 to 1.0 and was found to taper o↵

below 0.8. In general, precise calculations for the radiative cross section for dipion SIDIS events

do not exist. An estimate of the remaining e↵ects are included as a systematic error and discussed

below.
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FIG. 3.19: The beam-spin asymmetries for the modulations sin�R? , sin (�h � �R?) and sin�h as a
function of the missing mass, MX . A non-constant dependence is observed below 1.5 GeV indicating
contributions from exclusive reactions and radiative e↵ects.
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3.20: The distributions of Mx (left) and z (right) with all other channel selection cuts applied.
The cut to remove exclusivity (Mx > 1.50 GeV) is shown as a red line.

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3.21: The distributions of y with all other channel selection cuts applied. The cut to limit
contributions from radiative e↵ects (y < 0.8) is shown as a red line.
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3.8 Kinematic Distributions

The final distributions of all relevant kinematic variables after the particle identification, fiducial

volume and channel selection cuts are shown in Fig. 3.22.
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FIG. 3.22: The final kinematic distributions after all cuts have been applied. From top to bottom
and left to right they are Q2, W , xF , x, y, z, Mh, Mx, P?

h
, ✓, �R? , �h.



CHAPTER 4

Asymmetry Amplitude Extraction

4.1 Kinematic Binning

Final asymmetries are reported in 12 quantile bins for one-dimensional extractions in x (in order

to constrain the PDF e(x)) and Mh (to measure the DiFF G?
1 for the first time). The bins for each

variable are shown in Table. 4.1.

4.2 Cross Section Modulations

4.2.1 Linear Dependence of Asymmetry Amplitudes

The cross section contains multiple sinusoidal modulations which necessitates the study of the

orthogonality of these functions in order to ensure that any extracted amplitudes correspond to

solely the physical amplitude of the studied function. Ideally the functions would each be mutually

60
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Bin x Mh (GeV)

1 (0.000, 0.118] (0.270, 0.381]
2 (0.118, 0.135] (0.381, 0.462]
3 (0.135, 0.150] (0.462, 0.531]
4 (0.150, 0.165] (0.531, 0.606]
5 (0.165, 0.183] (0.606, 0.675]
6 (0.183, 0.200] (0.675, 0.737]
7 (0.200, 0.223] (0.737, 0.781]
8 (0.223, 0.248] (0.781, 0.831]
9 (0.248, 0.275] (0.831, 0.900]
10 (0.275, 0.315] (0.900, 0.981]
11 (0.315, 0.375] (0.981, 1.125]
12 (0.375, 1.000] (1.125, 2.500]

TABLE 4.1: Binning scheme of the ALU measurements for the variables x and Mh.

orthogonal since the measurement of an amplitude of one modulation can be impacted by the ampli-

tudes of other modulations which are not orthogonal to it. Unfortunately, this is not the case in any

experimental situation where the yield data do not cover the full �h, �R? and ✓ range. In Fig. 4.1 the

distributions of �h and �R? , integrated over all other kinematics are shown; the full range is clearly

not covered uniformly.

The full beam spin asymmetry is expressed as a linear combination of modulations fk, with

amplitude coe�cients Ak. In the ideal case where all modulations are mutually orthogonal, the

extraction of a single amplitude is performed by taking the corresponding modulation moment, that

is,

Ai =
X

k

Ak

Z
d�fifk. (4.1)

This works because in the ideal case,
Z

d�fifk = �ik; (4.2)

however, the modulations are non-orthogonal because of uneven acceptance. As a result, the mea-

surement of a single amplitude Ai is shifted by all other amplitudes on which it is linearly dependent.
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FIG. 4.1: Distribution of �h vs �R? for the selected data set. Considerable coupling is seen between
�h and �R? values, as well as distinct regions with limited yield.

Letting A0
i
denote the shifted amplitude the single amplitude is now

A0
i
=
X

k

Akhfi, fki, (4.3)

where the notation hfi, fki is used to denote the inner product of two functions fi and fk that here

depend on �h and �R? ,

hfifki =
Z 2⇡

0

d�h

Z 2⇡

0

d�R?fi(�h,�R?)fk(�h,�R?). (4.4)

The generalization to the inclusion of ✓ dependence is straightforward. If hfi, fki = 0 then fi is or-

thogonal to fk. Normalization of the functions can be obtained by the transformation f ! f/
p

hffi
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which ensures that hffi = 1. The inner product can be weighted by the discrete, binned yield data

in order to see how the orthogonality of each modulation is a↵ected within limited acceptance. Let

Dhr be a histogram of the yields of �h in bin h and �R? in bin r and let wr and wh be the bin widths

of the same. The inner product can then be written

hfi, fki = NfiNfk

X

h

X

r

whwrDhrfihrfkhr, (4.5)

where the normalization factor Nf is given by

Nf =

"
X

h

X

r

whwrDhrfhrfhr

#�1/2

. (4.6)

Two modulations, f1 and f2 have amplitudes A1 and A2 if they are mutually orthogonal. If

they are not orthogonal then the amplitude of f1 is shifted to A1 +A2hf1, f2i, and vice versa for the

amplitude of f2. Generalizing, let {Ak} be the set of true physics amplitudes. An amplitude A0
i
that

will result from a single-amplitude fit will be

A0
i
= Ai +

X

k 6=i

Akhfi, fki. (4.7)

The two sets {A0
k
} and {Ak} of amplitudes can respectively be written as vectors A0 and A.

Let O be the matrix with elements Oij = hfi, fji. Then Eq. 4.7 can be written as A0 = OA.

Assuming O is invertible, the true asymmetry amplitudes are thus A = O�1A0. In principle, it seems

possible to extract the true amplitudes {Ak} from individual single-amplitude fits for each of the

amplitudes {A0
k
} and then operate on them with O�1, however, in practice it is simpler to perform

a simultaneous fit to multiple amplitudes, which removes the necessity for the inversion of O as well
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as the determination of the elements of O. Instead, the elements of O can be simply used to provide

a guide as to which amplitudes must be fit simultaneously.

4.2.2 Choice of Modulations for Analysis

The general modulation is the product of two functions, P`,m(cos ✓) and �m

t
(�h,�R?). The set

of functions P`,m(cos ✓) are the associated Legendre polynomials, dependent on both ` and m, and

are the basis on which the partial wave expansion was performed. The inclusion of ✓-dependent

modulations in the ALU fit has been explored, but this study is beyond the focus of the currently

proposed analysis. By not including the ✓-dependence in the fit, the partial waves for each value of

m are e↵ectively summed over the allowed values of `.

The azimuthal modulation function depends on the twist t and on m. Multiple di↵erent mod-

ulations can be associated with either twist level, so the pair (t,m) is not in general su�cient to

label all modulations, however, for �LU there is only one modulation set at twist-2 and another set

at twist-3, and the notation �m

t
su�ces. The azimuthal modulations �m

t
(�h,�R?) which depend on

m and twist t are

�m

2 = sin [m (�h � �R?)] , (4.8)

�m

3 = sin [(1�m)�h +m�R? ] . (4.9)

Note that �0
2 = 0 and ��m

2 = ��m

2 .

The primary goal is to accurately extract the sin(�R?) and sin(�h � �R?) amplitudes in order

to access information about the PDF e(x) and the FF G?
1 . All amplitudes which are known to

significantly depend on these desired modulations must be fit. Table. 4.2 shows the matrix O of
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inner products of the modulations of ALU up to `  2 considered for this analysis. The modulations

of primary interest, |`, 1itw2 for G?
1 and |`, 1itw3 for e(x), have a significantly high inner product with

each other (in fact, it is the highest). Both of these modulations also have significant inner products

with most of the other modulations for all twist-2 and 3 terms. Since these inner products indicate

the degree of linear dependence between the asymmetry amplitudes, the simultaneous fit of all of

them is a clear necessity.

|`, 0itw3 |`, 1itw2 |`, 1itw3 |`,�1itw3 |`, 2itw2 |`, 2itw3 |`,�2itw3

|`, 0itw3 1.000 0.289 -0.240 -0.312 0.145 -0.016 -0.151
|`, 1itw2 0.289 1.000 0.520 -0.432 -0.302 -0.401 0.004
|`, 1itw3 -0.240 0.520 1.000 -0.197 -0.127 -0.373 0.018
|`,�1itw3 -0.312 -0.423 -0.197 1.000 0.307 0.073 -0.294
|`, 2itw2 0.145 -0.302 -0.127 0.307 1.000 0.426 -0.421
|`, 2itw3 -0.016 -0.401 -0.373 0.073 0.426 1.000 -0.044
|`,�2itw3 -0.151 0.004 0.018 -0.294 -0.421 -0.044 1.000

TABLE 4.2: Matrix of inner products of modulations, integrated over all kinematics. Each entry is
the inner product of the modulations given on the horizontal and vertical axes.

The final fit function included all general modulations of �m

t
(�h,�R?) after summing over P`,m

up to a value of ` = 2. This includes seven unique modulations, each of which somewhat impacts

the extraction of the other six within the acceptance of CLAS12,

A0
3 sin(�h) + A1

2 sin(�h � �R?) + A1
3 sin(�R?) + A�1

3 sin(2�h � �R?)+

A2
2 sin(2�h � 2�R?) + A2

3 sin(��h + 2�R?) + A�2
3 sin(3�h � 2�R?). (4.10)

Although the A1
2 and A1

3 amplitudes are the primary motivating factor for this measurement it should

be noted that each extracted amplitude can be used to constrain and provide information on the

PDFs and FFs that it is sensitive to.
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Table 4.3 lists the final set of 7 modulations, organized by twist and m. Each amplitude is

sensitive to a set of partial waves and corresponding PDF and FF convolutions. For the modulations

which are sensitive to multiple partial waves, it is understood that the corresponding asymmetry

amplitude is sensitive to the PDF convolved with a summed combination of FFs, where each FF

has its own kinematic-dependent coe�cient. For more details, especially on the notation, see [45],

specifically equations 42� 44 and 62� 74.

twist m partial waves modulation PDF⌦FF
2 0 |0, 0i , |1, 0i , |2, 0i 0 0

±1 |1,±1i , |2,±1i sin(�h � �R?) f1 ⌦G?
1,OT

, f1 ⌦G?
1,LT

±2 |2,±2i sin(2�h � 2�R?) f1 ⌦G?
1,TT

3 0 |0, 0i , |1, 0i , |2, 0i sin(�h) e⌦H?ss+pp

1,OO
, e⌦H?

1,OL
, e⌦H?

1,LL

1 |1, 1i , |2, 1i sin(�R?) e⌦H^
1,OT

, e⌦H^
1,LT

�1 |1,�1i , |2,�1i sin(2�h � �R?) e⌦H?
1,OT

, e⌦H?
1,LT

2 |2, 2i sin(��h + 2�R?) e⌦H^
1,TT

�2 |2,�2i sin(3�h � 2�R?) e⌦H?
1,TT

TABLE 4.3: Table of ALU modulations, organized by twist and m. For each value of m, the available
partial waves are listed, along with, respectively, the PDF and FF convolutions to which the ALU

modulation amplitudes are sensitive. Note that at twist 2, the m = 0 modulation is zero, and
the amplitude for any m > 0 is equal to that of �m. At subleading twist the ^ and ? notations
correspond to positive and negative values of m.

The seven terms in Eq. 4.10 correspond to all modulations of twist-2 and twist-3 terms up to

`  2. There are an infinite number of modulations in the dihadron production cross section and so

it is reasonable to consider going beyond ` = 2. This was not done for several reasons. For hadrons

emitted via the decay of a vector meson, ` is limited to at maximum 2. Note that ` represents

the total angular momentum of the interference of two dihadrons; the interference of two p-wave

dihadrons, from a ⇢-meson decay perhaps, has total ` = 2, where as sp interference would have

` = 1. It is not possible to distinguish in general the di↵erence between a resonant hadron and an

uncorrelated hadron, but there is reason to believe from Monte Carlo tuned to CLAS12 kinematics
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that the percentage of hadrons coming from meson decay is high. Furthermore, although there is no

hard limit on the value of ` coming from non-resonant hadrons, the contributions from higher ` are

expected to be suppressed for small values of Mh accessed at CLAS12 [45]. To be sure that higher

values of ` do not contribute, modulations including ` = 3 and ` = 4 were tested in the simultaneous

fit. The `  2 modulation amplitudes were una↵ected and all of the amplitudes associated with ` = 3

and ` = 4 were consistent with zero. Finally, the reduced �2 did not improve with the inclusion of

higher ` modulations and is already close to 1.

4.2.3 Unpolarized Cross Section Modulations

The unpolarized cross section present in the denominator of the asymmetry and given in

Eqs. 1.24-1.27 contains several more modulations. Table 4.4 lists the azimuthal modulations (without

✓ dependence) organized by twist and m. There are two structure functions at twist-2: FUU,T , where

the photon is transversely polarized, and an interference term, FUU , and one function at twist-3

[45]. The twist-2 structure function FUU,T modulations with negative m are equivalent to those with

positive m, since the modulation is cos (m�h �m�R?); the negative m modulations have therefore

been excluded.

m twist-2 twist-3
FUU,T FUU FUU

2 cos (2�h � 2�) cos (2�R?) cos (��h + 2�R?)
1 cos (�h � �R?) cos (�h + �R?) cos (�R?)
0 1 cos (2�h) cos (�h)
�1 cos (3�h � �R?) cos (2�h � �R?)
�2 cos (4�h � 2�R?) cos (3�h � 2�R?)

TABLE 4.4: Azimuthal modulations of AUU , up to ` = 2. See equations 1.24-1.27 and Ref. [45].
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The “constant” modulation, twist-2 FUU,T with m = 0 is the only one that survives integration

of the full range. However, as with the polarized cross section, the limited and uneven experimental

acceptance causes other modulations to survive as well. If these additional modulations have nonzero

amplitudes they could re-scale the full beam spin asymmetry. Monte Carlo studies were performed in

order to investigate this e↵ect in a similar inner product formalism as for the polarized cross section

but the results indicate the a↵ect on the the ALU amplitudes is not so straightforward. Instead,

Monte Carlo was used in order to estimate the size of the e↵ect on the ALU amplitudes.

The measured asymmetry amplitude from data, A0
i
, is a linear combination of �LU modulations

fi with amplitude coe�cients Ai:

A0
i
=
X

i

Aifi, (4.11)

where the azimuthal dependence has been omitted for brevity. The Monte Carlo is then injected

with the following asymmetry:

AI =
A0

i

1 +
P

i
Bigi

, (4.12)

where gi is a �UU modulation with amplitude Bi. This injection is performed separately for each bin

in which AM is measured. Finally, a fit to the Monte Carlo data with the injected asymmetry AI is

performed. The fit form, AF , includes only the �LU modulations:

AF =
X

i

A0
i
fi, (4.13)

in order to estimate the e↵ect a present-but-not-fit �UU modulation could have on the extracted AM .

This fit is performed for each set of �UU amplitudes that was injected. The first injection was the

“control” in which each Bi = 0 (i.e. a zero amplitude in the unpolarized cross section). As expected,

the resulting A0
i
values were found to be consistent with the Ai values. Denoting the resulting A0

i
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values from this control injection as A00
i
, several injections were then performed for di↵erent sets of Bi.

The values from each tested injection were used to determine the e↵ect on the fitted �LU amplitudes

by measuring the di↵erence, �i, between the new fitted amplitude A0
i
and the control injection, A00

i
,

�i = A00
i
� A0

i
. (4.14)

The value of �i quantified the estimated e↵ect the corresponding �LU experiences from the presence

of nonzero �UU modulation amplitudes.

The set of modulation amplitudes to be injected for �UU represents another problem. Unfortu-

nately, these values have yet to be measured. To do so, the dihadron production cross section must

be measured and a full partial wave analysis performed in order to extract the amplitudes. Without

this vital piece of experimental information, reasonable bounds were chosen to be placed on their

possible values. For each �UU modulation gi amplitudes of Bi = �0.1, 0.1 were injected in addition to

the control. Each modulation amplitude is tested one at a time which results in 24 injections from 12

modulations and 2 amplitudes each. A distribution of the resulting 24 values of �i is formed for each

�LU modulation fi. This is done for each individual kinematic bin in which the final asymmetries

are measured. This process could be extended to the injection of further asymmetries and multiple

linear combinations but ultimately, without measurements of the unpolarized cross section, the best

that can be done is a loose estimate of the size of the systematic.

FIGs. 4.2-4.3 show distributions of �i for each binning scheme used in this analysis. In each

figure, the 7 subfigures correspond to the 7 �LU modulations. The histograms are drawn as the

red boxes, where the size of the box is proportional to the number of entries in the bin. The black

crosses indicate the mean � for each kinematic bin, and the vertical size of the black cross indicates

the standard deviation of �. In general, the mean � values taken over all kinematic bins is consistent
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with or close to zero. The resulting shift in the �LU amplitudes is generally less than about 0.3%,

assuming that the �UU amplitudes are no more than 10% in magnitude.
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FIG. 4.2: Distribution of �i, the di↵erence between the fitted amplitude and the control injection,
for each kinematic bin and �LU modulation for the binning in x. One histogram entry (red box plot)
corresponds to one �UU amplitude injection; the size of the red box is proportional to the number of
entries in that bin. The black crosses indicate the mean � for each kinematic bin, and the vertical
size of the black cross indicates the standard deviation of �.
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FIG. 4.3: Distribution of �i, the di↵erence between the fitted amplitude and the control injection, for
each kinematic bin and �LU modulation for the binning in Mh. One histogram entry (red box plot)
corresponds to one �UU amplitude injection; the size of the red box is proportional to the number of
entries in that bin. The black crosses indicate the mean � for each kinematic bin, and the vertical
size of the black cross indicates the standard deviation of �.
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4.2.4 Special Case: The P2,0 Modulation of the Unpolarized Cross Sec-

tion

In the previous section it was assumed that the cross sections were integrated over cos ✓, however,

a full partial wave expansion of the dihadron cross section also includes modulations in ✓. All of the

aforementioned (�h,�R?) modulations are included when this partial wave expansion is performed

except for one that does not depend on (�h,�R?). This remaining modulation is the ` = 2, m = 0,

modulation of the twist-2 structure function FUU,T . It is expressed as the associated Legendre

polynomial P2,0(cos ✓),

P2,0(cos ✓) =
1

2

�
3 cos2 ✓ � 1

�
. (4.15)

The amplitude of this modulation is, in fact, highly correlated with amplitude of the constant mod-

ulation (significantly more so than any other single modulation).

This modulation has been studied by other experiments, such as HERMES [48, 117], where a

Monte Carlo method similar to the aforementioned study was performed. As discussed, a model to

simulate the e↵ect of a nonzero �UU amplitude on the �LU modulation was sought. In this case, a

suitable model was found when the �UU modulation is only dependent on ✓ and has been carefully

validated by Monte Carlo studies. The shift, �, on an asymmetry amplitude Ai is given as a function

of the mean value of P2,0:

� =
AiBhP2,0i
1 + BhP2,0i

, (4.16)

where hP2,0i is the mean value and B is the amplitude of P2,0. Table 4.5 gives the value of hP2,0i

for each kinematic bin used in the asymmetry analysis. If a future measurement of this modulation

becomes available, Eq. 4.16 can be used in combination with the values listed in these tables in order

to correct the asymmetry.
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x Bin Number hP2,0(cos ✓)i
1 -0.404
2 -0.408
3 -0.410
4 -0.412
5 -0.414
6 -0.417
7 -0.418
8 -0.419
9 -0.419
10 -0.419
11 -0.419
12 -0.419

Mh Bin Number hP2,0(cos ✓)i
1 -0.338
2 -0.409
3 -0.420
4 -0.426
5 -0.428
6 -0.429
7 -0.427
8 -0.426
9 -0.425
10 -0.422
11 -0.417
12 -0.404

TABLE 4.5: Mean values of P2,0(cos ✓) for the binning scheme in x (left) and Mh (right).

4.3 Asymmetry Fitting

The data were first organized into the given kinematic bins in order to extract the beam spin

asymmetry amplitudes. Events corresponding to an electron with positive and negative helicity were

separated in order to allow for the formation of a spin asymmetry. From this point, two options for

fitting the asymmetry amplitudes were employed: (a) a fit to the asymmetry, binned in 2-dimensional

bins of (�h,�R?), and (b) a maximum likelihood fit to unbinned data, where the unbinned limit is

obtained by choosing a su�ciently small (�h,�R?)-bin size such that only one or zero events are

allowed in a bin. This section explains the two fitting options, and ends with a comparison of their

results.
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4.3.1 �2 Minimization Method

The beam spin asymmetry is written

ALU (�h,�R?) =
d�+ (�h,�R?)� d�� (�h,�R?)

d�+ (�h,�R?) + d�� (�h,�R?)
, (4.17)

where d�± is the di↵erential cross section from ± electron helicity. The di↵erential cross sections can

be converted to yields N±:

d�± (�h,�R?) =
N± (�h,�R?)

L±a± (�h,�R?) ⌘± (�h,�R?)
, (4.18)

where L± is the integrated luminosity, a± is the acceptance and ⌘± is the e�ciency, for each electron

helicity. Defining the ratio

r =
L+a+ (�h,�R?) ⌘+ (�h,�R?)

L�a� (�h,�R?) ⌘� (�h,�R?)
(4.19)

and including the electron beam polarization P , the beam spin asymmetry is written

ALU (�h,�R?) =
1

P

N+ (�h,�R?)� rN� (�h,�R?)

N+ (�h,�R?) + rN� (�h,�R?)
. (4.20)

The ratio r was studied as a source of systematic uncertainty in Sec. 6.2, where it was found to be

⇡ 1.003. For reasons described in that section, the value was taken to be r = 1. The acceptance and

e�ciency are both functions of (�h,�R?) but the ratio a+⌘+/a�⌘� should not have a strong (�h,�R?)-

dependence. Additionally, it is assumed that both the e�ciency and acceptance are independent of

helicity; a+ = a� and ⌘+ = ⌘�.

The data were binned in an 8⇥8 “grid” of (�h,�R?) bins for each helicity. Then, in each

(�h,�R?) bin the beam spin asymmetry from Eq. 4.20 was calculated. Assuming Poissonian yields,
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the statistical uncertainty on each ALU (�h,�R?) is

�ALU =
2

P

s
N+N�

(N+ +N�)
3 . (4.21)

Finally, the point associated with this (�h,�R?) bin was set as (h�i) which denotes the average �

value within the bin. The multidimensional fit was then performed on the collection of points for

the entire grid.

Both the numerator and denominator of ALU , expanded in terms of structure functions, are

modulated by functions of �h, �R? , and ✓, and scaled by depolarization factors k(", y). Expanding

the numerator in terms of modulations  i(�h,�R?) (where the dependence on ✓ has been removed)

and taking only the constant modulation of the unpolarized cross section in the denominator gives

ALU =
X

i

k i
LU

F i
LU

kconst
UU

F const
UU

 i =
X

i

A i
LU
 i, (4.22)

A i
LU

is the amplitude of the  i modulation of ALU , and it is proportional to a corresponding ratio

of structure functions.

The asymmetry amplitudes are varied in search of the minimum of the �2 statistic, where the

�2 represents the degree of agreement between ALU and the data points. The fit result quality can

then be evaluated by the reduced �2, defined as the minimized �2 divided by the number of degrees

of freedom; the number of asymmetry data points minus the number of fit amplitudes is the number

of degrees of freedom. A reduced �2 value close to 1 is typically considered to be a fit with good

quality although it is not a strict requirement for a single instance of data [118].
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4.3.2 Maximum Likelihood Method

In contrast to the �2 minimization technique, the Maximum Likelihood (ML) fit is performed

on unbinned data. The advantage of not binning in the (�h,�R?) angles is that there are no longer

finite bin-width e↵ects to correct for. The use of the maximum likelihood fit is common in spin

asymmetry analysis; for example, at CLAS6 [119], COMPASS [120, 121] and HERMES [117].

The helicity-dependent cross section was modeled by a probability distribution function of �h

and �R? . For each individual dihadron event, the values of �h and �R? are fixed in the probability

distribution and the product of all such probability distributions from each event defines the full

likelihood. The final likelihood is a function of the asymmetry amplitudes only, and the set of

amplitude values that maximizes the likelihood is determined by the ML fit algorithm.

The ratio of the di↵erential cross section for a particular combination of helicities to the total

di↵erential cross section is written in terms of the spin asymmetries,

d�hbht/d⌦

d�/d⌦
=

1

4
(1 + hbALU + htAUL + hbhtALL, ) , (4.23)

where hb and ht are defined as the electron beam and target helicities respectively and d⌦ denotes

the phase space di↵erential volume. The beam spin asymmetry ALU is written

ALU =
(d�++/d⌦+ d�+�/d⌦)� (d��+/d⌦+ d���/d⌦)

(d�++/d⌦+ d�+�/d⌦) + (d��+/d⌦+ d���/d⌦)
. (4.24)

Eq. 4.24 is equivalent to Eq. 4.17. The denominator of Eq. 4.24 is also equal to d�/d⌦, the unpolarized

di↵erential cross section. Similar definitions exist for the target spin asymmetry AUL and the double

spin asymmetry ALL but the value ht was set to zero in this experiment because the target was
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unpolarized,

d�±/d⌦

d�/d⌦
=

1

2
(1± ALU) . (4.25)

Since the focus is on the beam spin asymmetry, for brevity a single subscript is used for denoting cross

sections corresponding to each electron helicity: let d�± = d�±++d�±�, where + and � respectively

denote positive and negative electron helicity. The di↵erential cross section can be converted to

yields using Eq. 4.18: d�±/d⌦ = N±/L±a±⌘± with helicity dependence and d�/d⌦ = N/La⌘ without

helicity dependence, where N = N++N�, L = L++L�, and a is the acceptance and ⌘ the e�ciency,

independent of helicity. The cross section then becomes

N± (�h,�R?)

N (�h,�R?)
=

1

2

L±a± (�h,�R?) ⌘± (�h,�R?)

La (�h,�R?) ⌘ (�h,�R?)
[1± PALU (�h,�R?)] , (4.26)

where the (�h,�R?)-dependence is now shown and the polarization P is also included. To simplify

the notation, define

r± (�h,�R?) :=
L±a± (�h,�R?) ⌘± (�h,�R?)

2La (�h,�R?) ⌘ (�h,�R?)
. (4.27)

Assuming that the acceptance and e�ciency are independent of helicity, then the acceptance and

e�ciency in the numerator cancels those in the denominator. Thus r± = L±/2L. This is a typical

assumption made for any spin asymmetry analysis but for the moment will not be made in order to

maintain generality.

It is possible to incorporate the acceptance of the detector in the likelihood, either from a

parameterization or MC simulations. However, in the case of spin asymmetries, the sensitivity of the

physics amplitudes on the acceptance reduces to a relative luminosity factor [119, 120, 122] which

is fortunately taken as unity in the case of CLAS12 (c.f. Sec. 6.2). In the internal note [122], this

result is deduced be assuming a general functional shape for the acceptance and showing that the
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solution of the maximization problem is independent of these values. Those results are summarized

in Ref. [123].

A probability density function (PDF) of the form

p±
�
�h,�R? ;A

 i
LU

�
= r± (�h,�R?)

⇥
1± PALU

�
�h,�R? ;A

 i
LU

�⇤
, (4.28)

is motivated by Eq. 4.26, where ALU is expanded following Eq. 4.22 on the basis of modulations with

amplitudes A i
LU

. Given a fixed set of amplitudes, the integral of this PDF over the full (�h,�R?)

range should be equal to 1, however given acceptance limitations this may not be the case. The PDF

can then be normalized by dividing by ⌫±, defined

⌫±
�
A i

LU

�
=

Z
⇡

�⇡

d�h

Z
⇡

�⇡

d�R?p±
�
�h,�R? ;A

 i
LU

�
. (4.29)

The likelihood L is then built from the joint probability distribution,

L
�
A i

LU

�
=

N+Y

j=1

p+
�
�j

h
,�j

R?
;A i

LU

�

⌫+
�
A i

LU

�
N�Y

k=1

p�
�
�k

h
,�k

R?
;A i

LU

�

⌫�
�
A i

LU

� , (4.30)

where the products run over the individual dihadron events, and event k has �h = �k

h
and �R? = �k

R?

(here k is an index, not an exponent).

The next step involves searching for the maximum of the likelihood function. It turns out that

it is computationally favorable to instead find the minimum of the negative log-likelihood, where the

products become sums:

� lnL
�
A i

LU

�
= �

N+X

j=1

ln

"
p+

�
�j

h
,�j

R?
;A i

LU

�

⌫+
�
A i
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The set of amplitude values
�
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at the maximum likelihood is the result of the maximum likelihood

fit. The summand of each expression can be simplified as
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The first term, ln r±, can be discarded because it is not dependent on the fit parameters and will

therefore have no impact on the position of the maximum likelihood. The likelihood becomes

� lnL
�
A i

LU

�
= N+ ln
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where the notation {�} refers to the additional negative helicity terms.

The summand N+ ln ⌫± contains an integral over a function proportional to r±. If r± is not

dependent on (�h,�R?), it can be factored out of the integral, and subsequently excluded from the

likelihood since it does not depend on
�
A i

LU

 
. This is possible if the assumption that the acceptance

and e�ciency are independent of helicity is made. In this scenario, the likelihood is
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The integral can be computed numerically, and the minimum � lnL can be found with a minimizer

algorithm, such as one provided by MINUIT. It is expected that the ratio r± = L±a±⌘±/La⌘ is not

strongly dependent on (�h,�R?). Unfortunately, this assumption is di�cult to validate completely

but was a common assumption at other experiments [117, 119, 120, 121], in particular for previous

analyses at CLAS [119]. If this assumption is not true, the integral in ln ⌫± requires r± to be
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well-understood.

An alternative method is the extended maximum likelihood fit. For more details on this method

see Ref. [124]. Instead of attempting to normalize the PDFs, one allows the normalization to “float”

as an additional parameter. Doing so can help mitigate any issues with the proper normalization of

the PDFs. The di↵erence between the standard ML fit and the extended ML fit was studied and

the distribution was of order 10�5 or less. This di↵erence is well below any systematic or statistical

uncertainty in this analysis and so the standard maximum likelihood fit was used for clarity.

In practice, finding the maximum likelihood is a minimization problem, since it is computation-

ally favorable to minimize the negative logarithm of the likelihood. The MINUIT [125] algorithm

MIGRAD is used to find the minimum and the corresponding set of amplitudes. The error estimation

on the amplitudes is performed by MINOS, which allows for possible asymmetric uncertainties as

a result of correlations between the amplitudes; in general, however, the resulting uncertainties are

very symmetric, which is indicative of parabolic behavior of the likelihood about the maximum. For

the final asymmetry plots, the statistical uncertainties from the parabolic approximation, calculated

via HESSE, are used; di↵erences between errors from MINOS and HESSE are < 4⇥ 10�5.

4.3.3 Comparison of Fitting Techniques

Fig. 4.4 shows the di↵erence between the �2 minimization fit results and the ML fit result for

the asymmetries of primary interest. The other amplitudes have similar behavior. In general, the

di↵erences appear consistent with or close to zero.

In Fig. 4.5 the di↵erence between results of the MLM fits to 10,000 �2 fit results are shown,

where each time the asymmetry was shifted by a value chosen from a Guassian distribution with
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FIG. 4.4: Fit results from the maximum likelihood method minus those from the �2 fit binned in the
asymmetries sensitive to e(x) and G?

1 .

error equal to its width, divided by the error on the di↵erence. The mean of this distribution when

fitted to a Gaussian is 0.07 and its standard deviation is 0.98. This indicates that the di↵erences

between the two fit methods are statistical in nature and likely not strongly systematic. Additionally,

the fitting algorithm was able to reproduce asymmetries injected at the Monte Carlo level faithfully

when injected asymmetries were studied in the systematics section.

One advantage of the unbinned MLM fit is that corrections for e↵ects on the fit from the finite

(�h,�R?) bin size are not needed. To test for the presence of such a finite bin size e↵ect, Fig. 4.6

shows a distribution of the di↵erence between the MLM fit and the �2-minimization fit, for three

di↵erent schemes: 8 �h ⇥ 8 �R? bins, 11 ⇥ 11 bins and 15 ⇥ 15 bins. In general, the agreement

between the MLM fit results and the �2- minimization results improves as the number of azimuthal

bins is increased, as shown by the standard deviations of the distributions in Fig. 4.6. This study

indicates a clear dependence of the �2-minimization fit on the number of (�h,�R?) bins; therefore,

the MLM fit was chosen for this analysis, since it removes bias from the finite bin size.
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FIG. 4.5: The di↵erence between results of MLM fits to 10,000 �2 fit results, where each time the
asymmetry was shifted by a value chosen from a Gaussian distribution with error equal to its width,
divided by the error on the di↵erence. The dashed blue line corresponds to the mean of the red-line
Gaussian fit.

FIG. 4.6: Distribution of the di↵erence between the MLM fit results and the �2 minimization fit
results. One histogram entry corresponds to one asymmetry amplitude fit result within a single Mh

bin. From left to right, the number of (�h,�R?) bins used for the �2-minimization are 8⇥ 8, 11⇥ 11,
15⇥ 15.



CHAPTER 5

Monte Carlo Simulations

5.1 Description

The CLAS12 fall 2018 RG-A experimental configuration has been described in detail in GEMC [126],

a GEANT4 based simulation package that o↵ers the possibility to easily implement detectors in a full

GEANT simulation. The position of the detectors in Hall B have been matched to survey data and a

realistic map of the magnetic field has been generated to accurately reproduce the experimental set

up. LUND generators were used to produce realistic final states that were read by GEMC version

4.3.2 and passed through the the detector system of CLAS12. The results of this process were cooked

with COATJAVA version 6.5.3 and the reconstructed banks were added to the original generated

banks for comparison.

The generator used for SIDIS Monte Carlo analysis is clasdis [127] which is based on the well-

known LEPTO generator [128]. The generator is specific to SIDIS processes and so is missing

other interactions such as photo-production. The parton-level interaction is based on electroweak
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cross sections. First-order QCD matrix elements for boson-gluon fusion and gluon radiation are

implemented. The hadronization process follows the Lund string model implemented in Pythia

(Jetset). Several parameters are tuned to reproduce the electron, photon and pion distributions

obtained from data. No azimuthal dependency is included in clasdis and so must be artificially

inserted in order to study things like acceptance e↵ects on extracted asymmetries. A full description

and discussion of the SIDIS Monte Carlo is given in the RGA Analysis Overview and Procecdures

Note [112].

5.2 Monte Carlo Matching

In order to evaluate the e↵ects of several systematics, such as bin migration e↵ects, it is necessary

to be able to match particles created in the Event Generator and “detected” particles after they

have been processed by the GEMC detector simulation and particle reconstruction of CLAS12.

Unfortunately, at the time of this analysis no strict truth matching was included in the Monte

Carlo process in order to be able to match tracks before and after reconstruction with full certainty.

Instead, a requirement of matching electric charge (as measured by curvature in the magnetic field)

and restrictions on the lab-frame angles of the tracks, �� < 3� and �✓ < 1�, were used in

order to pair generated and reconstructed particles. The e↵ect of subtly altering this requirement

was studied in Fig. 5.1 where the strictness of the angular requirements was lessened. No dramatic

dependence is observed and the di↵erences correspond to sub-permil levels which are much smaller

than any uncertainties on the Monte Carlo models themselves. A requirement of matching particle

identification is not enforced because this is one of the important systematics to study (e.g. the rate

of kaons misidentified as pions).
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FIG. 5.1: The rate of dihadron events with one or both pions coming from baryonic decay as a
function of x for the requirements �� < 3� and �✓ < 1� (red points), �� < 6� and �✓ < 2�

(blue points) and �� < 9� and �✓ < 3� (green points).

5.3 Comparison with Data

Comparisons between the final dihadron sample event yield and the Monte Carlo for the kine-

matic variables W , Q2, xF , x, y, z, Mh, Mx, , ✓, �R? and �h are shown in Fig. 5.2, integrated over

all bins. In Figs. 5.3-5.8 the Monte Carlo is compared to data for the 12 bins in x and Mh for the

distributions of �R? , �h � �R? and MX . Good agreement between Monte Carlo and data is found

for each bin examined.



87

0 1 2 3 4 0 1 2 3 4 5 6 7 0.0 0.50 1.0-0.50-1.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 0.5 1.0 1.5 2

0 45° 90° 135° 180° 0 1 2 3 4 5 6 0 1 2 3 4 5 6

FIG. 5.2: Comparison between the Monte Carlo (red) and data (black). From top to bottom and
left to right they are Q2, W , xF , x, y, z, Mh, Mx, P?

h
, ✓, �R? , �h.
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FIG. 5.3: Comparison of the �R? distribution between the mass-produced Monte Carlo (red) and
data (black) for each bin in x.
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FIG. 5.4: Comparison of the �R? distribution between the mass-produced Monte Carlo (red) and
data (black) for each bin in Mh.



90

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

FIG. 5.5: Comparison of the �h � �R? distribution between the mass-produced Monte Carlo (red)
and data (black) for each bin in x.
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FIG. 5.6: Comparison of the �h � �R? distribution between the mass-produced Monte Carlo (red)
and data (black) for each bin in Mh.
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FIG. 5.7: Comparison of the MX distribution between the mass-produced Monte Carlo (red) and
data (black) for each bin in x.
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FIG. 5.8: Comparison of the MX distribution between the mass-produced Monte Carlo (red) and
data (black) for each bin in Mh.



CHAPTER 6

Systematic Studies

6.1 Beam Polarization

The beam polarization was routinely measured with a Møller polarimeter upstream of CLAS12.

The results of these measurements are shown in FIG. 6.1. The polarization changed midway through

the data taking period so two independent ranges were considered. The average beam polarizations

for data taken before October 28, 2018 and after were (85.92±1.29)% and (89.22±2.51)% respectively.

A luminosity-weighted average polarization was determined because the inbending run period extends

over both polarizations. For events that pass all quality cuts, 65.8% were in the first and the remaining

34.2% were in the second range. The weighted average was calculated by:

Pave = (P1 · w1 + P2 · w2)/(w1 + w2) = 0.8692. (6.1)

Here P1 = 0.8592 and P2 = 0.8922 are the average polarizations of the two ranges, and w1 = 0.696

and w2 = 0.304 are their weights, which are given by the fractions of the run ranges. The statistical
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uncertainty was determined by a simple average of the uncertainties di from the two run ranges:

dave =
w1 · d1 + w2 · d2

w1 + w2
= 0.017. (6.2)

FIG. 6.1: Møller measurements during the fall 2018 run period. The beam polarization was changed
after October 28, 2018 and so two separate polarizations were considered.

The amplitudes of the beam spin asymmetries were extracted separately by a �2-minimization

and maximum-likelihood method. In the former case, the extracted amplitudes were divided by the

weighted average beam polarization of 86.92%. In the latter case a probability distribution was built
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event-by-event and the appropriate polarization value from before or after the polarization change

was included each time.

The systematic uncertainty for the Møller measurement is a calibration uncertainty estimated

to be around 2% which leads to a final systematic uncertainty for the beam polarization of (86.92±

1.7± 2.0)% = (86.9± 2.6)%. A scale systematic uncertainty was calculated as

�A

A
=
�Pe

Pe

=
0.026

0.869
= 3.02%, (6.3)

where A is the extracted amplitude and Pe is the polarization.

6.2 Contribution from O↵set Beam Charge Asymmetry

The beam quality requirement for the beam-charge-helicity correlated asymmetry was set at the

10�3 level. This requirement was checked by measuring the inclusive electron beam spin asymmetry

because this process is expected to be limited to at most 10�6 due to parity-violating e↵ects. Particles

below a momentum of 3 GeV were discarded in order to minimize the pion contamination in the

electron sample. The results of the inclusive beam spin asymmetry for the inbending data set are

shown in Fig. 6.2 as a function of W and Q2. The amplitude was measured to be approximately

1.5⇥ 10�3 which implies a contribution from a non-equal relative luminosity between electron beam

helicity states.

The usual count rate beam spin asymmetry,

ALU =
N+ �N�

N+ +N� , (6.4)
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FIG. 6.2: Inclusive electron beam spin asymmetry vs W (left) and Q2 (right) for the inbending
dataset. The true physics asymmetry is e↵ectively zero and so the nonzero measurement implies a
contribution from o↵set beam-charge from each helicity state.

whereN+(N�) are the yields of positive and negative helicity events must be modified by the quantity

r, which is defined as the ratio of luminosity, acceptance and e�ciency for both helicity states,

A0
LU

=
N+ � rN�

N+ + rN� . (6.5)

The true physics asymmetry is < 10�6, which can be approximated as A0
LU

= 0, which reveals the

relation r = N+/N�. Equation 6.4 can then be rearranged to show

r =
1 + ALU

1� ALU

. (6.6)

Setting ALU = 0.0015 from the measurement gives r = 1.003. The e↵ect of including or not including

this value in the extracted amplitudes was studied and the contribution was found to be at worst

6 ⇥ 10�4 and usually much smaller. This di↵erence is subdominant compared to other systematics

and is generally completely negligible.
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6.3 Stability of Asymmetries Throughout Data-Taking

The fit stability was studied as a function of run number for the each of the runs considered as

part of this analysis. Each run was fit separately to a A
sin(�R? )

LU
and then a Asin(�h)

LU
amplitude and

the results are pictured in FIG. 6.3. The extracted asymmetries have a mean value of 0.014(1) and

0.012(1) respectively. No particular run-number dependent e↵ect was observed.
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FIG. 6.3: A
sin(�R? )

LU
(left) and Asin(�h)

LU
(right) asymmetries as a function of run number. The average

values of 0.014(1) and 0.012(1) respectively are shown as a red line. No time dependent e↵ect is
observable.

6.4 Fiducial Volume Selection and Geometric E↵ects

No systematic e↵ect is expected due to the fiducial volume cuts because the same cuts have

been applied to both helicity states. The e↵ect of systematically varying the calorimeter cuts was

studied in the RGA Analysis Overview and Procedures note [112] for the single pion asymmetries

and no e↵ect was observed. The possible impact of fiducial cuts on the dihadron asymmetries was

investigated by comparing the extracted values with and without fiducial cuts. An example is shown

in FIG. 6.4 for the asymmetries A
sin(�h��R? )

LU
(x) and Asin(�h)

LU
(Mh). No systematic e↵ect is observed
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and the di↵erences are consistent with the approximately 10% more statistics that exist in the latter

case.
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FIG. 6.4: The extracted asymmetries with fiducial cuts on (black) and o↵ (red) for the A
sin(�h��R? )

LU
(x)

(left) and Asin(�h)
LU

(Mh) (right) modulations. No systematic e↵ect is expected from the fiducial cuts
and the di↵erences appear statistically distributed.

To further investigate the possibility of e↵ects related to the volume of the detectors the beam-

spin asymmetries were extracted separately for the scattered electron being measured in each of the

separate six sectors of CLAS12. The results are shown in FIG. 6.5. No systematic e↵ect is observed

and the di↵erences are explainable as statistical fluctuations.

6.5 Semi-Inclusive Deep Inelastic Scattering Particle Iden-

tification

A clean particle identification is critical for SIDIS processes because no exclusivity cuts are

available to improve the quality of the signal.
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FIG. 6.5: The extracted asymmetries in sector 1 (black), 2 (blue), 3 (red), 4 (green), 5 (orange)

and 6 (cyan) of the CLAS12 forward detector system for the A
sin(�R? )

LU
(Q2) (left) and A

sin(�h��R? )

LU
(z)

(right). No systematic e↵ect is expected to depend on the lab frame azimuthal angle of the electron
and the di↵erences appear statistically distributed.

6.5.1 Misidentification of Electrons

Monte Carlo electron and negative pion samples were produced separately and the fraction of

⇡� identified as e� from the single particle ⇡� simulation were determined as a function of the

reconstructed track momentum and polar angle. The relative flux of electrons and pions was studied

using a version of PYTHIA tuned for CLAS12 (claspyth [129]). The combination of this relative

flux with percentage of misidentified pions gives the rate of pions misidentified as electrons. This

fraction of ⇡� contamination in the final electron sample for the CLAS12 EventBuilder is shown

on the left side of Fig. 6.6. The maximum contamination occurs for low momentum electrons at

about 1%. The full electron spectra includes significant contributions from higher momenta with

negligible contamination. Furthermore, as described above, the electron PID has been significantly

improved beyond the default CLAS12 EventBuilder which further decreases this contribution. The

combination of these two factors pushes the final contamination significantly below 1% which is

negligible compared to other systematics.

The contamination of pions misidentified as electrons in the final state was explicitly studied by
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FIG. 6.6: Left: the fraction of ⇡� in the final electron sample for the CLAS12 EventBuilder using
the CLAS12 PYTHIA based MC generator. Right: the electron momenta distribution of the final
SIDIS dipion sample.

matching between generated and reconstructed particles. The results are plotted in Fig. 6.7. The

worst case scenario is about 0.1% contamination. The scale systematic uncertainty is given by

�A = |AM � Atrue|
✓

f

1� f

◆
, (6.7)

where AM is the measured asymmetry, Atrue is the true physics asymmetry and f is the fraction of

contaminated events in the bin. The measured asymmetry varies but can be expected to be around

2%. There is no measurement of the ⇡�⇡�⇡+ asymmetry, where the electron was actually a pion,

but even in the extremely unlikely case where it is an order of magnitude larger the scale systematic

uncertainty is only

�A = |0.002� 0.02|
✓

0.001

1� 0.001

◆
�A = 0.00002, (6.8)

which is completely subdominant and negligible.
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FIG. 6.7: The rate of misidentification of ⇡� as e� in the final sample as a function of x and Mh.

6.5.2 Misidentification of Pions

In the RGA Analysis Overview and Procedures note [112] the contamination of positive kaons

and protons identified as positive pions and negative kaons and electrons as negative pions was stud-

ied. In both cases the contamination in the pion sample from kaons exceeds those of the proton

and electron misidentification. The misidentification of positive pions as a function of momentum

is shown in Fig. 6.8. The negative pion misidentification is always lower than for positively charged

particles. The contamination increases sharply at high momenta due to limited time-of-flight resolu-

tion and is about 10% at the upper momentum limit of 5 GeV. However, the requirement to measure

two pions in the final state severely limits the amount of pions measured in this region. The vast

majority of pions occur below 3 GeV. In Fig. 6.9 the average momenta of positively charged pions

in each kinematic bin is shown.

The contamination of kaons misidentified as pions in the final state was studied by matching

between generated and reconstructed particles and calculating the rate of misidentified pions. The
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FIG. 6.8: Left: the fraction of K+ (black) and protons (red) in the final ⇡+ sample as a function of
momentum. Right: the ⇡+ momentum distribution of the final SIDIS dipion sample.
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FIG. 6.9: Average momenta of the positively charged pions in each kinematic bin examined for the
beam-spin asymmetries. Kaon contamination is still less than 1% at 3.0 GeV.

results are plotted in Figs. 6.10 and 6.11. The scale systematic uncertainty is given by

�A = |AM � Atrue|
✓

f

1� f

◆
, (6.9)

where AM is the measured asymmetry, Atrue is the true physics asymmetry and f is the fraction

of contaminated events in the bin. The measured asymmetry varies but can be expected to be

around 2%. A measurement of the actual K+⇡� beam-spin asymmetry does not exist but, again,
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even assuming an asymmetry an order of magnitude larger than the size of the measured dipion

asymmetry the scale uncertainty is just

�A = |0.02� 0.20|
✓

0.005

1� 0.005

◆
, (6.10)

�A = 0.0009. (6.11)
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FIG. 6.10: The rate of misidentification of K+ as ⇡+ in the final sample as a function of x and Mh.

As mentioned, the ratio of theK+/⇡+ flux has been demonstrated in the RGA Common Analysis

Note to always be greater than the K�/⇡� flux. Therefore, it is reasonable to assume that the

misidentification of negative kaons as negative pions will always be smaller than the oppositely

charged case. Still, the contamination was checked and the results are shown in Fig. 6.11. In general,

the contamination is slightly less than half the magnitude of the K+ ! ⇡+ case and so can also be

discarded as negligible.
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FIG. 6.11: The misidentification of K� as ⇡� in the final sample as a function of x and Mh.

6.5.3 Photoproduction of Electrons

This contamination of non-DIS electrons in the final sample coming from decays of photopro-

duced hadrons or from simple QED pair production was estimated from measurements of positrons

because the electrons are usually produced with a “symmetric” positron pair. The distribution of

positrons in the outbending data normalized to corresponding inbending runs was studied in order to

take a proper accounting of acceptance e↵ects. The fraction of positrons in the outbending configu-

ration representing charge-symmetric electrons in the inbending configuration are shown in Fig. 6.12

with the positrons scaled by a factor of 10. The average momenta of electrons in each kinematic

bin is shown in Fig. 6.13. The worst case scenario occurs at the lowest bin in x where the average

momentum is still greater than 2.5 GeV.

These studies indicate that no bin is heavily populated by charge-symmetric electrons. Still,

detailed investigations of positron e�ciencies with CLAS12 have not be done and there is some

concern that Fig. 6.12 may represent a “lower bound” on the contamination. Additionally, there

are not su�cient statistics to study the beam-spin asymmetry of e⇡⇡X events with the electron

corresponding to the non-DIS particle. With this in mind and following the lead of the single
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hadron RGA analysis [116], which placed an average systematic error of 2.1% on their asymmetries,

a conservative estimate was assigned. The contamination in the two hadron case is less than in the

single hadron case so using the results of Fig. 6.13 a scale systematic of 2% for bins with average

momenta below 3.5 GeV (typically low x) and 1% for bins above 3.5 GeV was assigned.

FIG. 6.12: Left: the distributions of electrons for 5 nA inbending runs 5418/19 (filled symbols)
compared to distributions of positrons from 5 nA outbending runs 5443/5566 (open symbols). Right:
their ratio. The positron counts are scaled by a factor of 10.

6.6 False Asymmetries

It is possible to inject any customary asymmetry in the generated Monte Carlo data set. Detailed

studies were performed comparing an injected asymmetry in the generated data set to the extracted
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FIG. 6.13: Average momenta of the electron in each kinematic bin examined for the beam-spin
asymmetries. Charge symmetric background electrons contribute less than 1% at 2.5 GeV.

asymmetry fit result from the full analysis executed on the corresponding reconstructed MC data.

This method was used extensively in order to study the linear dependence between asymmetry

amplitudes within the CLAS12 acceptance in order to validate the orthogonality matrices. In this

section the general injection technique is shown along with the results from several test injections.

The generated sample has no helicity dependence. Injection is performed by assigning random

helicities to the sample that are biased toward the desired injected model. Let Ai(�h,�R?) be the

injected asymmetry for test i, for example, a single modulation A1 = a sin�R? , where a 2 [�1, 1] is

fixed. For each generated dihdaron event, the value of the injected asymmetry is determined based

on that dihadron’s kinematics (i.e., the value of A1 when the relevant �R? is plugged in). Then, a

uniformly random number r 2 [0, 1] is generated. If

r <
1

2
(1 + PeAi) , (6.12)

where Pe is the beam polarization, then a positive helicity is assigned, otherwise a negative helicity

is assigned. The general analysis and asymmetry extraction is then performed on the reconstructed
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Monte Carlo data. This allows e↵ects related to PID, kinematic smearing, acceptance, e�ciency, etc.

to all be measured on the extracted asymmetry.

Several test injected asymmetries were studied:

• A0 = 0

• A1 = a sin�h

• A2 = a sin(�h � �R?)

• A3 = a sin�R?

• A4(Mh) =

✓
1� Mh

2M⇢

◆
A1 + sin

✓
⇡Mh

M⇢

◆
A2 +

Mh

2M⇢

A3.

The first test, A0, is simply a 50/50 random helicity assignment which should return an asymmetry

amplitude equal to zero. Tests 1-3 are single modulation injections that test for the accurate extrac-

tion of injected asymmetries as well as the appearance of false asymmetries from terms that should

be equal to zero. Finally, test 4 depends on M⇢, the mass of the rho-meson around 775 MeV, and

contains Mh dependence, which is loosely based on the physics asymmetry measurement expected

to be sensitive to G?
1 . The injected amplitude a is fixed to 0.04 in the results shown here, which is

comparable to the physics asymmetries.

Figs. 6.14-6.18 show the fit results, along with red curves which indicate the tested injected

asymmetries. The agreement is good, even for the nonlinear case of A4. To assess the agreement

more quantitatively, the asymmetry results from tests 1, 2, and 3 were fit to a constant, which should

give 0.04 for the corresponding amplitude, and zero for all the others; the constant fit results for the

nonzero amplitudes are:
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FIG. 6.14: Fit results from injected asymmetry A0 = 0.

• Injected asymmetry: A1

Constant Fit result: 0.0387± 0.00169 with a �2/NDF of 0.94,

• Injected asymmetry: A2

Constant Fit result: 0.0390± 0.00168 with a �2/NDF of 1.02,

• Injected asymmetry: A3

Constant Fit result: 0.0372± 0.00159 with a �2/NDF of 0.52.

An acceptance correction, which to do accurately would require proper matching between the MC

generated and reconstructed data, was not deemed necessary for this analysis.
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FIG. 6.15: Fit results from injected asymmetry A1 = a sin�h. The red curves denote the injected
asymmetry.
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FIG. 6.16: Fit results from injected asymmetry A2 = a sin(�h � �R?). The red curves denote the
injected asymmetry
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FIG. 6.17: Fit results from injected asymmetry A3 = a sin�R? . The red curves denote the injected
asymmetry
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FIG. 6.18: Fit results from injected asymmetry A4, which depends on Mh with a sign change around
the ⇢ mass. The ed curves denote the injected asymmetry.
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6.7 Contamination from Baryon Decays

Factorization of the cross section into distribution and fragmentation functions does not apply

to particles coming from the target fragmentation region. Although this analysis performs a cut on

xF > 0 in order to limit contributions from target fragmentation events there is no known way to

fully remove them. Any event corresponding to the production and decay from a baryon resonance is

not part of SIDIS in the current fragmentation region and if incorrectly included in the event sample

will alter the true asymmetry. If fB is the fraction of dihadron events where one or both of the

hadrons originated from baryon decay then the measured amplitude, AM, is

AM = (1� fB)Atrue + fBAB,

Atrue =
AM

1� fB
� fBAB

1� fB
,

Atrue =
AM

1� fB
, (6.13)

where Atrue is the true asymmetry due to SIDIS dihadron events, and where the asymmetry for

dihadrons contaminated by baryon resonance decays, AB, is assumed to be small and thus in the

final step AM � fAB. A scale systematic uncertainty is then assigned as

�A

A
=

Atrue � AM

AM
,

�A

A
=

fB
1� fB

. (6.14)

Monte Carlo was used in order to estimate the contamination coming from the decay of baryonic

resonances in the channels:

1. �++ ! ⇡+p
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2. �+ ! ⇡+n

3. ⌃+ ! ⇡+n

4. �0 ! ⇡�p

5. �� ! ⇡�n

6. ⌃� ! ⇡�n

7. ⇤0 ! ⇡�p.

Pions were matched between simulation and reconstructed data and the ratio of pion pairs with

one or both pions coming from baryonic decay to the total pion pair sample was calculated in each of

the bins where an asymmetry was measured. The systematic uncertainty from baryonic contributions

was assigned on a bin-by-bin basis using Eq. 6.14 and the values of fB in each bin shown in Fig. 6.19.
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FIG. 6.19: The rate of dihadron events where one or both of the pions comes from baryon decay for
the bins in x and Mh.
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6.8 Radiative E↵ects

Radiative photons emitted in the scattering process modify the reconstructed virtual photon’s

4-momentum. This introduces a bias in the SIDIS event kinematics that needs to be corrected. These

radiative corrections on the measured asymmetries are expected to be small for SIDIS beam spin

asymmetries because of the requirement of multiple pions in the final state. This limits the radiative

corrections to those for the inelastic part of the cross section, unlike for inclusive deep inelastic

scattering. In addition to the requirement to produce multiple final-state hadrons, a cut on the

energy of the virtual photon relative to the incoming electron (y < 0.80) was imposed. Nevertheless,

the radiative e↵ects have been evaluated by means of Monte Carlo simulations using the dedicated

software (RADGEN) in combination with LEPTO. The estimated radiative corrections do not exceed

a few percent of the value of the beam spin asymmetries. Radiative corrections have not been applied

to the measured asymmetries, but they are included in the systematic uncertainties.

In order to study the radiative e↵ects under experimental conditions, RADGEN and PEPSI (a

derivation of LEPTO) were used to simulate the distribution shown on the left side of Fig. 6.20. The

usual analysis chain was then repeated except that instead of setting the beam energy to 10.6 GeV,

a value was chosen from this distribution. As an example, the resulting distribution for MX for

the dihadron analysis is shown on the right side of Fig. 6.20. The distribution calculated for the

beam energy of 10.6 GeV is shown in black and the distribution from the simulated radiative beam

energy is shown in red. The lower overall beam energy results in a negative shift of the missing mass

histogram.

A missing mass cut was placed at 1.5 GeV in order to limit the contributions from exclusive

channels. Radiative e↵ects can limit the e↵ectiveness of this cut by allowing exclusive events that
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FIG. 6.20: The Monte-Carlo simulated distribution (left) of beam energies after a photon is radiated.
An example distribution of missing mass (right) is shown in red compared to the nominal yield in
black.

come from electron beams that have radiated a photon to be reconstructed at higher missing masses

than they should be. The contribution of events below MX = 1.5 GeV was simulated on an event-by-

event basis by first calculating the missing mass with the beam energy at 10.6 GeV and then with a

value drawn from the distribution given by RadGen. The rate of events coming from MX < 1.5 GeV

are shown in Fig. 6.21 as a function of x and Mh divided separately for events in the exclusive proton

region (0.75 < MX < 1.15 GeV) and the mixed �/SIDIS region (1.15 < MX < 1.50 GeV).

If f� is the fraction of events which should not be part of the sample because they actually come

from below the missing mass cut (the value plotted from bin to bin in Fig. 6.21) then the measured

amplitude, AM is

AM = (1� f�)Atrue + f�A�,

Atrue =
AM � f�A�

1� f
, (6.15)

where Atrue is the true asymmetry due to SIDIS events above MX = 1.5 GeV. The value A� was
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FIG. 6.21: The rate of events coming from below MX < 1.5 GeV when calculated with a beam
energy drawn from the RadGen distribution to a beam energy of 10.6 GeV as a function of x and
Mh. The contribution from the exclusive region (0.75 < MX < 1.15 GeV) is shown in black and the
mixed �/SIDIS region (1.15 < MX < 1.50 GeV) is shown in red.

the measured beam-spin asymmetry for events below the missing mass cut (evaluated separately

for events around exclusive proton production and in the mixed exclusive/SIDIS region). A scale

systematic uncertainty can then be assigned as

�A

A
=

|Atrue � AM |
AM

,

�A

A
=

1

AM

����
AM � f�A�

1� f�
� AM

����,

�A

A
=

|A� � AM |
AM

f�
1� f�

. (6.16)

In the final analysis, Eq. 6.16 was evaluated for both bins corresponding to exclusive proton pro-

duction and mixed exclusive and SIDIS events. The missing mass asymmetries used to estimate the

di↵erence inside the absolute value of Eq. 6.16 are shown in Fig. 6.22. The systematic uncertainty

due to radiative e↵ects can then be estimated by combining the di↵erence between either the exclu-

sive or the mixed region and the pure SIDIS region, |A� � AM |, and the fraction of events in the

examined bin coming from those regions, f�.
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FIG. 6.22: ALU(MX) for all seven amplitudes used in the simultaneous fit with bins in the exclusive
region, the mixed � and SIDIS region and the pure SIDIS region.

6.9 Bin Migration and Resolution E↵ects

The finite resolution of the kinematic variables used to study the beam-spin asymmetries can

cause the reconstructed values to be assigned to a di↵erent bin than they should be. The contribution

of this uncertainty to the beam spin asymmetry is minimized if the calculated asymmetry in adjacent

bins is only marginally di↵erent. Fortunately, this is the case for the majority of the asymmetries

analyzed.

Particles were matched between simulation and reconstructed data and relevant kinematic vari-

ables were calculated for both the generated and reconstructed events. The rate of events in each

bin coming from the bins before and after is shown in Fig. 6.23 for each of the kinematics in which
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beam spin asymmetries were produced.
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FIG. 6.23: The rate of events coming from bins before (black) and after (red) the current bin for the
bins in x and Mh.

If fi�1 and fi+1 are the fraction of events coming from the bins before and after the investigated

bin then the measured amplitude, AM , is

AM = (1� fi�1 � fi+1)Atrue � fi�1Ai�1 � fi+1Ai+1, (6.17)

if the assumption that the measured value of Ai�1 is not significantly di↵erent than the true value

in the bin then a scale systematic can be approximated as

�A

A
⇡ |(fi�1 + fi+1)Ai � fi�1Ai�1 � fi+1Ai+1|

(1� fi�1 � fi+1)Ai

. (6.18)

In addition to contamination from adjacent bins, it is possible that events could come from multiple

bins away (e.g. fi�2, fi�3...). This e↵ect (and the overall size of the systematic uncertainty) becomes

more and more prominent the smaller the widths of the bins. For this analysis, the contributions
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from bins coming two or three away from the studied bin were also investigated. In general the fi±2

bins contributed far fewer events to the total migrated sample and the fi±3 bins were completely

negligible.

6.10 Accidentals

Accidental coincidences can occur when multiple ep interactions occur within the same event

from either adjacent RF buckets or from the same RF bucket. For example, in single hadron pro-

duction the scattered electron could originate from a separate ep interaction than the hadron. In

two hadron production the number of possible accidental coincident cases increases. Consider an

event with two collisions, denoted 1 and 2. The scattered electron from collision 1, e1, fired the event

trigger. The final state then has four possibilities:

• e1⇡
+
1 ⇡

�
1 X, the ideal case where both detected pions originate from the same ep interaction as the

final state electron,

• e1⇡
+
2 ⇡

�
1 X, where the positive pion originates from collision 2,

• e1⇡
+
1 ⇡

�
2 X, where the negative pion originates from collision 2,

• e1⇡
+
2 ⇡

�
2 X, where both pions originate from collision 2.

The latter three cases are the accidental coincidences and contribute a systematic uncertainty to

the background of the event sample. Their presence could lead to a dilution of the final asymmetry

magnitude.

Evidence for accidentals from neighboring buckets can be seen in the � vs p correlation from the

FTOF [105]. For example, the band at � ⇡ 1 corresponds to the trigger electron bucket and the band



120

at � ⇡ 1.2 corresponds to the subsequent bucket and is comprised solely of accidental coincidences.

The ratio of accidental yield to the total measured yield can be approximated by comparing the ratio

of the yield from the subsequent bucket to the yield from the trigger bucket.

Three processes were studied in order to estimate the systematic contamination from accidentals:

1. ep ! e⇡+h�X,

2. ep ! e⇡�h+X,

3. ep ! eh+h�X,

where h corresponds to a detected hadron. The full enhanced hadron PID cuts were not applied

(the trigger electron and hadrons are required to be in the forward detector and |chi2pid| < 3 for

the hadrons) so that the momentum distribution was visible. These criteria provide a conservative

estimate of the accidentals; with the more stringent PID cuts used in the final analysis the estimated

contamination was up to ten times smaller but the statistical precision in certain bins began to

become unreliable.

The yields were compared between the two � bands in each of the three processes. Fig. 6.24

shows the � vs. momentum distribution and a projection of the � distribution for each process. The

ratio of the integral of the accidentals peak to that of the trigger electron peak is typically around

1% or less.

The presence of accidentals dilutes the asymmetry: letting f denote the fraction of accidental

coincidences, and A the measured asymmetry amplitude, then the true asymmetry amplitude is

(f + 1)A. The typical bin has |A| . 3%, so in the worst case of process 2 the absolute systematic

uncertainty is fA = 0.045%, which is negligible relative to most other systematic uncertainties.
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FIG. 6.24: Top: � vs. momentum distribution (left) and a projection of the � distribution (right),
for the h� from process 1, ep ! e⇡+h�X.
Middle: � vs. momentum distribution (left) and a projection of the � distribution (right), for the
h+ from process 2, ep ! e⇡�h+X.
Bottom: � of h� vs. � of h+ for process 3, ep ! eh+h�X.
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6.11 Contribution of Partial Waves of the Unpolarized Cross

Section

Each asymmetry amplitude is accessed by taking the corresponding moment of d�LU , and di-

viding by the total unpolarized cross section, integrated over the phase space. The unpolarized

di↵erential cross section d�UU contains several modulations of {�h,�R? , ✓}, which as discussed in

Sec. 4.2.3, may not vanish when integrated over the full phase space. If the amplitudes of these d�UU

modulations are significant, they could a↵ect the overall scale of ALU , and in turn, the scale of the

asymmetry amplitudes.

Since the amplitudes of these �UU modulations are as of yet unknown, any quantification of

their impact must be based on assumption of the amplitudes themselves. Therefore, a systematic

uncertainty is not assigned in favor of providing estimates of the size of the e↵ect based on reasonable

assumptions of the �UU amplitude scale. See section 4.2.3 for further details, especially Figs. 4.2-4.3

and Table 4.5.



CHAPTER 7

Results

7.1 Asymmetry Values

The extracted asymmetry values for all seven azimuthal modulations in each bin are given in

Tables 7.1-7.2. The asymmetries have be corrected for the beam polarization and can be further

corrected for the relevant twist-2 or twist-3 kinematic depolarization factors defined in Refs [39, 45],

K2 ⌘
C(✏, y)

A(✏, y)
, (7.1)

K3 ⌘
W (✏, y)

A(✏, y)
, (7.2)
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with

A(✏, y) ⌘ y2

2(1� ✏)
=

1

1 + �2

✓
1� y +

1

2
y2 +

1

4
�2y2

◆
, (7.3)

C(✏, y) ⌘ y2

2 (1� ✏)

p
1� ✏2 =

yp
1 + �2

✓
1� 1

2
y

◆
, (7.4)

W (✏, y) ⌘ y2

2 (1� ✏)

p
2✏(1� ✏) =

yp
1 + �2

r
1� y � 1

4
�2y2. (7.5)

Values are reported as percentages (the asymmetry multiplied by 100) with the statistical uncertainty

as a superscript and the systematic uncertainty as a subscript: ALU
stat
sys .

Bin hxi Asin(�h)
LU

A
sin(�h��R? )

LU
A

sin(�R? )

LU
A

sin(2�h��R? )

LU
A

sin(2�h�2�R? )

LU
A

sin(��h+2�R? )

LU
A

sin(3�h�2�R? )

LU

1 0.105 1.03±0.54
±0.11 �2.42±0.45

±0.11 1.30±0.51
±0.08 �0.80±0.48

±0.05 1.84±0.47
±0.11 �2.39±0.43

±0.13 0.69±0.42
±0.05

2 0.127 2.28±0.54
±0.15 �2.23±0.47

±0.12 2.03±0.51
±0.09 �0.61±0.48

±0.05 1.65±0.48
±0.12 �1.26±0.44

±0.07 1.25±0.42
±0.09

3 0.143 1.84±0.54
±0.14 �1.58±0.49

±0.09 2.50±0.51
±0.12 �1.00±0.48

±0.10 1.12±0.49
±0.09 �1.36±0.45

±0.07 0.62±0.43
±0.05

4 0.157 2.63±0.52
±0.17 �1.70±0.49

±0.10 2.58±0.50
±0.12 �0.21±0.47

±0.12 0.76±0.49
±0.14 �1.05±0.45

±0.17 0.83±0.42
±0.04

5 0.174 2.22±0.48
±0.14 �2.03±0.46

±0.10 2.72±0.46
±0.13 �1.15±0.43

±0.07 1.83±0.46
±0.14 �2.60±0.41

±0.16 0.88±0.39
±0.10

6 0.191 1.74±0.51
±0.15 �1.85±0.50

±0.11 2.37±0.49
±0.11 �1.72±0.46

±0.12 1.61±0.49
±0.13 �1.78±0.44

±0.08 �0.15±0.41
±0.11

7 0.211 2.58±0.45
±0.20 �1.23±0.46

±0.09 2.00±0.44
±0.10 �1.26±0.41

±0.08 1.71±0.45
±0.15 �1.68±0.40

±0.07 0.53±0.38
±0.03

8 0.235 1.51±0.47
±0.14 �1.09±0.48

±0.11 2.46±0.45
±0.14 �1.01±0.43

±0.07 1.24±0.47
±0.13 �1.53±0.42

±0.07 0.45±0.39
±0.06

9 0.261 2.09±0.49
±0.17 �0.56±0.52

±0.12 1.76±0.47
±0.11 �0.62±0.45

±0.09 1.62±0.50
±0.18 �1.24±0.45

±0.07 1.06±0.41
±0.14

10 0.294 1.52±0.45
±0.25 �0.77±0.50

±0.16 2.22±0.44
±0.15 �1.20±0.43

±0.08 0.82±0.47
±0.12 �1.56±0.42

±0.08 0.02±0.39
±0.03

11 0.342 3.61±0.46
±0.31 �2.05±0.52

±0.29 3.26±0.45
±0.24 �1.21±0.44

±0.10 1.07±0.49
±0.16 �1.62±0.43

±0.13 �0.08±0.40
±0.09

12 0.441 2.49±0.46
±0.25 0.10±0.54

±0.18 2.03±0.45
±0.15 �0.77±0.45

±0.08 0.40±0.50
±0.13 �0.68±0.45

±0.07 0.70±0.41
±0.05

TABLE 7.1: The mean value of x and the final beam spin asymmetries as a function of x in each bin
for each of the seven azimuthal modulations. Asymmetries are given as 100ALU

stat
sys . The amplitudes

have been divided by the polarization but not by the depolarization factor.

In Tables 7.3-7.4 the mean values of x, Q2, Mh, z, P?
h
, ✓, K2 and K3 are reported for each

bin. Note that, although the mean values of K2 and K3 are reported, each individual event in the

likelihood function was weighted by the value appropriate for that event.
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Bin hMhi (GeV) Asin(�h)
LU

A
sin(�h��R? )

LU
A

sin(�R? )

LU
A

sin(2�h��R? )

LU
A

sin(2�h�2�R? )

LU
A

sin(��h+2�R? )

LU
A

sin(3�h�2�R? )

LU

1 0.338 3.46±0.45
±0.23 0.21±0.84

±0.12 1.32±0.65
±0.09 0.20±0.61

±0.01 �2.07±0.83
±0.11 0.67±0.61

±0.07 �1.32±0.61
±0.10

2 0.422 2.64±0.52
±0.17 2.18±0.78

±0.20 �0.70±0.65
±0.09 0.03±0.57

±0.02 �1.59±0.75
±0.08 0.83±0.56

±0.08 0.14±0.54
±0.05

3 0.496 2.07±0.61
±0.14 2.65±0.81

±0.24 �0.08±0.72
±0.04 0.33±0.59

±0.07 �1.39±0.78
±0.08 0.27±0.60

±0.06 �0.39±0.55
±0.04

4 0.568 2.36±0.62
±0.17 0.69±0.73

±0.17 0.94±0.70
±0.06 �1.19±0.55

±0.10 �1.96±0.71
±0.17 �0.14±0.57

±0.07 �0.22±0.50
±0.06

5 0.641 1.48±0.63
±0.13 2.08±0.67

±0.29 0.64±0.66
±0.07 �0.64±0.52

±0.08 1.22±0.64
±0.13 �1.74±0.53

±0.10 1.16±0.47
±0.11

6 0.708 2.07±0.57
±0.14 �1.20±0.56

±0.10 1.79±0.56
±0.08 �1.52±0.47

±0.11 2.25±0.54
±0.18 �1.89±0.46

±0.11 0.15±0.41
±0.07

7 0.759 2.25±0.59
±0.14 �2.62±0.57

±0.12 2.57±0.56
±0.12 �0.85±0.49

±0.07 4.36±0.55
±0.29 �3.26±0.48

±0.20 0.82±0.42
±0.08

8 0.805 2.07±0.56
±0.14 �2.98±0.52

±0.13 2.58±0.52
±0.12 �0.93±0.47

±0.07 4.21±0.51
±0.28 �2.24±0.45

±0.11 0.26±0.41
±0.04

9 0.864 2.36±0.50
±0.18 �3.51±0.46

±0.17 2.45±0.45
±0.13 �0.22±0.42

±0.07 2.00±0.45
±0.17 �1.91±0.41

±0.09 0.32±0.38
±0.02

10 0.939 0.70±0.48
±0.10 �3.10±0.43

±0.18 3.14±0.42
±0.18 �0.96±0.42

±0.07 1.25±0.43
±0.13 �1.50±0.40

±0.08 0.55±0.37
±0.04

11 1.045 1.01±0.42
±0.10 �1.00±0.37

±0.12 2.68±0.36
±0.14 �0.72±0.38

±0.06 1.19±0.38
±0.12 �1.08±0.37

±0.05 0.29±0.35
±0.02

12 1.271 �0.43±0.38
±0.05 �1.95±0.35

±0.10 4.17±0.33
±0.20 0.39±0.36

±0.02 2.41±0.36
±0.20 �1.10±0.36

±0.05 0.44±0.35
±0.02

TABLE 7.2: The mean value of Mh and the final beam spin asymmetries as a function of Mh in
each bin for each of the seven azimuthal modulations. Asymmetries are given as 100ALU

stat
sys . The

amplitudes have been divided by the polarization but not by the depolarization factor.

Bin hxi hQ2i (GeV2) hMhi (GeV) hzi hP?
h
i (GeV) h✓i hK2i hK3i

1 0.105 1.542 0.830 0.531 0.550 1.563 0.874 0.699
2 0.127 1.783 0.809 0.547 0.530 1.569 0.842 0.692
3 0.143 1.953 0.794 0.557 0.526 1.567 0.822 0.685
4 0.157 2.105 0.780 0.559 0.520 1.575 0.805 0.679
5 0.174 2.286 0.763 0.566 0.506 1.575 0.793 0.673
6 0.191 2.471 0.749 0.571 0.500 1.574 0.780 0.668
7 0.211 2.707 0.743 0.571 0.492 1.575 0.776 0.665
8 0.235 3.003 0.733 0.572 0.485 1.576 0.776 0.664
9 0.261 3.307 0.716 0.571 0.468 1.578 0.771 0.662
10 0.294 3.721 0.701 0.569 0.460 1.578 0.773 0.663
11 0.342 4.337 0.679 0.565 0.444 1.585 0.778 0.665
12 0.441 5.658 0.630 0.547 0.408 1.588 0.796 0.674

TABLE 7.3: Average kinematic values for the x bins. K2 (K3) denotes the twist-2 (twist-3) y-
dependent kinematic depolarization factor entering the two-pion production cross section.
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Bin hxi hQ2i (GeV2) hMhi (GeV) hzi hP?
h
i (GeV) h✓i hK2i hK3i

1 0.249 3.145 0.338 0.530 0.638 1.640 0.778 0.664
2 0.242 3.090 0.422 0.546 0.589 1.600 0.785 0.668
3 0.240 3.057 0.496 0.551 0.571 1.576 0.785 0.668
4 0.238 3.056 0.568 0.555 0.549 1.571 0.789 0.671
5 0.233 3.000 0.641 0.547 0.519 1.572 0.793 0.671
6 0.225 2.918 0.708 0.550 0.494 1.575 0.796 0.673
7 0.222 2.893 0.759 0.555 0.472 1.575 0.796 0.673
8 0.219 2.855 0.805 0.559 0.458 1.572 0.798 0.673
9 0.216 2.826 0.864 0.560 0.434 1.567 0.801 0.676
10 0.209 2.764 0.939 0.569 0.417 1.560 0.805 0.677
11 0.199 2.665 1.045 0.579 0.394 1.559 0.816 0.680
12 0.180 2.471 1.271 0.628 0.378 1.547 0.832 0.687

TABLE 7.4: Average kinematic values for the Mh bins. K2 (K3) denotes the twist-2 (twist-3)
y-dependent kinematic depolarization factor entering the two-pion production cross section.
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7.2 Discussion of the ALU(x) Asymmetries

Fig. 7.1 shows plots of the seven asymmetry amplitudes as a function of x. The main result of

the ALU(x) asymmetries is the A
sin�R?
LU

(x) amplitude. A statistically significant signal is observed

that is relatively flat throughout the valence quark region. The PDF e(x) is confirmed to be nonzero

and its general shape can be observed because the asymmetry presented here is proportional to

e(x)H^
1 (z,Mh) andH^

1 (z,Mh) has been extracted elsewhere [130]. The function e(x) can be extracted

point-by-point from these data when combined with knowledge about H^
1 and careful consideration

of the second term in Eq. 1.31 involving G̃.

In Fig. 7.2 the recently published CLAS6 results from [65] are compared. The CLAS6 analysis

had very limited statistics and so only published the sin(�R?) amplitudes of a simultaneous fit

that also included the sin(�h) and sin(�h � �R?) modulations. The greatly increased statistics

from CLAS12 (where, as a reminder, only a small subset of the available hydrogen data has been

used for this analysis) is immediately clear when compared to the CLAS6 results. Although the

limited statistics of the older experiment prevents any concrete comparison, the two measurements

are consistent within uncertainties.

Fig. 7.3 shows the result for A
sin�R?
LU

(x) compared to a model prediction using the latest TMD

PDFs [131], the extraction of H^
1 from Belle data [80] and a light-front model for e(x) [132]. The

second term in the structure function involving the twist-3 DiFF G̃ has been neglected. The same

model prediction was used in the EIC Yellow Report [133]. Again, qualitatively good agreement is

observed between the model prediction and the experimental result which further strengthens the

belief that the G̃ term does not strongly contribute to the asymmetry.
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FIG. 7.1: The seven extracted beam spin asymmetries from the simultaneous fit to all modulations
as a function of x. The thin, solid bars indicate statistical uncertainties and the vertical extent of
the wide bars indicates systematic uncertainties.
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FIG. 7.2: The CLAS6 (red) and CLAS12 (black) results for the A
sin�R?
LU

(x) asymmetry. Error bars
are purely statistical.
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FIG. 7.3: The results for the A
sin(�R?)
LU

asymmetry compared to a light-front model prediction in blue
for CLAS12 kinematics at Q2 = 1 GeV2. The same model prediction was used for the EIC Yellow
Report. The model involves independent compositions of the QCD equations of motion and neglects
contributions from G̃.
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7.3 Discussion of the ALU(Mh) Asymmetries

Fig. 7.4 shows plots of the seven asymmetry amplitudes as a function of Mh. The primary

asymmetry modulation of interest here is sin(�h � �R?) in order to extract information about the

DiFF G?
1 . In particular, a dependence on Mh with an explicit sign change around the ⇢ mass is

seen. This behavior is consistent with model calculations [91] and originates from the real part of

the interference of s and p-wave dihadrons. This significant asymmetry with its sign change is clear

experimental evidence that the produced pions depend on the helicity of the fragmenting quark.

Additionally, this signal represents the first-ever experimental observation of the DiFF G?
1 .

Fig. 7.5 compares the CLAS6 results for the A
sin�R?
LU

asymmetry vs Mh with those extracted

in this analysis. Although those analyzers included A
sin(�h��R? )

LU
in their fit, the results were not

published. Again, the limited statistics of CLAS6 prevents any conclusions from being drawn beyond

a confirmation of consistency between both measurements.

A spectator model was used to make predictions about the size of G?
1 at CLAS12 kinematics [91]

(CLAS12 kinematics via personal correspondence, COMPASS and EIC predictions published) and

these are compared to the measured asymmetries in Fig. 7.6. The predicted shape is observed as

well as the sign change around the ⇢ meson mass at 0.77 GeV. This asymmetry is dominated by

the interference contribution from the s- and p-waves. There is some disagreement between the

predicted magnitude of the asymmetries and the observed magnitude but, again, this is the first ever

experimental signal sensitive to G?
1 and so confirmation of the expected shape and sign change is

already a satisfying result.

Recall from Table 4.3 that the ` = 2 modulations, sin(2�h � 2�R?), sin(��h + 2�R?) and

sin(3�h � 2�R?) are sensitive to f1 ⌦ G?
1,TT

, e ⌦ H^
1,TT

and e ⌦ H?
1,TT

respectively. These ` = 2
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modulations come from pp interference, which is the interference of the production amplitude of two

vector mesons, and indeed, strong enhancements around the ⇢ mass can be seen in the first two of

these asymmetries. The amplitude of the sin(3�h�2�R?) modulation is too small to be able to check

this with the current statistics.

The beam spin asymmetries modulated by sin(�h), which is the analog of the single hadron

case, as well as sin(2�h � �R?) and sin(3�h � 2�R?) are also interesting for other reasons. They are

proportional to various partial waves of the fragmentation function H?
1 which can be thought of as

the equivalent to the Collins FF [134] for two pions [89]. In the ⇢ mass region this can be used to test

predictions by the Artru model about the relative size of Collins asymmetries of vector and scalar

mesons [135].
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FIG. 7.4: The seven extracted beam spin asymmetries from the simultaneous fit to all modulations
as a function of Mh. The thin, solid bars indicate statistical uncertainties and the vertical extent of
the wide bars indicates systematic uncertainties.
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FIG. 7.5: The CLAS6 (red) and CLAS12 (black) results for the A
sin�R?
LU

(Mh) asymmetry. Error bars
are purely statistical.

FIG. 7.6: The spectator model prediction for the A
sin(�h��R? )
LU

asymmetry at CLAS12 kinematics (red
line) and the measured asymmetries (black). The predicted shape is observed as well as the sign
change around the ⇢ meson mass at 0.77 GeV.



CHAPTER 8

Conclusions

The first significant beam spin asymmetries in the semi-inclusive deep inelastic leptoproduction

of a pion pair have been reported [43]. The data were taken with a 10.6 GeV longitudinally polarized

electron beam incident on a liquid hydrogen target in the fall of 2018. The results are the first to be

released from the upgraded CLAS12 spectrometer following Je↵erson Lab’s upgrade to the 12 GeV

physics program and represent the exciting first steps toward a new generation of physics results

sensitive to the internal structure of the nucleon.

The data indicate a clear, non-zero signal for the azimuthal modulation sensitive to the subleading-

twist PDF e(x) and o↵er the first opportunity to perform a point-by-point extraction of this quantity

in the collinear framework. The asymmetries have been compared to the relatively small statistics

results from CLAS6 and to a light-front model prediction. Good agreement was found in both cases

and, in particular, the second comparison helps further strengthen the assumption that the second

term in the A
sin�R?
LU

asymmetry involving G̃ is small and does not complicate an extraction of e(x).

Additionally, the first-ever experimental measurement sensitive to the helicity-dependent di-

hadron FF G?
1 has been reported. A sign change is observed in the modulation sensitive to the
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lower-order partial wave which is predicted in model calculations and comes from the real part of the

interference between the production of s and p wave dihadrons. The clear asymmetry is experimental

evidence that the produced pions depends on the helicity of the struck quark. An additional higher

order partial wave of G?
1 was also extracted and significant enhancements were observed around the

⇢ mass, as predicted by model calculations.

As has been mentioned, these results correspond to only the first steps of the SIDIS program

with CLAS12 and many significant future dihadron results are possible. Immediate next steps will

involve multiplicity measurements in order to gather information about the unpolarized fragmenta-

tion function, a full partial wave expansion in the dihadron angle ✓ that will allow for the isolation

of each PDF with a single FF partial wave, analysis of deuterium data in order to study the sepa-

rate quark flavor contributions to quantities like e(x) and other dipion channels such as ⇡+⇡0 which

are sensitive to separate fragmentation functions. Long-term goals include the possibility to make

measurements involving final state kaons and ultimately polarized target measurements which are,

again, sensitive to separate PDFs and FFs and could help shed light on the second term in the

asymmetry sensitive to e(x). The dihadron physics program at CLAS12 is only just beginning and

a great many discoveries about the internal structure of the nucleon and the interactions between

quarks and gluons are still to come.
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APPENDIX A

Fitting Elastic Scattering Data to Study

the Proton Radius Puzzle

In the course of my Ph.D. research, I published an analysis of proton and deuteron form factor

data [118] that I include here in its entirety for consideration as partial fulfillment of the degree

requirements. This analysis was motivated by the necessity to investigate the validity of using

elastic scattering data in order to extract the rms proton charge radius in light of the so-called

“proton radius puzzle” [20]. This puzzle refers to the 7� discrepancy that existed between values

of the proton radius extracted from elastic scattering data (⇡ 0.88 fm) and muonic-hydrogen Lamb

shift data (⇡ 0.84 fm). The reanalysis of previous elastic scattering extractions discussed here was

considered for and included as part of the updated CODATA recommend value [136] for the proton

radius in 2018.
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A.1 “Evaluation of low-Q2 fits to ep and ed elastic scattering

data”

A.1.1 Abstract

We examined several low-Q2 elastic ep and ed scattering data sets using various models to

extract the proton and deuteron rms radii and developed a comprehensive algorithm for estimating

the systematic bias of each extracted radius. In each case, we chose the model and upper bound for

Q2 that minimized the combination of statistical uncertainty and bias. We attribute the discrepancy

between small (⇡ 0.84 fm) and large (⇡ 0.88 fm) proton radius extractions to the absence of data

that can accurately isolate the linear and quadratic contributions to the form factor at low-Q2. In

light of this ambiguity, we estimated the model-dependence of each extracted radius by studying the

distribution of many possible fits. The resulting radii are 0.842(4) fm for the proton and 2.092(19) fm

for the deuteron. These results indicate radii consistent with those determined from muonic hydrogen

and deuterium measurements.

A.1.2 Introduction

Measurements of the rms charge radius of the proton are of three types: ep elastic scattering at

low momentum transfer Q2 [137, 138, 139, 140, 141, 142, 21], hydrogen Lamb shifts [143, 144, 145,

146, 147] and muonic hydrogen Lamb shifts [22, 148]. The 2014 CODATA average combined the

first two groups, yielding a radius of 0.875(6) fm [149]. This is more than 5� larger than the muonic

Lamb shift value of 0.84087(39) fm.

In elastic scattering, the extracted radius depends on the slope of the electric form factor at

zero momentum transfer. Experiments, however, can only measure the shape of the form factor at

finite values. Hence, the extracted radius depends on the reliability of an extrapolation and the

assumptions made in fitting. With hindsight of the muonic hydrogen results, several reanalyses of

existing ep data [150, 151, 152, 153, 154, 155, 156] have extracted “small” proton radii, consistent
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with RE ⇡ 0.84 fm. Using the same data, the reanalyses of Refs. [157, 158, 159, 160, 161, 162] yield

“large” radii values consistent with RE ⇡ 0.88 fm.

With the benefit of further data, the 2018 CODATA [136] value was updated to 0.8414(19) fm.

This updated value was further strengthened by the new ep scattering value, 0.831(14) fm, com-

ing from the PRAD collaboration at Je↵erson Lab [163] and a modern Lamb shift measurement,

0.833(10) fm [164].

The deuteron radius has been measured using ed elastic scattering [165, 166] and muonic deu-

terium Lamb shifts [167]. In this case the 2014 CODATA value of 2.1413(25) fm di↵ers from the

muonic Lamb shift result of 2.12562(78) fm by more than 6�. Similar to the proton, the updated

2018 CODATA value, 2.12799(74) fm, is dominated by the muonic Lamb shift result.

With these discrepancies in mind, we have developed a fitting algorithm to decide the best fit

function and upper bound in Q2 that minimizes bias (systematic shifts in the extracted radius from

too rigid fit models) and variance (statistical uncertainty of the extracted radius). We applied this

algorithm to several extant data sets.

A.1.3 Formalism

The Proton

The 4-momentum transfer squared for an electron scattering from an atomic nucleus at rest is

given by

Q2 = �q2 = 4EE 0 sin2 ✓

2
, (A.1)

in which E is the initial electron energy, E 0 is the outgoing electron energy and ✓ is the electron

scattering angle.
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In the Born approximation, the elastic ep scattering cross section can be written in terms of the

Sachs electric and magnetic form factors, GE(Q2) and GM(Q2), as

d�

d⌦
=

✓
d�

d⌦

◆

Mott

1

1 + ⌧

h
G2

E
(Q2) +

⌧

✏
G2

M
(Q2)

i
. (A.2)

The Mott cross section is given by

✓
d�

d⌦

◆

Mott

=
4↵2 cos2 ✓

2E
03

Q4E
, (A.3)

in which ↵ is the fine-structure constant,

⌧ =
Q2

4M2
, (A.4)

M is the proton mass and

✏ =

✓
1 + 2(1 + ⌧) tan2 ✓

2

◆�1

. (A.5)

The form factors are normalized at Q2 = 0 such that

GE(0) = 1 (A.6)

and

GM(0) = µp ⇡ 2.793, (A.7)

the proton’s magnetic moment.

Determining the proton charge radius requires extrapolating the electric form factor to Q2 = 0

and determining the slope at the origin. The rms radius, RE, is given by the second term in the
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low-Q2 expansion [168],

GE(Q
2) = 1� 1

6
R2

E
Q2 + c2Q

4 + ... (A.8)

Therefore,

R2
E
= �6

dGE

dQ2

����
Q2!0

. (A.9)

The Deuteron

The elastic ed scattering cross section can be written as

d�

d⌦
=

✓
d�

d⌦

◆

Mott


A(Q2) + B(Q2) tan2 ✓

2

�
. (A.10)

The two structure functions, A(Q2) and B(Q2), are combinations of the charge, GC(Q2), magnetic,

GM(Q2), and quadrupole, GQ(Q2), form factors such that

A(Q2) = G2
C
(Q2) +

2

3
⌘G2

M
(Q2) +

8

9
⌘2G2

Q
(Q2) (A.11)

and

B(Q2) =
4

3
⌘(1 + ⌘)G2

M
(Q2), (A.12)

in which

⌘ =
Q2

4M2
d

(A.13)
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and Md is the deuteron mass. The deuteron form factors are normalized at Q2 = 0 in a similar

manner to the proton:

GC(0) = 1, (A.14)

GM(0) =
Md

M
µd ⇡ 1.714 (A.15)

and

GQ(0) = M2
d
Qd ⇡ 25.83, (A.16)

in which M is still the proton mass, µd is the magnetic dipole moment [169] and Qd is the electric

quadrupole moment [170]. The deuteron charge radius is determined from the slope of the charge

form factor at Q2 = 0:

R2
E
= �6

dGC

dQ2

����
Q2!0

, (A.17)

or equivalently, using the slope of A(Q2) at Q2 = 0,

R2
E
= �3

dA

dQ2

����
Q2!0

+
G2

M
(0)

2M2
d

, (A.18)

in which

G2
M
(0)

2M2
d

⇡ 0.0163 fm2. (A.19)

We used Eq. A.18 to extract the deuteron radius. The advantage of using A(Q2) for extracting RE

is that no subtraction of GC and GM is required. The radius can be determined from a fit to A(Q2)

alone.
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A.1.4 Models

Normalization

State-of-the-art form factor measurements can determine relative cross sections to ⇡ 0.1% but

absolute cross sections only to ⇡ 1%. Thus, all reasonable fits require an overall normalization

constant. This was demonstrated in the Mainz (1975) [141] analysis. These researchers fit their data

to the form c0 + c1Q2 and extracted c0 = 0.994(2) and RE = 0.84(2) fm. They then demonstrated

the e↵ect of forcing GE(0) = 1, with no penalty in their fit, using the form 1 + c1Q2, and extracted

a radius of 0.88(2) fm.

To demonstrate the e↵ect of the normalization we generated pseudodata from Q2 = 0.005 to

0.05 GeV2 with perfect statistics (with each point centered on the generating model) using the dipole

form factor,

GD(Q
2) =

c0�
1 +Q2/0.71 GeV2

�2 , (A.20)

for values of c0 between 0.99 and 1.01. This range represented the uncertainty in the overall cross

section that a typical experiment may experience. We fit the pseudodata to linear functions with

two di↵erent forms of normalization: 1 + c1Q2 and c0(1 + c1Q2).

FIG. A.1 shows the radius obtained from both cases as we changed the input value of c0 in

Eq. A.20. A fit function with an overall multiplicative normalization (green dashed line) yields a

consistent radius independent of the experimental normalization. If the fit is forced through the point

Q2(0) = 1 (solid blue line), the extracted radius can be biased by the uncertainty on the experimental

normalization. The amount of bias will depend heavily on the range in Q2 present in the data.

Generating Functions

Correctly modeling the curvature of the form factor at low-Q2 is crucial for obtaining an accurate

proton radius. In order to study the e↵ect that particular choices of fitting functions could have on

the extracted proton radius we chose two benchmark models to simulate the form factor. These
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FIG. A.1: (Color online). The extracted radius from 1 + c1Q2 (solid blue line) and c0(1 + c1Q2)
(dashed green line) as a function of the generated normalization, c0. The fit c0(1 + c1Q2) yields
a stable result independent of the generated normalization. The dipole radius (0.811 fm) is not
accurately reproduced because of bias in the fit form unrelated to the normalization.

models encompass a range of curvatures expected in low-Q2 form factor data and were used to

provide estimates of the bias in our fits. To model the proton we used an exponential,

GE (exp)(Q
2) = exp

✓
�R2

E

6
Q2

◆
, (A.21)

which is known to fall o↵ faster than the actual electric form factor, and a dipole,

GE (dip)(Q
2) =

✓
1 +

R2
E
Q2

12

◆�2

, (A.22)

which cannot reproduce the full curvature seen in the form factor but has often been used as a first

approximation. For the deuteron, we used the Abbott [171] parameterization of the deuteron form

factors as our model input. The Abbott radius, 2.094(3) fm, is thought to be too small but the

curvature can serve as a useful benchmark.
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Fitting Functions

Models with too few parameters cannot reproduce the shape of the data, but models with

too many parameters can lead to fitting unphysical fluctuations. We attempted to incorporate a

range of possible complexity in our fits and ultimately selected 11 functions. These functions were

polynomials,

Pn,0(Q
2) = c0 (1 +

P
n

i=1ciQ
2i) , (A.23)

inverse polynomials,

P0,n(Q
2) =

c0
1 +

P
n

i=1 ciQ
2i
, (A.24)

where n = 1� 4, and three continued fraction functions,

CF 2(Q
2) =

c0

1 + c1Q
2

1+c2Q
2

, (A.25)

CF 3(Q
2) =

c0

1 + c1Q
2

1+
c2Q

2

1+c3Q
2

, (A.26)

CF 4(Q
2) =

c0

1 + c1Q
2

1+
c2Q

2

1+
c3Q

2

1+c4Q
2

. (A.27)

We limited the complexity of our functions to quartic powers of Q2 in order to keep the fit of GE

well-behaved outside of the interpolating region [152].
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A.1.5 Fitting Procedure

The Role of �2

Fits to experimental data typically rely on the minimization of

�2 =
NX

i

✓
GE (Q2

i
)� f(Q2

i
)

�i

◆2

, (A.28)

in which GE(Q2
i
) ± �i are the data values and uncertainties, and f(Q2

i
) are the parameterized fit

values at Q2
i
. A good fit is expected to have �2/dof ⇡ 1, in which the degrees of freedom (dof)

are the number of data points minus the number of free parameters. But �2/dof can be misleading

if experimental uncertainties are under- or over-estimated. Additionally, it is frequently possible to

obtain di↵erent fits to the same data and still arrive at a satisfactory �2.

This can be demonstrated with the published Mainz (2010) [21] data from spectrometer B

with Q2 < 0.02 GeV2. We used P2,0 and created functions with c0 = 1 and 500 evenly spaced

constants with
p
6c1~c = RE in [0.750, 0.950] fm and c2 in [-30.0, 30.0] GeV�4 for a total of 5002

parameterizations.

The �2/dof for each parameterization is shown in FIG. A.2 as a function of the proton radius

and curvature terms. The �2/dof alone implies a wide range of acceptable radii from ⇡ 0.84 to

0.90 fm. This �2 trench arises when increased quadratic curvature is o↵set by a larger slope at the

origin.

This is demonstrated in another way in FIG. A.3. Three di↵erent forms of the P2,0 function com-

pared to the low-Q2 Mainz (2010) data are pictured. Each function has a �2/dof near unity but their

extracted radii vary by more than 0.1 fm. The functions are visually similar aboveQ2 ⇡ 0.0075 GeV2

but they di↵er significantly at lower Q2 where there is no data. These results should be a caution

that a good �2/dof value alone does not imply an accurate radius extraction.

Any experimental measurement is only one instance of a distribution of possible values governed

by statistical variance. To understand the implications of this variance, we generated a data set with
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FIG. A.2: (Color online). Two-dimensional �2/dof surface for the low-Q2 Mainz (2010) data com-
pared to P2,0 as a function of the parameters RE and c2 with the overall normalization c0 = 1. The
�2/dof surface indicates a wide range of acceptable radii.

15 points using the P1,0 function with 1% uncertainty on each point. Each point was then shifted by a

random value chosen from a Gaussian distribution with � set by the uncertainty on the point. Then

the data set was refit using P1,0. This process was repeated 10,000 times. The resulting distribution

of �2 values, as expected, was a �2 distribution with k degrees of freedom, given by

f(x, k) =
x

k
2�1e�

x
2

2
k
2�

�
k

2

� , (A.29)

in which � denotes the Euler-gamma function and x > 0.

For a data set with 15 points, fit to P1,0, we expected k = 13. FIG. A.4 shows the �2 distribution

for k = 13 with the pseudodata (blue circles) agreeing well. Despite this agreement for the distribu-

tion, it is possible for a single fit to return a �2 value much larger or smaller than �2/dof = 1. A
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FIG. A.3: (Color online). Three P2,0 functions compared to the Mainz low-Q2 data with low �2/dof
but with extracted radii di↵ering by more than 0.1 fm. The solid blue line has a radius of 0.800 fm
and �2/dof = 1.033, the dotted red line has a radius of 0.865 fm and �2/dof = 0.986, and the dashed
green line has a radius of 0.920 fm with a �2/dof = 1.025. Note that the functions are not constrained
to GE(0) = 1 because of the normalization constant.

single measured unsatisfactory value for �2 from experimental data does not necessarily indicate a

poor estimate of a fitted parameter.

Over- or under-estimated point-to-point errors introduce a potential problem. We studied this

by repeating the above procedure, but instead shifted the points by a random value chosen from a

Gaussian distribution with width equal to 1.15� (red triangles, representing quoted error bars that

are too small) and 0.85� (green squares, representing quoted error bars that are too large). The

results for these distributions of �2 are also pictured in FIG. A.4. If the statistical uncertainties on

the data points are not representative of true Gaussian statistics, it may not be accurate to say that

a poorly reconstructed �2 distribution indicates a bad extraction.

For each fit in this paper we use the quantity k0/k as an indicator of the statistical reliability of

the experimental error estimates on the data points. Here k is the number of degrees of freedom of

the fit and k0 is the number of degrees of freedom obtained by fitting the distribution of �2 values
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FIG. A.4: (Color online). Histogram of �2 values for data created by allowing the data points to
fluctuate within their variance by � (blue circles), 1.15� (red triangles) and 0.85� (green squares).
The solid black line is the expected �2 distribution.

from the 10,000 fits to the data. In Monte Carlo tests we found that the ratio k0/k was proportional

to (�0/�)2, where �0 corresponded to a rescaled value of the experimental uncertainties. Thus, the

�2/dof of a fit can be made equal to unity by scaling the error bars on the data by
p
k0/k. If the

experimental uncertainties are over-estimated, k0/k < 1 and if the uncertainties are under-estimated,

k0/k > 1. Although this does not change the central values for RE, it does a↵ect the uncertainty

quoted for RE. We include this e↵ect as a multiplicative factor on the variance for each extracted

radius.

Fitting Algorithm

We embarked on an analysis of archival form factor data to better understand the current

limitations on extracting nuclear radii. Our goal was to create a consistent procedure that worked to

simultaneously minimize both the statistical uncertainty and possible bias stemming from the chosen

fit model. There is potential ambiguity in the choice of what Q2 range to use from each published
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data set and so we evaluated the statistical uncertainty and estimated the bias for each possible

contiguous subset of the overall data. For each data set, we took the published data at face value

and accepted reported uncertainties as statistically distributed. Parameters for each fit were chosen

by minimizing Eq. A.28 via the MIGRAD algorithm implementation in MINUIT of ROOT [125].

We required the fit to converge for all iterations of the radius extraction procedure described below.

The bias of each fit form at each possibleQ2 upper bound of the examined data set was estimated.

This was done by generating 10,000 sets of pseudodata with the generating functions discussed in

Section A.1.4, over the range of Q2 values present in the examined data set. Each individual point

in the pseudodata was randomly shifted by a value chosen from a Gaussian distribution with width

equal to the width of the error on the real data at that point. These pseudodata were then fit with

the proposed fit forms from their first point to the ith point, and then the ith+1 point, and so on,

until the entire data set had been fit. The value i was the minimum number of data points necessary

to fit each function (i.e., greater than the number of free parameters). The bias was determined to be

the rms value of the di↵erence between the input radii in the generating functions and the extracted

radii from the fit functions. The results of this procedure for some of the fit functions applied to the

Q2 range of the Mainz (1980) [142] data set are pictured in FIG. A.5. This process allowed us to

estimate the bias of each potential fit as a function of the Q2 upper bound. The functions with fewer

parameters produce systematically higher biases than the functions with more parameters. This

procedure for estimating the bias is similar to that of Ref. [172].

To determine the statistical uncertainty on the extracted radius, the individual points in the

real data set were randomly shifted based on their uncertainty and the data were refit. This process

was repeated for each fit function and Q2 upper bound and the statistical uncertainty in each case

was taken to be the rms variation of the extracted radii. The statistical uncertainty as a function of

Q2 upper bound for a number of functions fit to the Mainz (1980) data set is pictured in FIG. A.6.

More complex functions generally produce larger variances but smaller biases and vice versa.

The best fit function and Q2 upper bound will minimize the combination of variance and bias

[173]. We combined the statistical uncertainty and bias in quadrature in order to estimate the total
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FIG. A.5: (Color online). The systematic bias of several fit functions over the range in possible Q2

upper bounds for the Mainz (1980) data set. The functions with one parameter, P1,0 (solid black
line) and P0,1 (dotted red line), show less flexibility and a corresponding increase in bias than do
the functions with two parameters, P2,0 (dashed blue line), P0,2 (dash-dotted green line) and CF 2

(double dashed magenta line).

uncertainty on the extracted radius. The radius chosen for each data set was extracted using the

particular function and Q2 upper bound (not necessarily the entire range of published data) that had

the smallest combination of bias and variance of the candidates whose functional forms converged

for every iteration.

Model Dependence

To further investigate possible uncertainties coming from the fitting process, we examined the

total uncertainty (combined statistical and bias) as a function of maximum Q2 for each fit function.

As an example, for the Mainz (2010) [21] data set, FIG. A.7 shows that there are many fit options

with similar uncertainties below, for example, a total uncertainty of 0.05 fm. Consequently, it is

necessary to understand the model dependence of these fits.
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FIG. A.6: (Color online). The statistical uncertainty of each fit function over the range in possible Q2

upper bounds for the Mainz (1980) data set. The functions with one parameter, P1,0 (solid black line)
and P0,1 (dotted red line), produce smaller uncertainties than the functions with two parameters,
P2,0 (dashed blue line), P0,2 (dash-dotted green line) and CF 2 (double dashed magenta line).

In order to resolve fit ambiguities, we attempted to include the contributions from every possible

fit that converged. This was done by evaluating the quantity

P (RE) =
X 1

�02N (µ, �0) , (A.30)

in which the summation runs over all eleven fit functions and maximum Q2 combinations and N is

the Gaussian distribution, µ is the mean of the 10,000 fits and �0 is the statistical uncertainty of those

fits scaled by the
p

k0/k ratio as determined from the distribution of �2 values. In order to avoid

issues coming from the build-up of common uncertainties, we limited the summation to fits whose

estimated bias values were less than 0.008 fm. This number was chosen because it corresponds to a

5� di↵erence between the 0.84 and 0.88 fm radius values. We studied the e↵ect of slightly varying

this limit and found little e↵ect on the results. In P (RE) the precise, unbiased fits should cluster

around the most likely radius and subtly biased fits (within the upper bound of acceptable bias)
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FIG. A.7: (Color online). The total uncertainty (combined statistical and bias) in the Mainz (2010)
fits as a function of maximum Q2 for the one, two, three and four parameter models in blue, red,
green and black respectively and functions of the form Pi,0, P0,i and CF i represented by circles,
triangles and squares, respectively.

should fill out the ends of the distribution.

Model error was calculated for every radius value by determining the central range required to

cover 0.683% (1�) of the distribution of P (RE). This need not be explicitly Gaussian, but serves as

a good estimate of the model uncertainty due to functional form and Q2 range.

A.1.6 Historical Data

Proton

We examined 5 early ep scattering data sets. The first, Hand et al. (1963) [137] gave a review of

scattering data before 1963. We use the published values of GE below 0.116 GeV2 (3 fm�2) for a loose

definition of “low-Q2.” These data were comprised of points from 5 di↵erent experiments and the GE

values were derived from a Rosenbluth separation of the cross section data for Q2 � 0.078 GeV2 and
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by implicit assumption that GM = µGE for values with Q2 < 0.078 GeV2. The next two data sets

were Yerevan (1972) [138] and Saskatoon (1974) [139] whose published GE values were calculated

from a Rosenbluth separation. The fourth data set was Mainz (1975) [141] which included published

GE values derived via Rosenbluth separation from experimental cross sections listed in that work

and in Ref. [140]. The final 20th century ep data set was Mainz (1980) [142] which contains values

for GE calculated assuming GM = µGE.

The Mainz (2010) [21] cross section data is given as a ratio of the measured cross section, �, to

the dipole cross section, �D,

�

�D

=
✏G2

E
+ ⌧G2

M

✏G2
D
+ ⌧µ2

p
G2

D

. (A.31)

From this,
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We used the GE/GM ratio obtained from recoil polarization experiments in order to extract GE for

the Mainz (2010) data set. JLab data [174, 175, 176, 177, 178, 179] indicate that for low-Q2 data,

µp

GE

GM

⇡ 1� Q2

8 GeV2 . (A.33)

The e↵ect of slightly altering the value of 8 GeV2 over the range 5 to 15 GeV2 was studied in Ref

[152] and was found to change the extracted radius by a negligible amount when compared to other

uncertainties.

Table A.1 lists the results for RE from our fits to the historical data sets. The 20th century

data sets span the range of RE = 0.80 to 0.90 fm. We attribute this e↵ect to the long and deep

�2 trench (see FIG. A.2) which indicates that the linear and quadratic terms at low-Q2 are not

independently constrained. The Mainz (2010) data is much more precise than the other sets and

our extracted radius, 0.841(1) fm, is in precise agreement with the muonic Lamb shift value and the

2018 CODATA average.
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Data Set RE (fm) F (Q2) Q2 Range (GeV)2 k0/k
Hand et al. (1963) 0.809(30) P0,1 (0.011, 0.062) 1.75
Yerevan (1972) 0.820(19) P0,1 (0.008, 0.020) 0.71
Sasktoon (1974) 0.864(24) P0,1 (0.005, 0.031) 1.75
Mainz (1975) 0.849(36) P2,0 (0.014, 0.123) 0.77
Mainz (1980) 0.884(19) P0,1 (0.005, 0.025) 1.50
Mainz (2010) 0.841(1) CF 4 (0.004, 0.326) 3.31

TABLE A.1: The proton radius values given by each fit that was determined to minimize the
combination of statistical uncertainty and bias for each data set.

The uncertainties quoted in TABLE A.1 come from evaluating one specific combination of Q2

range and fit function. In order to estimate the e↵ects on the ambiguity in this choice, we evaluated

P (RE) for each ep data set and assigned an additional model uncertainty to the final result. The

reevaluated radii are given in TABLE A.2.

P (RE) for the Mainz (1980) data set is pictured in FIG. A.8 as an example. Based on the

distribution, we assign the Mainz (1980) data set a model uncertainty of 0.024 fm and combine that

in quadrature with the previously quoted uncertainty to arrive at a radius value of 0.884(31) fm.

This uncertainty includes variance, estimated systematics via study of the �2 distribution and model

uncertainty. This result has larger uncertainties than those traditionally reported because of the

ambiguity in the appropriate way to extrapolate to Q2 = 0. As discussed previously, smaller or

larger values of proton radius extractions can be attributed to fits resolving the linear/quadratic

ambiguity in separate ways as shown in FIG. A.2.

The historical 20th century data does not have the precision to convincingly di↵erentiate between

the large and small radii. The Mainz (2010) data set, whose P (RE) is pictured in FIG. A.9, is much

more precise. The distribution shown in FIG. A.9 is non-Gaussian and the 1-� (68.3%), 2-� (95.4%)

and 3-� (99.7%) ranges are 0.841-0.849 fm, 0.832-0.871 fm and 0.829-0.892 fm respectively.

We determined a proton radius from the Mainz (2010) data set of 0.841(4) fm, where the central

value comes from the fitting algorithm described above and the majority of the error comes from

the estimate of the model dependence. This value is consistent with the muonic-hydrogen value,

0.84087(39) fm and the 2018 CODATA average. We studied the e↵ect of altering the maximum
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FIG. A.8: P (RE) for the Mainz (1980) data set. The peak of the distribution is 0.867 fm and the
model error is 0.024 fm.

allowed bias in P (RE) from 0.002 to 0.012 fm and the found the mean value and widths remained

stable within 0.002 fm. There is little to no e↵ect on the estimate of the model error coming from

P (RE) when the maximum bias value is altered in these ranges.

Data Set Modeling Error (fm) RE (fm)
Hand et al. (1963) 0.074 0.809(80)
Yerevan (1972) 0.067 0.820(70)
Sasktoon (1974) 0.057 0.863(62)
Mainz (1975) 0.032 0.849(48)
Mainz (1980) 0.024 0.884(31)
Mainz (2010) 0.004 0.841(4)

TABLE A.2: The final results for RE after studying the model dependence of the radius extracted
from each ep scattering data set.

In FIG. A.10 we show proton radius results from each of the examined ep scattering data sets.

Our weighted average of 0.842(4) fm is dominated by the Mainz (2010) result.
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FIG. A.9: P (RE) for the Mainz (2010) data set. The most likely value of the distribution is 0.840 fm
and the model error is 0.004 fm. The smallest peak at around 0.831 fm is comprised of polynomial
fits, mostly P4,0, which slightly underestimate the radius. The two larger peaks, at around 0.840 and
0.844 fm are primarily comprised of CF3 and CF2 fits respectively. The asymmetric distribution to
the right comes from various models that slightly overestimate the radius, such as inverse polynomials.

Deuteron

For the deuteron we focused on fittingA(Q2) from two low-Q2 data sets: Simon et al. (1981) [165],

which published A(Q2) values calculated directly from the cross section for Q2  0.04 GeV2 and via

Rosenbluth separation for Q2 � 0.04 GeV2 and Platchkov et al. (1990) [166] where we used published

A(Q2) values below Q2 = 0.116 GeV2 that were calculated by subtracting B(Q2) contributions from

the cross section using a fit of existing B(Q2) measurements.

For the Simon (1981) data set we find the minimum combination of statistical uncertainty

and bias to come from the CF 3 fit out to Q2 = 0.082 GeV2 which corresponds to a radius of

2.092(19) fm, in which the value corresponding to model uncertainty is included. It was di�cult to

find an appropriate model for the Platchkov (1990) data set. The curvature in the deteuron form

factor is much larger than the proton and there is significant freedom in the unmeasured low-Q2
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FIG. A.10: (Color online). The proton radii extracted from each ep scattering data set (black),
compared to the 2010 muon spectroscopy result, 0.84087(39) fm (red) and the 2014 CODATA result,
0.875(6) fm (green). Our weighted average, 0.842(4) fm, is shown as a blue band.

region. The best fit for the Platchkov (1990) data was the P3,0 function with a maximum Q2 of

0.071 GeV2 and a radius of 1.796(194) fm. Both of these values indicate a small radius, although

the uncertainty on the Platchkov (1990) result makes extracting anything specific impossible. Our

final result for the deuteron radius, 2.092(19) fm, is then completely dominated by the Simon (1981)

data. Although our analysis of the deuteron has been somewhat brief, it indicates a preference for

the small radius values coming from muonic spectroscopy and the 2018 CODATA average.

A.1.7 Conclusions

Using a consistent and comprehensive fitting approach we have arrived at a proton radius mea-

sured from ep scattering of 0.842(4) fm which is consistent with the muonic hydrogen value of

0.84087(39) fm. We found a deuteron radius from ed scattering of 2.092(19) fm which indicates a

smaller radius, similar to the value from muonic deuterium, 2.1256(8) fm, but with large errors. We
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stress that systematic uncertainties have not been estimated in this analysis beyond a scaling of the

uncertainties based on studies of the �2 distribution for a particular fit.

Furthermore, our studies demonstrate how the discrepancy between small and large radii arises

in fits to elastic scattering data. Depending on how the linear/quadratic ambiguity is resolved,

reasonable fits can yield radii from 0.84 to 0.88 fm. Our analysis indicates that a smaller result is

more likely. This has been confirmed by the recent PRAD [163] and atomic physics results [164].

Several upcoming elastic-scattering e↵orts should make valuable contributions toward finalizing the

proton radius problem by helping to resolve the linear/quadratic ambiguity.

No ed scattering data set exists with comparable statistics to the Mainz (2010) ep experiment

and so the uncertainty on the deuteron radius from ed scattering remains large. Upcoming results

from a Mainz A1 experiment should eclipse previous ed studies and help shed light on the deuteron

radius problem.
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