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ABSTRACT

Understanding the spin structure of the proton has been a challenging question in
the Quantum Chromodynamics (QCD). The first surprising result on the measure-
ment of the proton spin-dependent g; structure function from the EMC Collaboration
indicates that quark and anti-quark spin contribute little to the proton spin. This re-
sult is in great contradiction with the prediction from naive quark model and inspired
tremendous studies in the understanding of the spin decomposition of the proton. Pre-
cision measurements from the inclusive polarized lepton-nucleon deep inelastic scat-
tering (DIS) experiments and semi-inclusive DIS (SIDIS) experiments have confirmed
that the contribution of quark and anti-quark spin to the proton spin only counts for
about 30% with the remaining contribution from the spin of the gluons and orbital an-
gular momentum of quarks and gluons. In the QCD parton model, the parton (quarks
and gluons) spin in a longitudinally polarized proton is described by the longitudinally
polarized parton distribution function, namely the helicity distribution. Helicity dis-
tributions for the valence quarks, v quark and d quark, have been well constrained by
the DIS and the SIDIS experiments. However, as the lepton does not participate in
the strong interaction, the helicity distribution of the gluon cannot be directly probed,
and was poorly constrained in such experiments. In addition, due to the relatively
large uncertainties of the fragmentation functions involved in the SIDIS experiments,

helicity distributions of sea quarks were not well constrained either.

The Relativistic Heavy Ion Collider (RHIC), located at the Brookhaven National
Laboratory in the US, is the first and only high energy polarized proton-proton collider
around the world. It is capable to collide both longitudinally and transversely polarized
proton-proton beams at /s = 200 GeV and /s = 510 GeV. The longitudinally
polarized proton-proton collisions provide unique opportunities to study the helicity
distributions of the gluons and sea quarks. Series measurements of the longitudinal
double spin asymmetry, Ay, for inclusive jets and di-jets since 2005 have confirmed
a sizeable positive gluon polarization in the x range 0.05 < x < 0.2. However, the
Jefferson Lab Angular Momentum (JAM) Collaboration recently proposed that the
A measurements for inclusive jets do not exclude negative solution of the gluon
polarization. At RHIC energy, the quark-gluon scattering is one of the dominant QCD

subprocesses. In addition, the helicity distributions of the u quark and d quark are in

—III -



AR KA 2 (8 ST

opposite sign. The Ay of the m*-tagged jets is thus expected to be sensitive to the
sign of the gluon helicity distribution as the u quark and d quark favor 7 and 7~ in

the fragmentation processes, respectively.

On the other hand, the helicity distributions of the strange quark and anti-quark
are still poorly constrained by the experimental data. The Ay, of the A, A and K3 is
expected to be sensitive to the helicity distributions of the strange quark and anti-quark
as they all contain a valence (anti-)strange quark. In addition, theoretical studies have
shown that the longitudinal spin transfer Dy, of the A and A in the polarized proton-
proton collisions can not only shed light on the helicity distributions of the strange
quark and anti-quark but also can probe the polarized fragmentation functions. It is
worth mentioning that recent theoretical calculations suggest that measurements of
Dy, as a function of jet momentum fraction z carried by the A hyperons can provide

direct constraints on the polarization fragmentation function.

In 2015, RHIC concluded its longitudinally polarized proton-proton collisions with
the largest 1/s = 200 GeV data set taken at STAR, which corresponds to an integrated
luminosity of about 52 pb~*. With this data set, we performed the first measurements
of the Ay, of the *-tagged jets, A hyperons and K3, and the improved measurements
of Dy as a function of the hyperon py and the first measurements of the Dy, as a

function of momentum fraction z in a jet.

For the m*-tagged jets A;; measurements, we found that the Aﬂ is larger than
A7 ;. Predictions based on PYTHIA simulation using the helicity distributions from
the NNPDF Collaboration and the JAM Collaboration are compared with the mea-
surements. The gluon helicity distribution from the NNPDF Collaboration is positive
while the gluon helicity distribution from the JAM Collaboration can be chosen to be
negative. The predictions based on the helicity distributions from NNPDF Collabora-
tion can describe the measurements. However, the measurements strongly disfavor the
predictions based on the negative solution of gluon helicity distributions from the JAM
Collaboration. Thus, the measurements disfavor the negative gluon helicity distribu-
tion. The first measurements of the Ay for A hyperons and Kg are consistent with
zero within uncertainties indicating small helicity distributions of the strange quark
and anti-quark. For the Dy vs pr measurements, the statistics used in the analysis
are about 2-3 times larger than the D measurements using the STAR 2009 data. This

analysis extends the hyperon pr up to 8 GeV/c. We combined the new measurements

-1V -
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with previously published results using STAR 2009 data, and theoretical calculations
based on three scenarios of the polarized fragmentation functions are compared with
measurements. Our measurements strongly disfavor one extreme scenario. The first
measurements of the Dy vs z are also compared with the theoretical predictions. The
measured Dy, results are small and consistent with zero, which indicate small helicity
distributions of the strange quark and anti-quark and/or small polarized fragmentation
functions. These measurements provide important experimental inputs in the study
of gluon polarization, strange quark helicity distribution and polarized fragmentation

functions.

Key words: proton spin structure; helicity distribution; longitudinal double spin

asymmetry; longitudinal spin transfer; RHIC-STAR
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Chapter1 Introduction

In 1917, the proton was discovered by Ernest Rutherford [1], which at that time was
thought to be a fundamental particle. About 10 years later, the spin—% nature of the
proton was revealed [2]. Subsequently, the measurement of its magnetic moment [3-4]
shown a notable deviation from the expected value of a point-like particle [5]. The
surprising anomalous magnetic moment of the proton since then challenged our under-
standing of the proton structure indicating firstly the composite nature of the proton.
In 1964, the quark model has been proposed independently by Murray Gell-Mann and
George Zweig [6-8] and achieved great success in the classification of the discovered
hadrons. In the quark model, the proton is composed of three spin—% quarks, namely
two u quarks and one d quark. The deep inelastic scattering experiments conducted
in last 1960’s refreshed the understanding of the internal structure of the proton. In
particular, for the spin structure of the proton, the surprising EMC results [9-10] in
the late 1980’s since then triggered tremendous efforts on the understanding of the
proton spin structure. In this chapter, I will present an brief overview about journey
in understanding the proton spin structure starting from the deep inelastic scattering
experiments. I will then focus on the experiments conducted at the Relativistic Heavy
Ion Collider, which are relevant to the work presented in this thesis. A brief guide

about the structure of the thesis will be presented at the end of this chapter.

1.1 The Lepton-Nucleon Deep Inelastic Scattering

1.1.1 Unpolarized Lepton-Nucleon Deep Inelastic Scattering and Parton

Distribution Functions

Historically, our knowledge about the internal structure of the proton was firstly
obtained via the lepton-nucleon deep inelastic scattering (DIS) experiments. In DIS,
a high-energy lepton (such as an electron or a muon) is scattered off a target nucleon
(proton or neutron). The interaction between the lepton and the nucleon is mainly
mediated via a virtual photon transferring large momentum ¢ between the lepton and
the nucleon. The virtual photon interacts with the internal objects of the nucleon and

breaks the nucleon up, which is schematically shown in Fig.1.1. Detailed introduction

-1 -



AR KA 2 (8 ST

Figure 1.1: Schematic diagram of the deep inelastic scattering mediated by a virtual
photon. The diagram is taken from Ref. [15]

about DIS process can be found in Refs. [11-14].
One of the key observables in DIS is the inclusive cross section of the scattered

lepton, which can be expressed as the following:

d’c  4wa? {(1 L M2y2) Fy (z,Q%)

dzd@? Q4 +yP R (2,Q%) |, (1.1)

where Q? = —¢? is the momentum transfer squared and ¢ is the momentum of the
mediated virtual photon. = = Q*/2Mgq is the so-called Bjorken x. Fi(z,Q?) and
Fy(z, Q%) are the structure functions describing the internal structure of the scattered
nucleon. A set of DIS experiments have been firstly conducted at the Spectrometer
Facility of the Stanford Linear Accelerator (SLAC) in the late 1967 with electron beams
scattering off a liquid hydrogen. Two striking features of the structure functions have

been revealed in the experiments:

« Bjorken Scaling: F)(z,Q?%) and Fy(z,Q?) are almost independent with the Q2
namely F(z,Q?) — Fi(x) and Fy(z,Q?*) — Fy(x).

« Callan-Gross Relation: 2z F|(x) = Fy(x)

The Q? reflects the spatial resolution of the virtual photon. Constant structure
functions indicate that the virtual photon interact with some point-like particles inside
the nucleon and the Callan-Gross relation reflects their Spin—% nature of such particles.

Figure 1.2 illustrates two features of the structure functions discovered at SLAC. Sub-

-2 -
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Figure 1.2: Measured structure functions at SLAC. Left: the structure function F
as a function of Q* showing Bjorken scaling. Right: the measured 2z F;/F, showing
Callan-Gross relation. Plots are taken from Ref. [14].

sequent experiments extended the coverage of x and Q2. Figure1.3 shows the world
data of the measured F as a function of Q2. The groundbreaking discoveries at SLAC
inspired Richard Feynman and others to formulate and develop the parton model [16-
17]. In the model, a nucleon is composited of free, point-like particles called ‘parton’
and the basic process in DIS is the elastic scattering between the virtual photon and
the parton described with the parton distribution function (PDF) formulated in the so-
called ‘infinite momentum frame’. The structure functions Fj(z) and Fy(x) are defined

in terms of PDFs as following;:
Fy(z) =22F(z) =2 ) _elq(x), (1.2)

where e, is the electric charge of a parton, which has been confirmed to be fractional
charge and has been linked to quark postulated in the quark model [6-8]. x is the mo-
mentum fraction of the nucleon carried by a parton. DIS experiments and the parton
model plays an important role in the establishment of the Quantum Chromodynamics
(QCD), a fundamental quantum field theory about strong interaction. In QCD, inter-
actions between quarks inside a proton are mediated by gluons and gluons can split
into quark-antiquark pairs. Therefore, within a proton, there are not only three valence
quarks postulated in the quark model but also sea quarks (quark-antiquark pairs) and

gluons. The parton distribution functions of quarks and gluons can be extracted from

-3 -
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the experiments via global QCD analysis. There are many groups working on the PDF
extraction, such as HERAPDF, CTEQ, MSTH, and NNPDF etc. Figurel.4, as an
example, presents the extracted PDFs of proton from MSTH [18].
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Figure 1.3: The world data of the structure function F5 as a function of Q2. Left plot:
the Fy of the proton. Right plot: the F, of the neutron. Plots are taken from Ref. [19]
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Figure 1.4: The parton distribution functions of proton from MSTH20 NNLO [18].
Plots are taken from Ref. [19]
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1.1.2 Polarized DIS Experiments

DIS experiments as introduced above have revealed and confirmed that proton is
composed of not only valence quarks but also sea quarks and gluons. Experimental
studies on how is the spin of a proton composed of its constituent quarks and glu-
ons were firstly carried out via the polarized lepton-nucleon deep inelastic scattering
(pDIS), where both leptons and nucleons are polarized. For longitudinally polarized
lepton and nucleon, the difference of the inclusive cross section for the scattered lep-
ton with its polarization direction parallel (1) and anti-parallel (11}) to the nucleon

polarization can be expressed with the following formula [20]:

(dQJTﬂ dzaw) B 402 F'

194~ d0dE ) = 35 075 (B + Eeos) g (2.Q°) = 2aMge (2, Q)] (13)

where g (z, Q%) and g;(x, Q?) are the spin-dependent structure functions. In the parton
model, g;(z, Q%) can be written as the linear combination of the longitudinally polarized

parton distribution functions Ag(z, Q?), also called helicity distribution:

g1 (z,Q?) = %Z e2Aq(z, Q7), (1.4)

q

Aq(z, Q%) = q¢"(2,Q%) — ¢ (2,Q%), (1.5)

where ¢ (z,Q?) and ¢ (x,@?) are the parton distribution functions with parton spin

parallel and anti-parallel to the nucleon spin, respectively.

Following the pioneering pDIS experiments at SLAC [21-24], the European Muon
Collaboration (EMC) published the surprising results on the proton g; structure func-
tion and the flavor-singlet axial-charge ¢4 [9-10] in the late 1980’s. The results sug-
gested that the quarks’ spin contribute little to the proton spin showing great contra-
diction to the prediction from relativistic quark model, in which 60% of the proton
spin is carried by quarks spin. This striking result has led to the so-called ‘spin crisis’
in history and triggered tremendous experimental and theoretical studies on the nu-
cleon spin structure. Subsequent measurements conducted at CERN, DESY and JLab
extended the kinematic coverage and improve the precision of ¢; structure function.
Figure 1.5 summarizes the world data of the measured proton g, structure function as

a function of Q2 [10, 25-31]. The measured g; structure function together with assump-

— 5=



AR KA 2 (8 ST

tions of SU(6) symmetry and data from § decay of neutron and hyperon [32] allow one

to extract proton spin contributions from u, d and s quarks, separately, which are [33]:

o Au=0.84 £ 0.01(stat.) £ 0.02(syst.)
o Ad = —0.43 £+ 0.01(stat.) + 0.02(syst.)

o As=—0.08£0.01(stat.) £ 0.02(syst.)

According to Eq. (1.4), the g; structure function is the linear combination of he-
licity distributions weighted with the electrical charge squared. Therefore, the flavor-
separated helicity distributions can not be directly probed in the inclusive DIS exper-
iments. In order to separately measure the helicity distributions of different flavors,
the semi-inclusive DIS (SIDIS) experiments [10] have been performed. In addition to
the scattered lepton, a final state hadron (like 7% or K¥) is also measured in these
experiments. The g; structure function in SIDIS process can be written as [34]:

g{b (:L‘7Q2,Z) = %Zeg [Aq(m)DZ (z, QQ) + Aq’(x)D(}; (Z,Q2)} , (1.6)

q

where Dg (2,Q?) is the fragmentation function of parton ¢ to hadron h, which varies
with parton flavors. However, the flavor-separated helicity distributions for sea quarks
have not been constrained well due to the relative large uncertainties of fragmentation
functions [33]. Detailed information about polarized deep inelastic scattering can be
found in these review articles[35-36, 33, 37, 15, 38]. Similar to the extraction of un-
polarized parton distribution functions, the helicity distributions are also obtained via
global QCD analysis from different groups, like DSSV, NNPDF and JAM. Figure 1.6
shows the extracted helicity distributions from NNPDF Collaboration [39]. The helicity
distributions of u quark and d quark have been constrained reasonably well. However,

helicity distribution of sea quarks and gluons still remain relatively large uncertainties.

1.2 Proton Spin Structure Study at RHIC

The Relativistic Heavy Ion Collider (RHIC), located at the Brookhaven National
Laboratory in the US, is the first and only high energy polarized proton-proton collider
around the world. It is capable to collide both longitudinally and transversely polarized

proton-proton beams at /s = 200 GeV and /s = 510 GeV [41]. The detailed overview
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Figure 1.5: The world data of measured proton g; structure function as a function of

Q2 [19).

about RHIC will be presented in Chapter2. The gluon helicity distribution, Ag, is
mainly constrained via the longitudinal double spin asymmetry, Ay, for inclusive jets,
di-jets etc. The flavor-separated constraints on the helicity distributions of @ and d
are realized via the single spin asymmetry, A, of the W* bosons. For the helicity
distribution of strange quark and anti-quark (As and AS), theoretical studies have
suggested that the longitudinal spin transfer, Dy, for A and A can provide sensitivity.
In this section, I will briefly review the key measurements performed at RHIC and
mainly focus on the Ay, measurements of jets and Dy, of A and A, which are relative

to the works presented in this thesis.

1.2.1 Constraining Helicity Distribution of Gluon

Jet and hadron production in proton-proton collisions at RHIC provides direct
access to the gluon helicity at leading order. At RHIC energy, the dominated gluon-
related QCD subprocesses are quark-gluon scattering (g¢ — gq) and gluon-gluon scat-
tering (g9 — gg) [42-43]. Figure 1.7 illustrates the relative fraction of different QCD

sub-processes for inclusive jets production at RHIC energy.
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Figure 1.6: The helicity distributions of quarks and gluons extracted from NNPDF
Collaboration [39]. Results from DSSV2008 [40] are compared.

e Longitudinal Double Spin Asymmetry of Inclusive Jets

The longitudinal double spin asymmetry, Apr, of inclusive jets is defined as the

cross section asymmetry as following:
Ay =4 , (1.7)

where o, and o, _ represent the cross section of jets from equal and opposite helicity

states of proton beams. The Ay, can be factorized in the following way at the leading
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Figure 1.7: Next-to-leading-order sub-processes fraction as a function of xy = 2pr/+/s
for inclusive jets production [42-43]. Plot is taken from Ref. [44].
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where A f and f correspond to helicity distribution and unpolarized parton distribution
function. The partonic cross section dé and partonic spin asymmetry arp; can be
calculated by the perturbative QCD [45]. As g¢-¢ scattering and g¢-g scattering are
dominant QCD hard scatterings in the jet production and the ay, is relative large [45],
the Ay, of inclusive jets provide unique probe to the gluon helicity distribution without

involving fragmentation processes.

Limited by statistics, early STAR published Ay measurements [46-48] did not pro-
vide significant impact on gluon helicity distribution. The first influential Ay, result
of inclusive jets [49] using the STAR data taken in 2009 was published in 2015. The
results have been included into global QCD analysis [39, 50] and have significantly
impacted on gluon helicity distribution. The left panel of Fig. 1.8 presents the gluon
helicity distribution from the DSSV2014 [50]. This new gluon helicity distribution im-
plied a positive gluon polarization inside the proton at Bjorken-x range 0.05 < x < 1
as shown in the right panel of Fig.1.8. The subsequent measurements of the Ay,
for inclusive jets and di-jets [44, 51-55] extended kinematic coverage and improved the

measurement precision, providing more precise constraints on the gluon helicity dis-
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tribution of the proton. The left panel of Fig.1.9 summarizes the recent STAR Ay
measurements of inclusive jets[44, 49, 53-54] as a function of zr = 2pr/\/s. The
new DSSV2014 + RHIC <9090 preliminary result [56] of gluon helicity distribution af-
ter including all the RHIC measurements up to 2022 is presented in the right panel of
Fig.1.9. The truncated integration of Ag over x > 0.05 suggests that gluon contributes
to about 40% of proton spin.
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Figure 1.8: Left: the red curve (NEW FIT) presents the gluon helicity distribution from
DSSV2014 [50] after including the measured Ay results [49] using STAR 2009 data.
Right: truncated moment of gluon helicity distribution. The green and blue areas
present the 90% C.L. region from DSSV2008 [40] and DSSV2014 [50], respectively.
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Figure 1.9: Left: some STAR Ay, measurements of inclusive jets [49, 44, 53-
54] as a function of zr = 2pr/y/s at /s = 200 and 500 GeV. Right: new
DSSV2014 + RHIC <9090 preliminary result [56] of gluon helicity distribution after in-
cluding all the RHIC measurements up to 2022.
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e Is Negative Gluon Polarization Possible?

As mentioned above, measurements conducted at RHIC have confirmed sizable pos-
itive gluon polarization inside the proton [50, 56]. However, the Jefferson Lab Angular
Momentum (JAM) Collaboration [57] recently proposed that the gluon helicity distri-
bution Ag is strongly dependent on the theoretical assumptions applied, namely the
positivity constrain on the helicity distribution [50], SU(2) isospin symmetry and the
SU(3) flavor symmetry. The left panel of Fig. 1.10 shows the Ag from the JAM Collab-
oration [57] with/without applying these constraints while the right panel of Fig.1.10
presents the prediction of Ay, for inclusive jets for both positive and negative solu-
tions of gluon helicity distributions, which shows that both predictions can describe
the STAR measurements. Why does Ay, of inclusive jets allow a negative gluon Ag?
One of the reason is that Ay is proportional to the Ag? in the dominant g-g scattering
channel, which is not sensitive to the sign of Ag. Some measurements conducted at
RHIC, for example, the Ay, measurement of direct photons [58], which are mainly pro-
duced via the quark-gluon scattering at RHIC energy making Ay, a linear dependence
on Ag, and the di-jets Ay, measurements [51-52, 44, 53-55] reducing parton scattering
kinematics have shown their ability to distinguish between two scenarios of Ag. Fig-
ure 1.11 shows the measured Ay of direct photons at PHENIX and Ay, of di-jets at
STAR. In Fig. 1.11, measured Ay, results disfavor the predictions from JAM negative
Ag.

In addition to these two measurements, the Ay of jets tagged with charged pions
carrying large momentum fraction of jets can shed light on the sign of the Ag. The

App of m-tagged jets can be factorized as following:

— Zab Afa ® Afb ® d&fafb—)fc+X&£‘ll-/fb_>fC+X ® D}rj
Zabc fe @ 1 @ défafo—=fet+X X D}rci )

ArL (1.9)

where D;{j is the jet fragmentation function from parton f, to 7*. In the fragmentation
processes, the u quark and d quark preferentially fragment into 7+ and 7—. As quark-
gluon scattering is one of dominant subprocesses at RHIC energy, the 7% tagging
not only enhances the u-g and d-g scattering but also suppresses the g-g scattering,
which is blind in discrimination on the sign of Ag. As we can see from the Fig. 1.6,
helicity distributions of u quark and d quark have been well constrained and they are

in opposite sign. Therefore, one would expect AT, > 0 and A7, > A7, for positive

— 11 =



AR KA 2 (8 ST

Ag and the opposite case for negative Ag. Figure 1.12 shows the Ay measurements of
inclusive 7% conducted at PHENIX Collaboration [59-60], and predictions with JAM
positive and negative gluon Ag[57, 61] are compared. Though, the measurements are
not precise to distinguish two Ag scenarios, the predictions clearly show that the 7
Apy is sensitive to the sign of Ag. In this thesis, more precise Ar; measurements of
the 7*-tagged jets have been performed, and details about the measurements will be

discussed in Chapter 3.

ne SU@2) — SU@B) — SU(3)+pEos | | STAR 2015

0l €[05,1.0
Ag >0
Ag <0

Il L 1 1 1

| 0.61 0.1 0.5 10 20 30
€T
Pr (GeV)

Figure 1.10: Left: gluon helicity distribution Ag from JAM Collaboration [57]. Right:
longitudinal double spin asymmetry of inclusive jets with STAR 2015 data [53] together
with the predictions with JAM positive and negative Ag.
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Figure 1.11: Left: longitudinal double spin asymmetry of direct photon as a function
of pr in proton-proton collision at /s = 510 GeV. Right: the longitudinal double spin
asymmetry of di-jets as a function of di-jet invariant mass in proton-proton collision

at /s = 510 GeV.
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Figure 1.12: Longitudinal double spin asymmetry of inclusive charge pions as a function
of x in proton-proton collisions at /s = 200 GeV (first row) and /s = 510 GeV
(second row) together with predictions from JAM [57].

1.2.2 Constraining Helicity Distributions of @ and d Quarks

At RHIC, constraints on the flavor-separated helicity distributions of % and d come
from the measurements of the single spin asymmetry A; of the W= bosons, which are
mainly produced via u+d — W+ and @+d — W~ at RHIC energy. Due to the V — A
nature of the weak interaction, W+ (W ™) can only be produced with positive-helicity

d (@) quark and negative-helicity u (d) quark, as illustrated in Fig. 1.13.

(@)

Proton hehclty —nyn Proton hellClty —n_n

Proton helicity ="+" Proton helicity ="—"
i) v
u(xz) I

Figure 1.13: The lowest order Feynman diagrams of the W production [41].
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The single spin asymmetry Ay, is defined as following:

ot —o~
Ay = — ~ 1.10
gty o (1.10)
where o™ and o~ are the cross section from positive and negative proton beam helicity.
This formula, at the leading order, can be written in terms of parton distribution

functions as following;:

AE/+ (Yw) = (1.11)

AE/_ (Yw) = (1.12)

where ,, is the rapidity of W* bosons. x; and x, are proton momentum fraction
carried by scattering partons from two proton beams, respectively. In general, the
momentum fraction = carried by valence quarks is much larger than that carried by
sea quarks. Therefore, for yy > 0 (yw < 0) with respect to the polarized beam,
AV will be reduced to AV = —Au/u (AY" = —Ad/d) and AV~ will be reduced
to AV" = —Ad/d (A} = —Au/u)[41, 62-63]. Series measurements performed at
RHIC [64-69] (see Fig.1.14) have confirmed that the Aw is positive and the Ad is
negative and have found the violation of the isospin symmetry between @ and d in
polarized proton. Figure1.15 (left) shows the Au and Ad from DSSV2014[50] and
DSSV2014 + RHIC<gg22 [56]. The NNPDFpoll.lrw in Fig. 1.15 (right) represents the
A — Ad results after including the measured AW~ [69] with STAR 2013 data.

1.2.3 Constraining Helicity Distributions of Strange Quarks

e Longitudinal Spin Transfer D;; of A and A

The self-analyzing weak decay of A and A[70-72] guarantees that its polarization
can be measured experimentally. As a large fraction of A’s spin is carried by its
valence strange quark, extensive studies on A polarization have been carried out in both
lepton-nucleon DIS and proton-proton collisions providing insights of the spin content
of strange quark in the proton and the spin effects in the hadronization processes [73-
74]. Theoretical studies on the longitudinal spin transfer Dy of A hyperons in DIS
processes [75-80] and proton-proton collisions [81-86] have shown that measuring of Dy,

can not only shed light on the helicity distribution of strange quark and anti-quark but
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Figure 1.14: The longitudinal single spin asymmetry of W* bosons with STAR data
taken from 2011-2013 [69].
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Figure 1.15: Left: the helicity distributions of % quark and d quark from DSSV2014 [50]
and DSSV2014 + RHIC <9999 [56] including all the measured results at RHIC before
2022. Right: the asymmetry between Au and Ad from [39].

also provide sensitivity to the polarized fragmentation functions. In polarized proton-

proton collisions, longitudinal spin transfer Dy of A hyperons is defined as:

dopipsntx — doprpsn-x  dAo

DLL = (113)

?
doppoatx +doprpn-x do

where ‘+” and ‘—’ denote the helicity of proton or A hyperon. The spin-dependent

differential cross section dAo, for example, can be factorized into the convolution
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of parton distribution functions, partonic scattering cross section and fragmentation

functions:

dAo /dxa da Z Afo(xq) fo (z) AD? dAGa—ed (1.14)
abed

where Af is the helicity distribution of a parton and AD? is the polarized fragmen-
tation function. The spin-dependent partonic scattering cross section dAG*~°? can
be calculated via the perturbative QCD. Figure1.16 (left) shows the theoretical cal-
culations of the Dy, from Ref.[84] with three scenarios of polarized fragmentation
functions [87] considered. The right panel of Fig. 1.16 presents the Dy prediction of A

from Ref. [83], which is sensitive to the helicity distribution of the anti-strange quark.

04 P T B <012 ————F———T T
AA [ V52500 GeV o i <
03 - pT> 13 GeV E 0.1 u SU(6), GRSV00(standard) I
< ] [t SU(6), GRSV00(valence) ; 1
i 0.08 [ DIS, GRSV00(standard) b
s 3 EEIIUEIE DIS, GRSVO00(valence) s
0.2 N scen. \ ] 0.06 'f
01 _ _ 0.04 | —_
o scen ] 0.02f ]
0 foiii / s ]
~_~~ : 0-: __
[ scen.2 =~ T~ r 1
0.1 [ a) -] -0.02 |- -
o L L U R E U B
5 0 ) 2 1 0 1 2
n n

Figure 1.16: Left: prediction of Dy of A [84] as a function of rapidity of A in proton-
proton collision at /s = 500 GeV. Three scenarios of polarized fragmentation functions
from Ref. [87] are considered. Right: theoretical calculation of Dry, of A as a function
of pseudo-rapidity with hyperon pr > 8 GeV in proton-proton collisions at /s = 200
GeV with different parameterizations of anti-strange quark helicity distribution from
GRSV [88].

Measurements on the Dy have been conducted at STAR [89-90] using the data
taken in 2009, as illustrated in Fig.1.17 (left), which have been fed into a model [91]
showing that the measurements can provide constraints on the strange quark and
anti-quark helicity distributions shown in Fig.1.17 (right). It is worth to mention
that recent theoretical study [92], as illustrated in Fig.1.18, has demonstrated that
measuring Dy as a function of jet momentum fraction carried by A hyperons can
directly probe the polarized fragmentation functions. In this thesis, we have performed

improved measurements on the Dy of A and A as a function of py using Vs = 200
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GeV proton-proton collisions data taken at STAR in 2015. We also conducted the

first measurements of Dy as a function of jet momentum fraction carried by the A

hyperons as suggested in Ref. [92]. Details about the measurements will be discussed

in Chapter 5.
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Figure 1.17: Left: longitudinal spin transfer Dy, of A and A as a function of pr
in proton-proton collisions at /s = 200 GeV with STAR data taken at 2009 [90].
Theoretical predictions from [84, 93, 83| are compared with the measurements. Right:
a model from Ref. [91] fitting the measured Dy, [90] provides constraints on the strange
quark and anti-quark helicity distributions.
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Figure 1.18: Theoretical predictions of longitudinal spin transfer Dy; of A and A
at RHIC energy [92]. Three scenarios of polarized fragmentation from Ref.[87] are

considered.
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1.3 Thesis Structure

This chapter presented an brief overview on the DIS and polarized DIS experiments
and several measurements conducted at RHIC regarding on the helicity distributions
for gluon and sea quarks and outlined two works of this thesis: (1) longitudinal double
spin asymmetry Az, of m*-tagged jets, which can shed light on the sign of gluon helicity
distribution; (2) longitudinal spin transfer Dy, which can not only provide constraints
on the helicity distribution of strange quark and anti-quark but also can probe the
polarized fragmentation functions. Chapter 2 briefly introduces the Relativistic Heavy
Ion Collider, the relevant STAR detectors and the dataset used in this thesis. Three
measurements performed are discussed in the following three chapters. Chapter 3
focuses on the details of A;; measurements of m*-tagged jets. In Chapter 4, details
about the A;; measurements of A, A and K 2 will be discussed, which aim to shed light
on the helicity distributions of strange quark and anti-quark. The details about the
measurements of longitudinal spin transfer Dy of A and A are presented in Chapter

5, followed by a brief summary and outlook presented in the Chapter 6.
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Chapter 2 Experimental Setup

This chapter will briefly introduce the Relativistic Heavy Ion Collider, the STAR
detectors relevant to the analyses presented in this thesis and the data set used in the

analyses.

2.1 RHIC: A Polarized Proton-Proton Collider

The Relativistic Heavy Ion Collider (RHIC), located at Brookhaven National Lab-
oratory, New York, US, is also the first and only high energy polarized proton-proton
collider in the world. RHIC consists of two approximately circular accelerators/stor-
age rings with a circumference of 3.8 km each. The two rings are situated in the same
horizontal plane, with one ring (blue) having a clockwise beam, and the other (yellow)
having a counterclockwise beam. Each ring contains 120 bunches of proton beams,
which are filled separately. It takes about 10 minutes to fill all bunches into both
rings. The duration between the initial bunch injection and the moment when the
beam is intentionally dumped is called a ‘fill’. Taking into account the decay of the
beam polarization and luminosity, a ‘fill” typically lasts approximately 3-8 hours for
different beam energy. The orientation of the polarization direction for each bunch
can be independently chosen. The RHIC is capable of colliding both longitudinally
and transversely polarized proton beams at the center-of-mass energy up to /s = 510
GeV and heavy ion beams at the center-of-mass energy per nucleon up to /syy = 200
GeV. Figure 2.1 shows the layout of the RHIC facility.

2.1.1 Acceleration of Polarized Proton Beams

At RHIC, an optically pumped polarized ion source (OPPIS) [95] are used to pro-
duce polarized proton beams. The OPPIS produces polarized beam of H~ at rates of
up to 10*2? particles per 300 us, achieving a high polarization level ranging from 82%
to 84%. Subsequently, the generated H~ beams undergo injection into the 200 MeV
Linac and are further accelerated to 1.1 GeV. Following this, the beams are directed
to the Booster synchrotron, where charge-exchange injection with a carbon foil strips
the electrons from the H~ beams. The resulting proton beams then experience three

successive synchrotron accelerations. Initially, the proton beams are accelerated in
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Figure 2.1: The layout of the RHIC facility [94].

the Booster to reach 2.3 GeV, followed by an increase to 23 GeV in the Alternating
Gradient Synchrotron (AGS). Finally, the proton beams are injected into the RHIC
rings and accelerated to full energy up to 255 GeV.

2.1.2 The Spin Dynamics of the Polarized Beams

The orbital motion of the proton beam in an external magnetic field B is governed

by the Lorentz force by the following formula,

ags q
T __ 7 3xB 2.1
7 mcﬁ x B, (2.1)

where 3 is the velocity of the proton and ¢ is the proton electric charge. + is the Lorentz

factor and the m is the mass of proton at rest. Similar to the orbital motion equation,

the evolution of the spin vector for the polarized proton in an external magnetic field

is given by the Thomas-BMT equation [45, 96-97],
ds q

2
G
- =— G+1)B—
dt fymcsx (G +1) v+1

(8-B)B|, (2.2)

where s is the spin vector of proton in the frame that moves with the proton, G = 1.7928

is the anomalous magnetic moment of the proton. Ideally, the external magnetic field

— 20 —



AR KA 2 (8 ST

B is perfectly transverse. The spin vector s will precess around the axis of the external
magnetic field B. By solving the Eq. (2.1) and (2.2), we can get the angular frequencies

for both orbital motion (2. and the precession of the spin vector €2, as followings:

o For orbital motion: €, = msz

o For spin precession: Q, = (vG +1)zLB = (vG + 1)€2,

ym

This means the precession of the spin vector is vG (called spin tune) times faster
than the orbital motion. However, in the reality, there are several effects that lead to

disturbation of the ideally transverse magnetic field, such as:

(i) non-zero longitudinal component and variant transverse component in the radial

direction of the quadrupole magnetic field using to focus proton beam

(ii) imperfections of the magnetic field due to the errors of the field and the misalign-

ment of the magnets

Therefore, the accelerating proton beam will undergo various depolarizing reso-
nances, i.e., the intrinsic resonance caused by effect (i) and the imperfection resonances
due to effect (ii). It is crucially important to maintain the beam polarization during
the acceleration. This is achieved by the so called ‘Siberian Snakes’ [98], which are ar-
rays of constant field helical dipole magnets and are installed diametrically opposed on
each RHIC ring. The ‘Siberian Snakes’ can apply a full spin-flip of the proton beams
in a single passage, which results in a complete cancellation of depolarization at the
first order [99]. The proton beams are transversely polarized during the acceleration,
which is the stable orientation as this orientation is approximately parallel to the ex-
ternal magnetic field. To achieve longitudinal collisions, two spin rotators are installed
on each side of the interaction points, like STAR or sPHENIX. They can switch the
beam polarization direction from transverse direction to longitudinal direction before

the collision and switch it back after the collision.

2.1.3 Measurement of the Beam Polarization

In addition to the maintenance of the beam polarization, it is crucially important to
measure the beam polarization precisely, which is an indispensable input for the Spin

Physics Program carried out at RHIC. Two types of polarimeter, as shown in Fig. 2.1,

- 21 —



AR KA 2 (8 ST

are employed: (1) proton-Carbon (p-C) polarimetry [100], which is installed on each
RHIC rings at 12 o’clock and (2) hydrogen gas jet (H-jet) polarimeter [101] installed at
the collision point at 12 o’clock of the RHIC ring. The beam polarization is measured
based on measuring the left-right spin asymmetry in the Coulomb-Nuclear Interference

(CNI) region with the following formula:

N, — Ng

=PAy=—"——
EN N NL+NR’

(2.3)

where ¢ is the measured asymmetry, and P is the polarization of the beam or target
Ay is the analyzing power.

The pC polarimetry consists of a thin carbon ribbon target and six silicon strip
detectors in a vacuum chamber shown in Fig.2.2. The beam polarization is measured
based on the left-right spin asymmetry of the p-C elastic scattering at the CNI region.
However, as the analyzing power of the p-C elastic scattering, A?VC, is not known at
RHIC energy, the absolute beam polarization cannot be measured by the p-C polarime-
try. Due to the relative large p-C elastic scattering cross section, the measurement can
be performed quickly. Therefore, the p-C polarimetry is used to measure the relative

beam polarization and the depolarization rate of the beams.

Silicon Sensors

Carbon Ribbon

Target
Beam J

Figure 2.2: Cross section of the p-C polarimetry at RHIC [100].

The absolute beam polarization is measured with the H-jet polarimeter shown in

Fig.2.3. The measurement is based on the p-p elastic scattering between the polarized
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Figure 2.3: Schematic layout of the hydrogen gas jet polarimeter at RHIC [101].

hydrogen gas target and the polarized proton beams at CNI region. As the both beam
and target are the proton, the analyzing power, Ay for beam and target are the same.

Therefore, based on Eq. (2.3), the beam polarization Ppeam can be calculated as:

beam

9

N

Picam = target Ptarget; (24)
EN

where the e%™ and £5y"® are the measured left-right asymmetry for proton beam and

hydrogen gas target, respectively. Piaget is the polarization of the hydrogen gas jet
target, which is measured with a Breit-Rabi polarimeter with the relative precision of

about 2% [101].

2.2 The STAR Detectors

The Solenoidal Track at RHIC (STAR) is one of two large detector systems at RHIC
located at the 6 o’clock of the RHIC ring as shown in Fig. 2.1. It is designed to measure
both hadronic and electromagnetic particles generated in heavy ion and proton-proton
collisions. As illustrated in Fig.2.4, STAR comprises multiple specialized detector
subsystems serving various purposes. The key sub-detectors related to the analyses in

this thesis are listed in below:
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FMS

Figure 2.4: The perspective view of the STAR detector.

« Time Projection Chamber, covering pseudo-rapidity |n| < 1.5 and 27 in azimuth
 Barrel Electromagnetic Calorimeter, covering || < 1.0 and 27 in azimuth

o End-cap Electromagnetic Calorimeter, covering 1.086 < n < 2.0 and 27 in az-

imuth
« Time of Flight Detector, covering |n| < 0.9 and 27 in azimuth

« Vertex Position Detector, covering 4.24 < |n| < 5.1, and 27 in azimuth. It is

used to measure the relative luminosity of proton beams.

o Zero Degree Calorimeter, 18 meters away from the center of the Time Projection

Chamber. It is also used to measure the relative luminosity of proton beams.

2.2.1 The Time Projection Chamber

The Time Projection Chamber (TPC) [102] is a crucial component within the STAR
detector system. As shown schematically in Fig. 2.5, the TPC is 4.2 meters long and
4 meters in diameter, which is surrounded by a large solenoidal magnet operating at
the 0.5 T magnetic field [103]. The acceptance of the TPC covers the pseudo-rapidity
In| < 1.3, which has been extended to || < 1.5 after the iTPC upgrade [104-105],

and 27 in the azimuthal direction. It records the charged particles produced in a
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collision and is capable of measuring their momenta over a range of 100 MeV/c to
30 GeV/ec. Filled with P10 gas (90% argon + 10% methane) [106], the TPC allows
charged particles to ionize the gas as they traverse its volume. Subsequently, electrons
liberated by the gas atoms will drift towards the readout end caps at the ends of the
chamber under an uniform electric field of approximately 135 V/cm. This electric field
is generated by a thin conductive Central Membrane at the center of the TPC as shown
in Fig.2.5. The P10 gas is regulated at 2 mbar above the atmospheric pressure [102]
making the drift velocity of the electrons stable and insensitive to the fluctuation of

the temperature and the gas pressure.

~ Sectors

Outer Field Cage
& Support Tube
Inner
Field
Cage

Sector
Support—Wheel

Figure 2.5: The layout of the STAR Time Projection Chamber [102].

The drifted electrons are collected by the end-cap readout system, which is based
on Multi-Wire Proportional Chambers (MWPC). The readout sectors are arranged as
on a clock with 12 sectors around the circle. Figure 2.6 shows one sector of the readout
planes. The inner sectors are instrumented with 13 pad-row readouts and had been
upgraded to 40 pad-row readouts in the iTPC upgrade project [104-105]. The avalanche
of the drifted electrons at the anode wires provide an amplification of about 1000-3000.
Positive ions generated in such process induce image charges on several adjacent pads.

Therefore, the x-y position of the drifted electrons can be determined and their arrival
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Figure 2.6: The layout of one sector of the anode pad plane [102].
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Figure 2.7: The ionization energy loss dE/dx of charged particles as a function of
momentum [102].

time is recorded at the end caps.

the electron drift velocity, the original z component of the drifting electrons can be
calculated. Therefore, the tracks produced in a collision can be reconstructed with the
3-dimensional coordinates of the drifting electrons. The ionization energy loss dE/dx

of a track is determined with the avalanche electrons and is used to identify different
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particles based on the Bethe-Bloch formula [32]. Figure 2.7 shows the dF/dx of charged

particles as a function of particle momentum.

2.2.2 The Barrel Electromagnetic Calorimeter

The Barrel Electromagnetic Calorimeter (BEMC) [107] is positioned between the
magnet and the TPC, covering —1 < 1 < 1 and 27 in the azimuthal direction, as
illustrated in Fig2.8. Its primary purpose is to investigate and trigger rare or high pr

events, including high pr jet events, leading hadrons, heavy quarks, and direct photons.

263.0 cm
223.5 cm
|

Figure 2.8: The layout of the Barrel Electromagnetic Calorimeter [62].

The BEMC is a segmented lead-scintillator sampling detector. It includes 120
calorimeter modules in total and each module are segmented into 40 towers spanning
approximately 0.05 rad in the azimuthal direction and 0.05 in 7. In Fig.2.9, these
towers projectively point back to the center of the TPC with a total depth of about 20
radiation lengths at 7 = 0. Each towers consist of 19 layers of 5 mm thick scintillator,
2 layers of 6 mm thick scintillator, and 20 layers of bmm thick lead. Additionally, a
shower maximum detector (SMD) is located at a depth of about 5 radiation length
of the tower, enabling precise energy measurements for the isolated electromagnetic
showers [107]. The SMD plays a crucial role in the identification of direct photons, 7°
reconstruction, and electron identification. Figure 2.10 shows a side view of a module

illustrating the detail construction of the module.
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Figure 2.9: The side view of a BEMC module illustrating the projective nature of the
towers [107].
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Figure 2.10: The side view of a BEMC module showing the detailed construction of
the module [107].
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S

-

Figure 2.11: Left: the schematic tower structure of the End-cap Electromagnetic
Calorimeter. Right: the cut view of the EEMC at constant ¢ [108].

2.2.3 The End-cap Electromagnetic Calorimeter

The End-cap Electromagnetic Calorimeter (EEMC) significantly extends the STAR
detector’s coverage, encompassing 1.086 < 7 < 2 and spanning 27 in azimuth [108]. In
Fig.2.11, the left side schematically illustrates the EEMC tower structure, while the
right side presents a cross-sectional view of the calorimeter at a constant azimuthal
angle ¢. The EEMC is segmented into 12 modules in azimuth, with each module
housing 60 towers. Consequently, there are a total of 720 towers, and each covers 0.1
in the azimuthal direction and varies its size in the n direction, ranging from 0.057 to
0.099. It consists of 24 layers of 4mm thick scintillator, 23 layers of 5 mm thick lead

and stainless steel laminate layers.

Similar to the BEMC, the EEMC incorporates a Shower Maximum Detector (SMD),
illustrated in Fig. 2.12. Positioned at a depth of about 5 radiation lengths in each tower,
the SMD plays a pivotal role in distinguishing between single photons, 7° and 1 decays.
Additionally, it aids in discriminating between electrons and hadrons and facilitates the

matching of electron hits to TPC tracks.
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Figure 2.12: Layout of one 30° sector of the EEMC-SMD [108].

2.2.4 The Vertex Position Detector

The Vertex Position Detectors (VPD) [109] are used for triggering on the minimum
bias events and monitoring the relative luminosity. They covers 4.24 < |n| < 5.1 and

27 in azimuth and are 5.7 m away from the center of the TPC.

There are two identical detector assemblies located on each side of STAR. Fig-
ure 2.13 shows the front view of one assembly. Each assembly consists of 19 detectors,
which are composed of a Pb converter and a plastic scintillator. It measures up to 19
times on each side in a collision, and the z component of the collision vertex Z,, and

the start time of a collision 7.« can be calculated via the following formula:

thx - C<Teast - Twest)/27 (25)
Tstart - (Teast + Twest)/2 - L/C, (26)

where Ti.s and Tyt are the times recorded by two VPD assemblies and c is the speed
of light. L is the distance of the VPD assembles to the center of the TPC. The typical
resolution of the T}, is about 80 ps in p 4 p collisions and about 20-30 ps in 200 GeV

Au + Au collisions.
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Figure 2.13: The schematic front view of one VPD assembly [109].
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Figure 2.14: The plan view of the interaction region [110].

2.2.5 The Zero Degree Calorimeter

In high energy collisions, the nuclei beams can usually emit evaporation neutrons.
In \/syn = 200 GeV heavy ion collisions, the emission angle is less than 2 mrad
from the beam axis. The Zero Degree Calorimeter (ZDC) [110] is designed to detect
and measure the energy of such emitted neutrons in the downstream of the heavy ion
collisions. In every experiment at RHIC, there are two identical ZDCs placed on either
sides of the interaction point. Figure 2.14 shows the plan view of the interaction region.
As we can see, the DX magnets remove all charged particles out of the acceptance of

the ZDC.

There are three modules of each ZDC. Each of them consists of multiple quartz

— 31 —



AR KA 2 (8 ST

and tungsten layers, and corresponds to 2 nuclear interaction length and 50 radiation
length. Similar to VPD, ZDC can be also used for triggering on minimum bias events

and measuring relative luminosity between different spin patterns of bunching crossings.

2.2.6 The Time of Flight Detector

The Time of Flight (TOF) [111] detector is designed to enhance the particle iden-
tification (PID) probability of STAR. It covers the || < 0.9 and 27 in azimuth. It
is based on the Multi-gap Resistive Plate Chamber (MRPC) [112]. The TOF consists
of 120 trays and each tray covers 6° in the azimuthal direction and consists of 32
MRPC modules. As its name implies, the TOF measures the flight time of a particle
AT = Tonq — Tytart, where the T, is the start time of a collision provided by VPD or
ZDC and the T,,q is arriving time of the particle at TOF. The typical resolution of the
flight time is 80 ps, making TOF a fast detector. With the path length L of a particle
measured with the TPC, the velocity 5 and the mass of a particle m can be calculated

by the following formulas:

L
m=p %—1, (2.8)

where ¢ is the speed of light and p is the momentum of a particle measured by the

TPC.

2.3 Data Set

STAR concludes its longitudinally polarized proton-proton collision data collection
at /s = 200 GeV in 2015. The data set used in the analysis was labeled as ‘pro-
duction_ pp200long2 2015’ I will called it ‘long2’ for convenience. The ‘long2’ data
collection lasted about 5 weeks. The sampled data set corresponds to an integrated
luminosity of about 52 pb~! with average beam polarization of about 52% and 56%
for blue beam and yellow beam, respectively.

At STAR, the smallest data collection period is called a ‘run’, which usually lasts
about 30 minutes. There are 737 runs collected during the ‘long2’ data collection
period. In the case where there were malfunctions of detectors and other effects during

the data taking, a run-by-run basis quality assurance (QA) procedure was applied to
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the whole data set. Runs that cannot pass the QA criteria will be marked as ‘bad runs’
and rejected from the analysis. The run-by-run QA has been done in the inclusive jet
Ay, measurement [53]. There are 557 runs that passed the whole QA procedures, and

these runs have been used in our analyses. Detailed information about the run-by-run

QA can be found in Ref. [113].

2.3.1 Event Selections

The bunch crossing rate at RHIC for the full-energy collision is about 10 MHz.
For high luminosity proton-proton collision, the interaction rate is comparable to the
bunch crossing rate. However, the operational rate of the slow detectors at STAR,
like the TPC, are only about 100 Hz. To effectively select valuable collision events,
STAR designed a multi-level trigger system [114-115] based on the response on the fast
detectors, like BEMC, EEMC, VPD etc. Details about the trigger system can be found
in Refs. [114-115].

To select high pr jet events, triggers based on the energy deposits on the EMCs
(BEMC and EEMC) have been designed. As described in Sec.2.2.2, a BEMC tower
spans a region of 0.05 x 0.05 in  and ¢. A trigger patch in the BEMC comprises
4 x 4 BEMC towers, covering a larger area of 0.2 x 0.2 in n and ¢, and a jet patch
consists of 25 trigger patches spanning coverage of 1.0 x 1.0 in 17 and ¢. There are 30
jet patches defined on the BEMC and EEMC overlapping in 7. In the analysis, two
jet-patch triggers, JP1 and JP2, are used. The JP1, for example, will be fired if the
sum of the ADC over a jet patch exceeds a certain threshold. Table2.1 summarizes

the thresholds for JP1 and JP2 used in 2015.

Trigger ID Threshold (ADC) | Equivalent Er (GeV)
JP1 490404 28 5.4
JP2 490401 36 7.3

Table 2.1: The trigger thresholds for JP1 and JP2 used in 2015. The Equivalent
transverse energy Er on the BEMC and EEMC can be calculated approximately with
Er =0.236 x (ADC —5).

In addition, the z component of the reconstructed collision vertex (primary vertex)
is required to fall within £90 cm to the center of the TPC, which is reconstructed with
the TPC tracks and the energy deposits on the EMCs with a Pile-up Proof Vertex
(PPV) finder [116]. For high luminosity collisions, it is likely to reconstruct several
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primary vertices in a single event. The PPV finder assigns a rank to each vertex and
the higher the rank, the greater the likelihood of it being a real primary vertex of an

event that fires triggers. Therefore, the highest ranked vertex is used in the analysis.

2.3.2 Beam Polarization

As mentioned in Sec.2.1.3, the beam polarization is measured with the p-C po-
larimetry [100] and the H-jet polarimeter [101]. In a fill, the beam polarization is mea-
sured many times and the measured polarization is fitted by an linear function as

following;:
P(t)= P, — P't, (2.9)

where ¢ is the time interval starting from the beginning of a fill. F, is the beam polar-
ization at the beginning of a fill and P’ is the decreasing rate of the beam polarization.
These two values and their corresponding uncertainties are provided by the RHIC

Polarimetry Group [117].

s 1O
5 602‘11\\ \t&\ T
= sE : 1 %
AN\ \z\ﬂ\uazzﬁ%‘?\\ W\
5 E- : i : g\‘%
= 1y
WE « Bluebeam ' 1?‘
3B5E- Y ellow beam
e
run index

Figure 2.15: Run-by-run beam polarization as a function of run index (early run first)
for blue beam and yellow beam.

The run-by-run beam polarization can be obtained based on Eq. (2.9). The middle
time of each run is used in the calculation. The calculated run-by-run beam polarization
for blue beam and yellow beam is shown in Fig.2.15. We can see a clear decreasing

pattern of the beam polarization for each fill. The average beam polarization P, for
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the whole data set can be obtained with the following equation:

Erunprun
Pse = y 2.10
' £set ( )

where the L,,, is the luminosity of each run and P,,, is the beam polarization of
each run. The uncertainties of the beam polarization for the whole data set can be
determined by following the procedure described in Ref. [118]. These uncertainties will
contribute to all the final measurement results as systematic uncertainties in this thesis.
The calculated beam polarizations and their uncertainties for blue beam Pg, yellow

beam Py and their product Py Pg are list below:
e Pp = (51.6 4+ 1.55)%, approximately 3.0% relative uncertainty.
o Py = (56.441.69)%, approximately 3.0% relative uncertainty.

e Py Pp = (29.7 £ 1.80)%, approximately 6.06% relative uncertainty.

2.3.3 Relative Luminosity

There are 120 bunches in each RHIC ring. For longitudinally polarized proton-

Y

proton collision, the helicity state of each bunch can be both ‘4" and ‘-’ and varies
among bunches. Therefore, there are four helicity combinations of two beams (‘4++,
‘+—", ‘=47, ‘—="). However, collision data may not be sampled equally among four
helicity combinations, leading to a non-physical asymmetry of the sampled data from
different helicity combinations. The relative luminosity is used to correct such effect.

There are 6 relative luminosities Ry, Rs, R3, R4, R5, and Rg, which are defined as the

following;:
= % (2.11)
Ry — % (2.12)
R3 = % (2.13)
Ry = Z—H (2.14)
Rs = ﬁ—j (2.15)
Rg = ﬁ—i (2.16)
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where L is the luminosity. The first and second superscript of £ denotes the helicity
of the blue beam and the yellow beam, respectively. R; and Ry are related to single
spin asymmetry measurements of yellow and blue beam, respectively. Rj3 is used in the
double spin asymmetry calculation, i.e. the longitudinal double spin asymmetry Ay,

of the 7*-tagged jet and A, A and K9 in this thesis. Ry, R, and Rg are used in the

longitudinal spin transfer Dy ; measurement for A and A.
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Figure 2.16: Relative luminosities R;-Rg as a function of run index. A constant fit (red
line) was applied to extract the mean value.

At STAR, relative luminosity is measured with scalar detectors, i.e. the Beam-Beam
Counter (BBC) [119], the VPD, and the ZDC. In our analysis, the relative luminosities
were calculated in a run-by-run basis with the VPD. Details about the calculation can
be found in Refs. [113, 120]. A QA procedure was performed for every runs and fills.
Table 2.2 shows the bad bunch crossings founded during the QA. Correspondingly, these
data was excluded from the relative luminosity calculation and our analysis. Figure
2.16 shows the calculated Ri-Rs.
comparing the results between the VPD and the ZDC, see Ref. [113]. Their differences

Their systematic uncertainties were obtained by

were fitted with a Gaussian function (see Fig.2.17) and the fitted width were treated
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as the systematic uncertainties of relative luminosities. Table 2.3 summarizes the mean

values and the systematic uncertainties of R1-Rg.
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Figure 2.17: The difference of R;-Rg calculated with the VPD and the ZDC. A Gaussian
fitting was applied (red line).

Fill number

Removed bunch
crossing number

18875 0
18876 13
18881 12
18900 30
18907 101
18930 12
18931 20

Table 2.2: The removed bunch crossing

number.

Relative luminosity Results
Ry 1.004 £ 0.00031
Ry 1.000 £ 0.00043
R3 1.004 4 0.00045
Ry 1.004 £ 0.00050
Rs 1.001 £ 0.00055
Rg 0.997 £ 0.00072

Table 2.3: The averaged relative lumi-
nosities and their systematic uncertain-

ties.
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2.4 Summary

In this chapter, a brief introduction on the RHIC facility and some STAR detectors
that are relevant to the measurements in this thesis are presented. A brief introduction

to the data set used in the measurements of this thesis are presented in the last section.
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Chapter 3 Longitudinal Double Spin Asymmetry of
Wi—tagged Jet

The longitudinal double spin asymmetry A;; of m*-tagged jets is expected to be
sensitive to the sign of the gluon helicity distribution. This chapter will present the

analysis details of the measurements.

3.1 Jet Reconstruction & 7+ Identification

3.1.1 Jet Reconstruction

Similar to STAR previously published results [44, 52-54, 121], jet is reconstructed
with the anti-ky algorithm [122] with the resolution parameter R = 0.6 in /s = 200
GeV proton-proton collision. The anti-k7 algorithm was found to be insensitive to the
soft background from the pile-up events and the underlying events. Event-by-event
jet reconstruction was applied using the TPC tracks and the energy deposits inside
the towers of the BEMC and EEMC. Primary tracks that directly emitted from the
primary vertex were selected. A pp-dependent Distance of Closest Approach (DCA)
cut, which helps to reduce the tracks from pile-ups, was applied to the primary tracks,

as shown in the following:

2 cm if pr < 0.5GeV
DCA << —-1.0 cm/GeV X pr+2.5cm  if 0.5 < pr < 1.5GeV (3.1)
1 cm if pr > 1.5GeV

The tracks and the energy deposits inside the EMCs towers are converted into
Lorentz 4-vector objects. The tracks are converted with their mass assumed to be the
charged pion mass. For the energy deposits in the EMC towers, they are assumed to
be massless particles with their momentum pointing from the primary vertex to the
center of that tower. For primary tracks pointing to an EMC tower, a ‘pr subtraction’
procedure [44, 52| was applied, which subtracts the track pr from the tower Er. If
the matched tower FEp is less than the track pp, the tower energy will be excluded

from the jet finding inputs. This procedure avoids the double counting of electrons
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and positrons that were fully reconstructed by both the TPC and EMCs. For charged
hadrons, the average energy deposits in the EMCs count only about 30% of their total
energy. However, in some rare cases, this procedure leads to an over-subtraction where
a photon hit the same tower as a hadron. Nevertheless, the ‘pr subtraction” procedure
reduces the sensitivity to the fluctuation of the energy deposits of charged hadrons and
improves the resolution of the jet energy [52]. The selection criteria for the TPC tracks

and EMC towers used in the jet reconstruction are summarized in Tab. 3.1.

Selection criteria for tracks
Track flag > 0
Number of TPC hits > 12
Number of TPC hits/Number of geometrically possible TPC hits > 0.51

pr-dependent DCA, see Eq. (3.1)

pr > 0.2 GeV
In| < 2.5
Radius of the last point > 125 cm

Selection criteria for towers

Tower status =1
Tower ADC — pedestal > 4
Tower ADC — pedestal > 3RMS
Tower Er > 0.2 GeV

Table 3.1: The selection criteria of the TPC tracks and BEMC and EEMC towers used
in the jet reconstruction.

Additional selection criteria were applied to the reconstructed jet candidates, as
summarized in Tab. 3.2, to ensure they are covered in the detector acceptance. Cuts
on the sum of the in-jet track pr and the neutral energy fraction R; were applied to
ensure that the reconstructed jet candidates are not fully composed by neutral particles.

An off-axis cone method, adapted from the ALICE experiment [123], was used to
estimate the underlying events (UE) contribution, and the jet pr was corrected by
subtracting the estimated UE pr in a jet-by-jet basis. In our analysis, the UE-corrected
jet pr was divided into 11 bins, and the minimum UE-corrected jet pr was required
to be larger than 6 GeV for JP1 trigger and 8.4 GeV for JP2 trigger. The bin widths
were taken as 18% of the lower edge of that bin. Jets are rejected if the UE correction
shifts the jet pr by more than two jet pr bins. Additionally, as the track reconstruction

becomes unreliable at track pr > 30 GeV, jets containing such track were rejected from
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our analysis. Each jet is classified into JP1-type jet or JP2-type jet. The classification

criteria are:
1. A jet is JP2-type jet if the following criteria fulfilled:

o JP2 trigger fired and JP2 trigger should fire
o UE-corrected jet pr > 8.4 GeV
o Jet axis matches geometrically with at least one triggered jet patch

e The energy deposits on the matched jet patch are above JP2 threshold

2. A jet is JP1-type jet if the following criteria fulfilled:

Jet is not JP2-type jet

JP1 trigger fired and JP1 trigger should fire

o UE-corrected jet pr > 6 GeV

Jet axis matches geometrically with at least one triggered jet patch

The energy deposits on the matched jet patch are above JP1 threshold

If a jet can neither be classified as JP2-type nor JP1-type, it will be excluded from
the analysis. The number of reconstructed jets in each jet pr bins for two triggers are

summarized in Tab. 3.3.

-0.7< Ndetector < 0.9
-1.0<n <10

Jet neutral energy fraction R; < 0.95
Sum of in-jet track pr > 0.5 GeV
pr > 0.2 GeV
6.0 < UE-corrected jet pr < 31.6 GeV for JP1
UE-corrected jet pr > 8.4 GeV for JP2
Jets with individual track pr > 30 GeV are removed

Table 3.2: The selection criteria of the reconstructed jet candidates.

3.1.2 7+ Identification

The charged pions have been identified based on the energy loss dF/dx inside the
TPC. At STAR, the measured dF/dx of charged tracks is usually converted into the
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Jet pr range (GeV) | Number of jets for JP1 | Number of jets for JP2
6—7.1 10256301 0
7.1-8.4 7522004 0
8.4—9.9 3144570 16766424
9.9-11.7 1474744 13111757
11.7—13.8 566712 8376113
13.8—16.3 189920 4665992
16.3—19.2 54801 2198303
19.2—-22.7 14430 940878
22.7-26.8 3369 337816
26.8—31.6 749 107450
31.6—37.3 0 29632

Table 3.3: Number of reconstructed inclusive jets after applying jet selection criteria.

no, which is used to characterize the normalized distance of the measured dE/dz for
a charged track to the theoretical dE/dx values of a reference particle. For example,

the no(m) can be calculated with the following formula:

(3.2)

no(m) =

L, [ dB/dza,
Oexp dE/dxw,cal ’

where dE /dx,ps is the energy loss of a charged track and dE/dxy ., is the theoretical
value of the energy loss of the charged pions calculated with the Bichsel formalism [124].
Oexp 18 the dE/dx resolution of TPC [125-126]. The no(K), no(p) and no(e) for the
charged kaons, proton/anti-proton and the electron/positron can be calculated with a
similar formula as Eq. (3.2).

Ideally, the no(7) distributions of the charged pions are expected to be a Gaussian
distribution with the unit width and the central value being zero. However, according
to the previous published results [125-126], a recalibration is required to determine the
central value and the width. Such recalibration is also required for the charged kaons,
proton/anti-proton and the electron/position. In this analysis, the same recalibration
results as Ref. [121] are used. Details about the recalibration procedure can be found
in Refs. [121, 127]. Figure 3.1 presents the central values and the width of the charged
pions, charged kaons and proton/anti-proton from Ref. [127]. The fitted curves shown

in solid and dashed lines in the Fig. 3.1 are used for further analysis. To determine the
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in-jet particle fraction, the no(m) distributions for the in-jet tracks are fitted with the
Multi-Gaussian function with the fixed mean and width obtained in the recalibration
based on the fitting curves shown in the Fig. 3.1. Figure 3.2, as an example, presents the
no(m) distribution and the corresponding fitting functions of positive charged tracks.
The particle fractions as a function of particle momentum are shown in Fig. 3.3. The
fitting curves are used for further analysis. Different fits are also applied to the Fig. 3.3
to estimate systematic uncertainties to the final A;; measurements introduced in the

particle identification (PID).

In this analysis, Ay is measured as a function of jet pr. The particle purity in
each jet pr bin can be calculated with the ‘Likelihood method’ used in Ref. [121]. For
example, the pion likelihood L, and its purity f, can be calculated with the following
formula:

A, —(no(m)—pm)?

v .
L

Ja - (3.4)

T Lot Lg+L,+ L

where the A, is the pion fraction. u, and o, is the calibrated central value and width
of the no(m). A,, pur and o, are obtained with fitting curves mentioned above. The
likelihood for other particles can be calculated similarly. The average value is used at
each jet pr bin. In practice, we determined three particle-enriched regions, i.e. pion-
enriched region, kaon+proton-enriched region and electron-enriched region, in terms
of the no(w), which is summarized in Tab.3.4. The reason of combining kaon and

proton will be explained in the next section. Moreover, only tracks with jet momentum

= ?ﬂ"?jet

7 jet|?

the estimated particle purity as a function of jet pr at different particle enriched regions

fraction z greater than 0.2 were used for further analysis. Figure 3.4 shows

for z > 0.2. Similar results for particles with z > 0.3 are shown in Fig. 3.5. The purity

is used to extract the Az, which will be discussed in the next section.

z jet pr (GeV) | m*-enriched reigon | K*+proton-enriched region | e*-enriched region
02-03| 684 (—1,2) (—1,-1) 2.7)
02-03| >84 (—1,2) (=5,-1) 2.7)

~ 03 > 6 (—1,2) (=5,-1) 2.7)

Table 3.4: The particle-enriched regions in terms of no(m) of tracks.
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Figure 3.1: The central values (left panel) and the widths (right panel) as a function
of the particle p/m for the no(w), no(K) and no(p) distributions obtained from pure
particle samples. The solid and dashed curves are from the fitting. Plots were taken
from Ref. [127]
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Figure 3.2: The multi-Gaussian fitting of the no(m) distribution of the positive charged
tracks with particle momentum 1.4 < p < 1.5 GeV.

3.2 Aj; Extraction

3.2.1 A;; Extraction

In this analysis, a jet is classified as, for example, 7"-tagged jet if it contains a
7t carrying jet momentum fraction z > 0.2 or z > 0.3. For very rare cases that both
7 and 7~ satisfy the condition, jets are classified based on pions that carry larger z.

At STAR, the longitudinal double spin asymmetry Ay; of the m*-tagged jet can be
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Figure 3.3: The in-jet particle fraction as a function of the particle momentum p for
charged pions (blue points), charged kaons (black points), proton/anti-proton (red
points), and electron/positron (green points). The left panel is for positive charged
tracks and the right panel is for negative charged tracks.

Plots were taken from

Ref. [127]
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Figure 3.4: The estimated particle purity as a function of jet pr with jet momentum
fraction z > 0.2. The first row represents the results of positive-charged tracks, and the
second row is for negative-charged tracks. The results at pion-enriched, kaon+proton-
enriched and electron-enriched regions are shown from left to right.

measured via the following formula:

> rans Py P [(NTT + N77) — Ry(N*~ + N™Y)]

ALL =

> runs(Py PB)? [(NT+ 4+ N=7) + Ry(N*~ + N=F)]"
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Figure 3.5: The estimated particle purity as a function of jet pr with jet momentum
fraction z > 0.3. The first row represents the results of positive-charged tracks, and the
second row is for negative-charged tracks. The results at pion-enriched, kaon+proton-
enriched and electron-enriched regions are shown from left to right.

where N*+t, NT= N~=* and N~ are the yields of jet from different helicity configu-
rations of two beams with the first superscript denoting the helicity state of the blue
beam and the second for yellow beam. The statistical uncertainty of A;; can be ob-
tained with the Eq. (3.6). It only counts for the statistical uncertainties of the sampled

jet yields, which are assumed to follow the Poisson distribution.

it /T PEPRNTT + N—) + BN+ N7)] 56
S PRPRINTF £ N )+ RN+~ + N |

The raw A}%" at each particle-enriched region are extracted with the Eq.(3.5) for
both positive-charged and negative-charged particles separately. Figure 3.6 shows the
extracted raw Ajp; results as a function of jet pr with the jet momentum fraction

z > 0.2. Similar results for z > 0.3 are shown in Fig. 3.7.

At each particle-enriched region, the extracted raw asymmetries A}%" are linear

mixtures of the pure asymmetries AY7° of each particles. Three particle-enriched

regions corresponds to three linear equations and the AY7“ can be obtained by solving
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Figure 3.6: The raw asymmetries as a function of jet pr, which are extracted at each
particle-enriched region for both positive-charged and negative-charged particles with
the momentum fraction of jets z > 0.2 carried by particles. Panels from left to right
present the results for pion-enriched, kaon+proton-enriched, and electron-enriched re-
gions, respectively.
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Figure 3.7: The raw asymmetries as a function of jet py, which are extracted at each
particle-enriched region for both positive-charged and negative-charged particles with
the momentum fraction of jets z > 0.3 carried by particles. Panels from left to right
present the results for pion-enriched, kaon+proton-enriched, and electron-enriched re-
gions, respectively.

the following linear equations:

™ K+p & m TaW,Tyrich
Trich fﬂ'rich Trich ALL ALL
n K+p e K+p| — raw, K+pricn 3.7
fK+prich fK+prich fK+prich ALL ALL ) ( : )
™ K+p e e TaW,erich
€rich ferich €rich ALL ALL

where, for example, fr is the purity of the charged pion at the pion-enriched region,
which is estimated in Sec.3.1.2. A7,, AN and AS, are the pure asymmetries of
the charged pion, kaon+proton and the electron/positron, respectively. The reason of
combining kaon and proton is that the pion and kaon are dominated at kaon-enriched
region with close purity and similar case for kaon and proton at proton-enriched region.

The relative large and close purity will lead to unstable Ay solutions. Therefore, in

— 47 —



AR KA 2 (8 ST

practice, kaon and proton are combined. The extracted pure asymmetries of charged
pion as a function of jet pr are shown in Fig.3.8. There are no much differences
between the raw and pure asymmetries of charged pions as they dominates absolutely

at pion-enriched region.

pure pure
0.1 nAL 0.1 AL
o tt o tt T
0.05F o U % 005+ o 1
¢ ®
dhesssn s i b b L. : oF8ea oo -3--¢---+--+---
~0.05} 0.05-
72>02 0057 503
b 1. ... 1., . 01.,...01.,.,..1.,.,.,. PR DS TN BT T S BT SR Y
0901520 25 30 35 050520 "5 30 35
pT[GeV/c] pT[GeV/c]

Figure 3.8: The pure asymmetries of the charged pions as a function of jet pr. Panels
from left to right present the results for jet momentum fraction z > 0.2 and z > 0.3,
respectively.

3.2.2 False Asymmetries

Four false asymmetries are extracted, which are good observables to check the
validity of the relative luminosities and are expected to be consistent with zero. Ex-

perimentally, they are calculated with the following formulas:

AB:ZrunPB [(N+++N+7)_R2 (N7++N77)] (3 8)
L Zrunpé[(N+++N+_)+R2(N_++N__)] '
AY:ZrunPY [(N+++N—+)_R1 (N+_+N__)] (3 9)
L ZrunP}%[(N+++N7+)+R1<N+7+N77)] '

Py Py (Nt — RyN)

AL = 2 s 1
0TS L PEPE (N RN (3:10)
US _ 2urun LY B 5N — LiglV

s S PrPo (BsN*~ = RgN—+) 1)
MY PPPE (RN + RgN ) '

As the strong interaction dominates the jet productions with small contribution
from the parity-violating processes, the single-spin asymmetry for blue beam A%, the
single-spin asymmetry for yellow beam AY . and the like-sign double spin asymmetry
ALY should be consistent with zero within uncertainties. Due to the geometrical sym-

metry, the unlike-sign double spin asymmetry AY? . in principle, should be exactly zero
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as the blue beam helicity being positive and the yellow beam helicity being negative
are exactly same to the reverse case. Results that significantly deviate from zero could
suggest potential issues in the determination of the relative luminosities or the Ay
extraction method. Similar to the extraction of Ay, raw asymmetries of these false
asymmetries are extracted for each particle-enriched regions. Figure 3.9, as an example,
illustrates these false asymmetries as a function of jet pr in the pion-enriched regions
with jet momentum fraction z > 0.2. The extracted pure asymmetries of pions are
shown in Fig. 3.10, correspondingly. The average values with their statistical uncer-

tainties are shown on these plots and they are consistent with zero within uncertainties.
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Figure 3.9: The raw false asymmetries as a function of jet pr at pion-enriched regions
with jet momentum fraction z > 0.2 carried by in-jet charged tracks.

3.3 Monte Carlo Simulation

Monte Carlo (MC) samples were generated to study possible systematic effects
of detector response and to quantify potential distortions. The proton-proton collision

events were generated with the PYTHIA generator [128]. The simulated collision events
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Figure 3.10: The pure false asymmetries of 7*-tagged jet with pions carrying jet mo-
mentum fraction z > 0.2.

were then put into the STAR detector response packages based on GEANT [129] to
simulate the detector responses. Subsequently, the detector responses were mixed with
the zero-bias events that were collected during the data-taken runs. This procedure
is called ‘Embedding’ at STAR. The zero-bias events are taken randomly without any
trigger, making them a suitable approximation for the collision backgrounds and pile-up

effects presented in data.

3.3.1 Simulation Setup

In the PYTHIA generator, the 2 — 2 hard QCD sub-processes were turned on,
and the perugia 2012 tune [130] was used with PARP(90)=0.213 to better match the
published 7% spectrum measurements [131-132]. Details about the adjustments of the
PARP(90) can be found in Ref.[133]. The samples were generated in 11 partonic
pr bins, and JP1 trigger filter were implemented. Table3.5 summarizes the Monte
Carlo simulation setup. The statistics of the produced embedding MC samples are

summarized in Tab. 3.6.
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PYTHIA Version Pythia6_4 28s

Collision System proton-proton collision

Collision Energy Vs =200 GeV

PYTHIA Tune Perugia 2012 #370 (CTEQG6L1), PARP(90)=0.213

11: q¢ — qq 12: q@ — qq 13: q@ — gg
28: qg — qg 53: g9 — qq 68: g9 — gg
2-3, 3-4, 4-5, 5-7, 7-9, 9-11, 11-15
15-20, 20-25, 25-35, > 35

STAR Detector Geometry | y2015¢

STAR Software Library SL16d and SL16d embed

DbV20160418 pp2015¢ btof mtd

mtdCalib pp2pp Sti fmsDat fmsPoint

fpsDat BEmcChkStat -evout CorrX
Production Chains OSpaceZ2 OGridLeak3D -hitfilt
DbV20190702 TRG Calibrations
DbV20190702_ EEMC__Calibrations
DbV20191105 EMC Calibrations GeomP16id

QCD subprocesses

Partonic pr Bins (GeV)

Table 3.5: Summary on the Monte Carlo simulation setup.

Partonic pr (GeV) | Generated events
2—-3 12103343
3—4 7862602
4—-5 6739219
5—17 3078767
7—9 2564991
9-11 1727538

11 —-15 826204
15 —-20 601778
20 — 25 391613
25—35 391613

> 35 183386

Table 3.6: The statistics of the produced embedding MC samples.

3.3.2 Data & Monte Carlo Comparison

Same jet reconstruction procedure is applied to the embedding MC samples. In
the embedding MC samples, jets are reconstructed at parton level, particle level, and

detector level, which are explained as the following:
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o Parton level jets: jets are reconstructed from the scatted partons along with
partons from initial-state and final-state radiations. Partons from underlying

events and beam remnant are not included.

« Particle level jets: jets are reconstructed from all the stable particles generated

with the PYTHIA.

o Detector level jets: simulated tracks and energy deposits in the BEMC and
EEMC after detector response are used to reconstruct jets with same procedure

applied in data.

Figure 3.11 shows the comparisons for jet pr, n, ¢, and detector n between data
and embedding MC samples for JP1-type jets. Similar results for JP2-type jets are
shown in Fig.3.12, and results for all JP1-type jets and JP2-type jets are shown in
Fig.3.13, in which the JP1-type jets from embedding MC samples are weighted with
the run-by-run prescaling factor in data. In general, results from data and MC are in

good agreement.
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Figure 3.11: The comparison of jet pr, n, azimuthal angle ¢, and detector n between
data and embedding for JP1 trigger.
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Figure 3.12: The comparison of jet pr, n, azimuthal angle ¢, and detector n between
data and embedding for JP2 trigger.
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Figure 3.13: The comparison of jet pr, n, azimuthal angle ¢, and detector n between
data and embedding for JP1 and JP2 combined.
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3.4 Systematic Effects

3.4.1 Jet pr Correction

As jets are reconstructed with the TPC tracks and energy deposits in the BEMC and
EEMC, detector responses could introduce potential distortion to the jet py. In order
to compare the measured results with theoretical calculations, the reconstructed jet pr
in data need to be corrected back to particle level. The corrections are estimated with
the embedding MC samples mentioned in Sec.3.3. In the embedding MC samples,
particle level jets were reconstructed using the final state stable particles. In each
detector jet pr bin, the average jet pr at particle level is obtained. The differences of
the average jet pr between two levels are applied to data as corrections. To match the
detector and particle level jets and to make sure the 7+ at two levels are the same, the

distance AR in the 7-¢ space between detector level and particle level jets and 7+ are

required:
For jet: AR = \/(ndetector - nparticle )2 + (¢detect0r - ¢particle)2 < 05, (312)
For Wi: AR - \/(ndetector - nparticle )2 + (¢detector - ¢particle)2 < 0.05 (313)

The particle level jets and 7% with smallest AR are associated with the detector
level jets and 7*. The correlation of the jet pr between detector level and particle level
are shown in the left panel of Fig. 3.14 for jet momentum fraction z > 0.2. The middle
panel of Fig. 3.14 illustrates the differences of jet pr between detector level and particle
level jets. The zoomed-in results of the middle panel are presented on the third column
of Fig. 3.14. In Fig. 3.14, the vertical values of the black points indicate average values.
Similarly, the results for jet momentum fraction z > 0.3 are shown in Fig. 3.15. The

article detector

numerical values of the average detector level jet pr shift, App = p7, T , are

summarized in the Tab. 3.7.

3.4.2 Trigger Bias

The jet-patch triggers used in this analysis select high pr jet events based on the
energy deposits inside the BEMC and EEMC, which might introduce potential bias on
the event selection and eventually impact the Ay, measurements. Such trigger bias is

estimated with the embedding MC samples by comparing the calculated Ap; results
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vertical values of the data points in the third column illustrate the average shift of the
detector jet pr.

before and after applying trigger conditions and is applied to the measured Ay as a
correction. In the embedding MC samples, the Ay is calculated for both triggered
and unbiased samples with the following formula:

_ARAS

Arr = WGLL (3.14)
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APT _ pgﬂartide . p%etector ( Ge\/)
T -tagged jets 7w -tagged jets
jet pr (GeV) | 2>02|2>03|2>02|2>0.3

6—7.1 0.97 0.70 1.03 0.81
7.1 -84 0.93 0.80 0.87 0.72
8.4—9.9 1.20 1.06 1.16 1.02

9.9 —11.7 1.10 0.87 1.15 0.94

11.7 - 13.8 1.10 0.90 1.00 0.71

13.8 —16.3 0.98 0.72 0.85 0.60

16.3 —19.2 0.94 0.71 0.78 0.49

19.2 —22.7 0.78 0.56 0.65 0.33

22.7 — 26.8 0.58 0.35 0.48 0.13

26.8 — 31.6 0.14 -0.37 0.19 -0.24

31.6 —37.3 -0.30 -1.00 -0.03 -0.55

Table 3.7: The average detector jet pr shift.

where ary is the partonic asymmetry of the QCD hard scattering, which can be cal-
culated with the perturbative QCD [45]. Af is the helicity distribution and the f is
the unpolarized parton distribution function taken from NNPDF2.3[134]. For helicity
distribution, the results from the NNPDFpoll.1[39] global fit with 100 replicas are
used. For each replica, the difference AAy;, = Ali99ered _ punbiased g calculated in
each detector jet pr bin. In the unbiased sample, the calculated Ay, as a function of
particle level jet pr for each replica is fitted with a third-order polynomial function.
The A}f’ibi““d is taken as the Ay, value at the particle jet pr obtained in Sec.3.4.1
using the fitting function for each detector jet pr bin. The AAj; calculated with the
best-fit helicity distribution (the default one) is taken as the trigger bias. The standard
deviation 0A%Y of the AAp; calculated from 100 replicas is taken as the systematic
uncertainty related to the uncertainties of the helicity distribution. Moreover, the sta-
tistical uncertainties 5A126L5t_f " from the best-fit distribution of the triggered samples is
taken as an additional source of the systematic uncertainty related to the statistics of
the embedding MC samples. The total systematic uncertainty (5Aﬁg from the trigger
bias correction is calculated by adding the above two terms in quadrature. Figure 3.16
shows the estimated Ay for both unbiased samples (left column) and triggered samples

(middle column) and the trigger bias as a function of detector jet pr for jet momentum

fraction z > 0.2. Similarly, the results for z > 0.3 are presented in Fig.3.17. The
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numerical values of the calculated trigger bias and the corresponding systematic un-

certainties are summarized in Tab. 3.8 and Tab. 3.9 for 7'-tagged jets and 7 -tagged

jets, respectively. The systematic uncertainties from the estimation of trigger bias are

one of the dominant systematic uncertainties on the final A;; results.

z>0.2 2>03

jet pr (GeV) | AApy | 6AMY | gAls =Tt | NAp, | gARY | gAbest T
6—7.1 0.0005 | 0.0002 | 0.0001 | 0.0006 | 0.0001 | 0.0001
71—84 | 0.0004 | 0.0001 | 0.0001 | 0.0007 |0.0002 | 0.0001
84—9.9 | 0.0009 | 0.0002 | 0.0001 | 0.0011 | 0.0002 | 0.0002
9.9 —11.7 | 0.0008 | 0.0002 | 0.0002 | 0.0005 | 0.0002 | 0.0002
11.7—13.8 | 0.0013 | 0.0003 | 0.0002 | 0.0012 | 0.0002 | 0.0003
13.8—16.3 | 0.0006 | 0.0002 | 0.0003 | 0.0011 | 0.0002 | 0.0004
16.3 —19.2 | -0.0005 | 0.0004 | 0.0004 | -0.0011 | 0.0004 | 0.0005
19.2 —22.7 | 0.0006 | 0.0004 | 0.0005 | 0.0001 | 0.0003 | 0.0007
22.7—26.8 | 0.0005 | 0.0007 | 0.0006 | 0.0002 | 0.0005 | 0.0008
26.8 —31.6 | -0.0001 | 0.0007 | 0.0009 | -0.0002 | 0.0008 | 0.0011
31.6 —37.3 | 0.0030 | 0.0007 | 0.0013 | 0.0025 | 0.0008 | 0.0017

Table 3.8:

The calculated trigger bias AA;; and the corresponding systematic uncer-
tainties for 7 -tagged jets.

z>0.2 z>0.3
jet pr (GeV) | AApy | 6AMY | gAbs =T\ NAL, | gARY | gAbest T
6—7.1 0.0002 | 0.0001 | 0.0001 | 0.0003 | 0.0001 | 0.0001
71—84 | 0.0000 | 0.0002 | 0.0001 | 0.0001 | 0.0002 | 0.0001
84—9.9 | 0.0002 | 0.0001 | 0.0001 |-0.0001 | 0.0001 | 0.0002
9.9 —11.7 | -0.0001 | 0.0002 | 0.0002 | -0.0001 | 0.0002 | 0.0002
11.7 —13.8 | -0.0002 | 0.0003 | 0.0002 | -0.0007 | 0.0003 | 0.0003
13.8 —16.3 | -0.0008 | 0.0003 | 0.0003 | -0.0014 | 0.0003 | 0.0004
16.3 —19.2 | -0.0012 | 0.0003 | 0.0004 | -0.0009 | 0.0002 | 0.0005
19.2 —22.7 | -0.0008 | 0.0004 | 0.0007 | -0.0017 | 0.0005 | 0.0011
22.7—26.8 | -0.0025 | 0.0008 | 0.0007 | -0.0024 | 0.0007 | 0.0009
26.8 —31.6 | -0.0038 | 0.0011 | 0.0009 | -0.0052 | 0.0012 | 0.0013
31.6 —37.3 | -0.0001 | 0.0005 | 0.0015 | -0.0001 | 0.0007 | 0.0020

Table 3.9:

The calculated trigger bias AA;; and the corresponding systematic uncer-
tainties for 7~ -tagged jets.
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Figure 3.16: Left column: double-spin asymmetry Ay for the unbiased sample as a
function of particle jet pr for all 100 NNPDFpoll.1 replicas. The best-fit result is shown
in red. Middle column: Ay, for the triggered sample as a function of detector jet pr
for all 100 NNPDF1.1 replicas. Right column: trigger bias for all 100 replicas. The
bars show the standard deviation of the AA;; from 100 NNPDFpoll.1 replicas. The
first and the second rows are for 7*-tagged jets and 7~ -tagged jets with jet momentum
fraction z > 0.2, respectively.
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Figure 3.17: Left column: double-spin asymmetry Ay, for the unbiased sample as a
function of particle jet py for all 100 NNPDFpoll.1 replicas. The best-fit result is shown
in red. Middle column: Ay for the triggered sample as a function of detector jet pr
for all 100 NNPDF1.1 replicas. Right column: trigger bias for all 100 replicas. The
bars show the standard deviation of the AA;; from 100 NNPDFpoll.1 replicas. The
first and the second rows are for 7t-tagged jets and 7~ -tagged jets with jet momentum
fraction z > 0.3, respectively.
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3.4.3 Systematic Uncertainties

The systematic uncertainties of the A;; measurements for the 7*-tagged jets in-

clude the following sources:
o Uncertainty from the beam polarization
o Uncertainty from the particle identification

o Uncertainty for the relative luminosity R3

Uncertainty from the trigger bias
e Uncertainty from the underlying event correction

1. Uncertainty from the Beam Polarization As described in Sec. 2.1.3, the rel-
ative uncertainty of the beam polarization is about 6.06%. This uncertainty will con-

tribute to all data points as an overall scale uncertainty.

2. Uncertainty from the Particle Identification (PID) As mentioned in Sec. 3.1.2,
the particle fraction is fitted with different functions. The Ay results have been cal-
culated with the different fitting results and the differences have been taken as the

systematic uncertainties in PID. This part is negligible in this analysis.

3. Uncertainties from Relative Luminosity According to Eq.(3.5), the longi-
tudinal double spin asymmetry of the m*-tagged jet is extracted with the following

formula:

1 NT—RsN~
 PyPg Nt + R;N—’

AL (3.15)

where Nt = Ntt + Nt~ and N* = N~T+ N7, Let f = N*/N~, and the above

equation can be written as:

1 f—Ry

Ar; = 3.16
M PyPp f+ Ry (3.16)
and f can be expressed as:
1+ PyPpArr
= = 1
S =TT B yay, (3.17)
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The uncertainties of Ay, contributed from R3 can be expressed as:

0ALL
A 1

1 2f

~ PyPp(f+ R3)?
11— (PyPpAp)®* ARy
~ PyPy 2 R4

AArL = |

ARs (3.19)

(3.20)

Since Py and Pp are less than 1 and Arp ~ 1072, the term (PyPpArr)? < 1 and
can be neglected. Therefore, the uncertainty of Ay, contributed from the relative

luminosity Rs can be calculated with the following formula:

1 ARj

AA;, = =
L™ P, Pp 2Rs

(3.21)

where ARj3 is the systematic uncertainty of the R3 described in Sec.2.3.3. The calcu-
lated uncertainty contributed from Rj is 0.00076. This uncertainty is shared with each

measured Ay data points.

4. Uncertainties from Underlying Event Correction Similar to Ref.[53], the
contribution from the underlying event correction is estimated with the average spin-
independent underlying event correction (dpr) and the double spin asymmetry AdeLT
of the underlying event correction in data. The AdeLT is calculated with the following

formula:

1 ((dpr)™ + (dpr) ™) — ({dpr) ™™ + (dpr) ™)
Py Pg (<de>++ + <de>__) + (<de>+_ + <de>_+) 7

AP — (3.22)
where, for example, (dpr)*™" is the average underlying event correction for the ‘44
beam helicity configuration. The ACLlpLT is calculated at each jet py bin in a fill-by-
fill basis. Figure3.18 and 3.19 show the calculated fill-by-fill A¥" results. The AT
results as a function of jet pr are presented in the bottom right panels and are fitted
with a constant function. The fitting results have been used to calculated systematic

uncertainties 6 AYVF originating from A%T with the following formula:

Pr?“” (de>ALL do fpm”+ dpr) LpT do_
UE PRI —(dpr) AT anr ¥ P {dpry AT dpr T
O = pReT —(dpr) AT g P4 (dpr) A pT ’ (3.23)
j‘ T dLL o d f T T dL do D
zf&@zn <de>A PT de TVLLn+<de>A PT de
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max

where p®® and pi"" are the upper and lower edge of a jet pr bin. The d‘i%‘T is the unpo-
larized jet cross section, which is taken from next-to-leading-order pQCD calculation
with the CT14 pdf [135]. The numerical values of the estimated AYE are summarized
Tab. 3.10.
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Figure 3.18: The fill-by-fill double spin asymmetry AdeLT of the average underlying
correction for mt-tagged jets with z > 0.2. The asymmetry is fitted with a constant

function marked with red line.

5. Total Systematic Uncertainties The total systematic uncertainties § A1 are
obtained by adding the uncertainties from different sources in quadrature as they are
independent. The numerical values of the systematic uncertainties of each sources
and the total uncertainties assigned to the final A;; measurements are summarized in

Tab. 3.11 and 3.12 for jet momentum fraction z > 0.2 and z > 0.3, respectively.
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Figure 3.19: The fill-by-fill double spin asymmetry AdeLT of the average underlying
correction for 7~ -tagged jets with z > 0.2. The asymmetry is fitted with a constant

function marked with red line.

z>0.2 z>0.3
jet pr (GeV) | SAYF for A7, | SAUF for A7, | SAUF for A7, | SAVF for A7,
6—7.1 0.0018 0.0004 0.0016 0.0005
7.1 -84 0.0015 0.0003 0.0012 0.0004
8.4—19.9 0.0013 0.0003 0.0011 0.0003
9.9 —11.7 0.0011 0.0002 0.0009 0.0003
11.7—-13.8 0.0009 0.0002 0.0008 0.0002
13.8 — 16.3 0.0008 0.0002 0.0007 0.0002
16.3 — 19.2 0.0008 0.0001 0.0007 0.0002
19.2 —22.7 0.0006 0.0001 0.0005 0.0002
22.7 — 26.8 0.0004 0.0001 0.0004 0.0001
26.8 — 31.6 0.0005 0.0001 0.0005 0.0001
31.6 — 37.3 0.0005 0.0001 0.0004 0.0001

Table 3.10: The numerical values of the systematic uncertainty §AYZ from underlying

event correction.
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Systematic uncertainties for the AT,

jet pr (GeV) | Poam | Rs PID SATI | §AUE | §Atotal
6—7.1 6.06% | 0.00076 | 3.1 x107° | 0.0002 | 0.0018 | 0.0020
7.1—-84 6.06% | 0.00076 | 1.9 x107° | 0.0002 | 0.0015 | 0.0017
84-99 6.06% | 0.00076 | 9.6 x107% | 0.0003 | 0.0013 | 0.0015
9.9—-11.7 | 6.06% | 0.00076 | 1.3 x10~° | 0.0003 | 0.0011 | 0.0014
11.7—-13.8 | 6.06% | 0.00076 | 2.1 x107°% | 0.0004 | 0.0009 | 0.0013
13.8—16.3 | 6.06% | 0.00076 | 4.7 x107¢ | 0.0003 | 0.0008 | 0.0012
16.3 —19.2 | 6.06% | 0.00076 | 1.4 x107% | 0.0005 | 0.0008 | 0.0016
19.2 —22.7 | 6.06% | 0.00076 | 8.5 x107¢ | 0.0006 | 0.0006 | 0.0018
22.7—26.8 | 6.06% | 0.00076 | 5.8 x10~° | 0.0009 | 0.0004 | 0.0013
26.8 —31.6 | 6.06% | 0.00076 | 1.4 x10~° | 0.0011 | 0.0005 | 0.0021
31.6 —37.3 | 6.06% | 0.00076 | 5.6 x107° | 0.0015 | 0.0005 | 0.0038
Systematic uncertainties for the AT,

jet pr (GeV) | Poeam | Rs PID SATI | §AUE | §Alotal
6—7.1 6.06% | 0.00076 | 8.1 x107% | 0.0001 | 0.0004 | 0.0009
7.1-84 6.06% | 0.00076 | 1.4 x10~° | 0.0002 | 0.0003 | 0.0008
84—-99 6.06% | 0.00076 | 4.3 x10~7 | 0.0002 | 0.0003 | 0.0008
9.9 —11.7 | 6.06% | 0.00076 | 6.7 x10~¢ | 0.0002 | 0.0002 | 0.0008
11.7 - 13.8 | 6.06% | 0.00076 | 2.2 x10~° | 0.0004 | 0.0002 | 0.0009
13.8 = 16.3 | 6.06% | 0.00076 | 2.0 x10~° | 0.0004 | 0.0002 | 0.0009
16.3—19.2 | 6.06% | 0.00076 | 1.1 x10~° | 0.0005 | 0.0001 | 0.0010
19.2 —22.7 | 6.06% | 0.00076 | 3.1 x107° | 0.0008 | 0.0001 | 0.0016
22.7—26.8 | 6.06% | 0.00076 | 3.4 x10=¢ | 0.0010 | 0.0001 | 0.0013
26.8 —31.6 | 6.06% | 0.00076 | 8.1 x1075 | 0.0015 | 0.0001 | 0.0027
31.6 — 37.3 | 6.06% | 0.00076 | 2.2 x107° | 0.0016 | 0.0001 | 0.0029

Table 3.11: The numerical values of the systematic uncertainties from different sources

and the total uncertainties on the Ay of the m*-tagged jets for z > 0.2.
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Systematic uncertainties for the AT,
jet pr (GeV) | Poam | Rs PID SATI | §AUE | §Atotal
6—7.1 6.06% | 0.00076 | 1.0 x107° | 0.0002 | 0.0016 | 0.0018
71—-84 6.06% | 0.00076 | 6.6 x10~7 | 0.0002 | 0.0012 | 0.0015
8.4—-99 6.06% | 0.00076 | 5.1 x107% | 0.0003 | 0.0011 | 0.0014
9.9 —11.7 | 6.06% | 0.00076 | 2.0 x10=¢ | 0.0003 | 0.0009 | 0.0012
11.7—-13.8 | 6.06% | 0.00076 | 1.1 x10~° | 0.0004 | 0.0008 | 0.0012
13.8—16.3 | 6.06% | 0.00076 | 5.5 x107¢ | 0.0005 | 0.0007 | 0.0012
16.3 —19.2 | 6.06% | 0.00076 | 6.5 x1075 | 0.0007 | 0.0007 | 0.0020
19.2 —22.7 | 6.06% | 0.00076 | 8.2 x10~°% | 0.0008 | 0.0005 | 0.0013
22.7—26.8 | 6.06% | 0.00076 | 3.9 x10~° | 0.0010 | 0.0004 | 0.0014
26.8 —31.6 | 6.06% | 0.00076 | 2.3 x10~> | 0.0013 | 0.0005 | 0.0053
31.6 —37.3 | 6.06% | 0.00076 | 1.2 x10=* | 0.0018 | 0.0004 | 0.0022

Systematic uncertainties for the AT,
jet pr (GeV) | Poeam | Rs PID SATI | §AUE | §Alotal
6—7.1 6.06% | 0.00076 | 1.7 x10~° | 0.0002 | 0.0005 | 0.0009
7.1-84 6.06% | 0.00076 | 2.9 x107° | 0.0002 | 0.0004 | 0.0009
84—-99 6.06% | 0.00076 | 2.1 x107° | 0.0002 | 0.0003 | 0.0009
9.9 —11.7 | 6.06% | 0.00076 | 8.9 x10~" | 0.0003 | 0.0003 | 0.0009
11.7 - 13.8 | 6.06% | 0.00076 | 3.1 x10=° | 0.0004 | 0.0002 | 0.0009
13.8 = 16.3 | 6.06% | 0.00076 | 2.5 x10~° | 0.0005 | 0.0002 | 0.0010
16.3—19.2 | 6.06% | 0.00076 | 4.1 x107°% | 0.0006 | 0.0002 | 0.0010
19.2 —22.7 | 6.06% | 0.00076 | 1.1 x107% | 0.0013 | 0.0002 | 0.0016
22.7—26.8 | 6.06% | 0.00076 | 8.0 x107® | 0.0011 | 0.0001 | 0.0014
26.8 —31.6 | 6.06% | 0.00076 0 0.0017 | 0.0001 | 0.0019
31.6 —37.3 | 6.06% | 0.00076 0 0.0021 | 0.0001 | 0.0026

Table 3.12: The numerical values of the systematic uncertainties from different sources
and the total uncertainties on the Ay of the m*-tagged jets for z > 0.3.
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3.5 Results and Discussions

3.5.1 The impact of the 7 tagging

The impact of the jet momentum fraction z cut on the relative fraction of the hard
QCD sub-processes is studied with the MC samples generated with PYTHIA [128]
by comparing the relative fraction before and after applying the z cut. Figure3.20
illustrates the ratio of the QCD hard scattering subprocess of jets with 7% tagging to
the subprocess for inclusive jets. The contribution from the g-g scattering is suppressed
after applying the z cut, which is not sensitive to the sign of the gluon helicity. The
7 tagging enhances the u-g scattering with jet pr approximately smaller than 25
GeV. The d-g scattering is also enhanced with 7~ tagging with the enhancement up
to 40% at high jet pr. Moreover, the quark-quark scatterings involved with the u
quark and d quark are also enhanced at high jet pr. The enhancements of quark-
quark scattering can increase the sensitivity to the quark helicity distributions. When
raising the minimum z from 0.2 to 0.3, the enhancements and suppression is further
strengthen. Therefore, the measurements of the A;; for the 7*-tagged jets provide

sensitivity to the sign of the gluon helicity distribution.

3.5.2 The A;; results of m*-tagged jets

The measured results of the longitudinal double spin asymmetry for the 7*-tagged
jets with the jet momentum fraction z > 0.2 are presented in Fig.3.21 (left). The bars
represent the statistical uncertainties while the systematic uncertainties are shown in
boxes. Similar results with z > 0.3 are shown in Fig.3.21 (right). In general, the
measured Ay results for 71-tagged jets are positive and increase with increasing jet
pr while there is no clear jet pr dependence for the Ay results of 7~ -tagged jets. The
Ap results of m7-tagged jets are slightly larger than the Ay, results for 7~ -tagged jets.
Their numerical values are summarized in Tab. 3.13 and 3.14 for z > 0.2 and z > 0.3,
respectively. The curves shown on these figures are calculated with the unbiased MC
sample used in the trigger bias estimation (see Sec.3.4.2). The helicity distribution
and the unpolarized PDFs are taken from the NNPDFpoll.1[39] and NNPDF2.3 [134].
The predictions show increasing Ay results for 7™-tagged jets and weak jet pr de-
pendence for m~-tagged jets, which are consistent with the measurements. The y? of

the measured Ay, results of 7 -tagged jets to the predictions are x2, /ndf = 12.6/11
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Figure 3.20: The QCD subprocess ratio of the m*-tagged jets to the inclusive jets as
a function of jet pr. The first row is for 7T-tagged jets and the second row is for
m~-tagged jets.

and x2, /ndf = 13.2/11 for z > 0.2 and z > 0.3, respectively. For the Ay, results of
7 -tagged jets, the x? are x2_/ndf = 9.2/11 and x2_/ndf = 3.9/11 for z > 0.2 and
z > 0.3, respectively. The helicity distribution of gluon in Ref. [39] is positive and our

measurements are consistent with the predictions.

The measured Ay, results are also compared with the predictions using helicity
distribution from JAM22[57], in which the gluon helicity is negative, with the same
unbiased MC sample used in the trigger bias estimation. The comparisons are presented
in Fig.3.22. The left column of Fig.3.22 shows the comparison for jet momentum
fraction z > 0.2 while the right panel illustrates the comparison for z > 0.3. It is clear

that the measured Ay results strongly disfavor the predictions using negative gluon
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Figure 3.21: The longitudinal double spin asymmetry A;; of the m*-tagged jets as
a function of jet pr in /s = 200 GeV proton-proton collisions with jet momen-

tum fraction z > 0.2 (left) and z > 0.3 (right).

The curves are

the predictions

with PYTHIA [128] using the helicity distribution and the unpolarized PDFs from the
NNPDFpoll.1[39] and NNPDF2.3[134], respectively. The bottom panel represents
the difference between A7) and A7, . The bars only count for statistical uncertainties.
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Figure 3.22: The comparison of the measured longitudinal double spin asymmetry Ay,
of T*-tagged jets with the predictions based on PYTHIA [128] using helicity distribu-
tion from JAM22 [57]. The left panel presents the results for jet momentum fraction
z > 0.2 while the right panel shows the results for z > 0.3.
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jet pr (GeV) | A7, | A7, stat. | AT, syst. | jet pp (GeV) | A7, | A7, stat. | AT, syst.
7.7 -0.0072 | 0.0048 0.0020 7.7 -0.0062 | 0.0049 0.0009
8.7 0.0025 0.0031 0.0017 8.6 0.0004 0.0032 0.0008
10.4 -0.0014 | 0.0024 0.0015 10.4 0.0012 0.0025 0.0008
11.8 0.0019 0.0021 0.0014 11.9 0.0004 0.0022 0.0008
13.7 0.0062 0.0024 0.0013 13.6 0.0012 0.0026 0.0009
15.9 0.0050 0.0032 0.0012 15.7 -0.0000 | 0.0034 0.0009
18.5 0.0161 0.0046 0.0016 18.3 0.0053 0.0051 0.0010
214 0.0214 0.0071 0.0018 21.3 0.0190 0.0079 0.0016
24.9 0.0060 0.0121 0.0013 24.8 0.0016 0.0137 0.0013
28.8 0.0246 0.0219 0.0021 28.9 0.0351 0.0252 0.0027
33.4 0.0553 0.0424 0.0038 33.7 0.0376 0.0498 0.0029
Table 3.13: The numerical values of the measured Ay results of the 7*-tagged jets
for z > 0.2.
jet pr (GeV) | A7, | A7, stat. | A7, syst. | jet pp (GeV) | A7, | A7, stat. | AT, syst.
7.5 0.0036 0.0037 0.0018 7.5 -0.0009 | 0.0039 0.0009
8.6 -0.0029 | 0.0040 0.0015 8.6 -0.0002 | 0.0042 0.0009
10.3 0.0035 0.0027 0.0014 10.3 0.0028 0.0029 0.0009
11.8 0.0038 0.0030 0.0012 11.9 0.0015 0.0032 0.0009
13.7 0.0027 0.0036 0.0012 13.6 0.0049 0.0040 0.0009
15.9 0.0046 0.0048 0.0012 15.7 -0.0056 | 0.0053 0.0010
18.5 0.0258 0.0069 0.0020 18.3 0.0012 0.0078 0.0010
214 0.0083 0.0106 0.0013 21.3 0.0096 0.0121 0.0016
24.9 0.0063 0.0177 0.0014 24.8 -0.0020 | 0.0207 0.0014
28.8 0.0827 0.0309 0.0053 28.9 0.0058 0.0370 0.0019
33.5 0.0145 0.0582 0.0022 33.7 0.0203 0.0708 0.0026

Table 3.14: The numerical values of the measured Ay,

for z > 0.3.

3.6 Summary

results of the 7*-tagged jets

This chapter provides details on the first measurements of longitudinal double spin
asymmetry Ap; for the m*-tagged jets in /s = 200 GeV proton-proton collisions,
including jet reconstruction, particle identification, Ay, extraction, estimation of sys-
tematic uncertainties, and the final measurement results. The measured A7, results
increase with increasing jet pr while A7, results is almost independent with the jet pr.
The measured results show that A7, > A7, which are consistent with the predictions
with PYTHIA [128] using the helicity distributions from NNPDFpoll.1 [39] (positive

gluon helicity). However, the measurements strongly disfavor the predictions using the
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helicity distributions from JAM22 [57] (negative gluon helicity). In conclusion, the first
Apr, measurements for the m*-tagged jets are sensitive to the sign of the gluon helicity

distribution and strongly disfavor the negative gluon helicity.
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Chapter4 Longitudinal Double Spin Asymmetry, Ay,
of A, A, K}

The measurements of longitudinal double spin asymmetry, Az, of A, A, K2 can
shed light on the helicity distributions of strange quark and anti-quark, which are poorly
constrained experimentally. In this chapter, the analysis details of the measurements

will be presented.

4.1 Reconstruction of A, A, Kg and V| Jet

4.1.1 Reconstruction of A, A and K

Similar to previous STAR publications [89-90, 136], A, A and K9 are reconstructed
with their following decay channels at STAR:

A=sp+a, A=p+rat, Ke—rt+n (4.1)

Good quality TPC global tracks are selected by requiring the following criteria:

o Track pr > 0.15 GeV
e Number of TPC hits > 14

o Number of TPC hits / number of possible TPC hits > 0.51

The daughter candidates are identified based on their energy loss dE/dx inside the
TPC gas and the charge sign measured by the TPC. For example, charged track will
be identified as a proton or anti-proton candidate if its no(p) (converted from dFE/dzx,
see Eq.(3.2)) is between —3 and 3. A set of topological selection criteria based on
the decay topology (see Fig.4.1), which vary with the py of the A hyperons and K,
were applied to reduce the background. In addition, the selection criteria are divided
into two groups in terms of whether their daughter pions can be matched to a TOF
hit. Figure 4.2 illustrates the reconstructed A candidates under same selection criteria
with pion matched to a TOF hit (panel (a)) and with pion not matched to a TOF hit

(panel (b)). The reconstructed A candidates are much cleaner for the case that pion
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PA  angle between

dca of two
daughters

Figure 4.1: The decay topology of A — p+ 7.

matched to a TOF hit as the much shorter response time of the TOF helps to remove
pile-up tracks. Therefore, the selection criteria are much looser for this case. Table 4.1
and 4.2 summarize the selection criteria for A(A) and K2, respectively. The residual
background fractions are kept at about 10% under the mass peak and are estimated
with the side-band method [89-90, 136]. Figure 4.3, as an example, shows the invariant
mass of the reconstructed A, A and K3 candidates with 1 < py < 8 GeV.
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Figure 4.2: The invariant mass distribution of A candidates under the same selection
criteria. Panel (a) and (b) are the distribution with and without pion matched to a
TOF hit, respectively.
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Figure 4.3: The invariant mass distribution of the reconstructed A, A and K9 candi-
dates with 1 < pr < 8 GeV.

7% matches a TOF hit

pram (GeV/e) <2 2-3 3—4 4—5 5—6 >6
DCA of p(p) to PV >02cm | >0.15cm | > 0.05 cm | > 0.005 cm | > 0.005 cm | > 0.005 cm
DCAof n (nt)toPV | >06cm | >055cm | >05cm | > 0.5cm > 0.5 cm > 0.5 cm
DCA of pr~ (pr™) <07 cm | <065cm| <06cm | <05bem | <045cm | <045 cm
DCA of A(A) to PV <1lcm < 1cm <1cm <1cm <1cm <1lcm
Decay Length > 3 cm >35cm | >3.5cm >4 cm > 4.5 cm > 4.5 cm
cos(7, ) > 0.995 > 0.995 > 0.995 > 0.995 > 0.995 > 0.995
7+ does not match a TOF hit
pra (GeV/e) <2 2-3 3-4 4—5 5-6 > 6
DCA of p(p) to PV | >045ecm | >03cm | >025cm | >02cm | >0.15¢cm | > 0.15 cm
DCAof 77 (nt)to PV | > 0.65cm | > 0.6 cm | >055cm | > 055¢cm | >055cm | > 0.5 cm
DCA of pr~ (pr™) <07cm | <06cm | <055cm| <05cm | <045cm | <045 cm
DCA of A(A) to PV | <055¢cm | < 0.55cm | < 0.6cm | < 0.6 cm < 0.6 cm < 0.6 cm
Decay Length > 7 cm > 7 cm > 7 cm > 8.5 cm > 10 cm > 10.5 cm
cos(7, ) > 0.995 > 0.995 > 0.995 > 0.995 > 0.995 > 0.995

Table 4.1: The topological selection criteria for A(A) reconstruction: the upper sub-
table is for candidates with daughter 7~ (7 ") matched to a TOF hit, and the lower sub-
table is for candidates without 7~ (7+) matched to a TOF hit. Here, “DCA” denotes
“distance of closest approach”, “PV” denotes “primary vertex”, 7 is the displacement
from the primary vertex to the decay vertex of A or A and 7 denotes the momentum

vector of A or A.

4.1.2 Vy Jet Reconstruction

In order to make sure that A hyperons and K¢ are originated from a hard scat-
tering, the reconstructed A, A and K2 are required to be a part of jets. Same jet
reconstruction procedure as described in Sec.3.1.1 is used and the reconstructed A, A
and K9 candidates are included into the input list for the jet reconstruction. Their
daughters are removed from the input list to avoid double counting. Moreover, due

to the annihilation of the anti-proton with the material of EMCs, extra energy will
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7~ matches a TOF hit

pro (GeV/e) <2 2-3 3—4 4-5 5-6 > 6
DCA of 7* to PV | >045cm | >04cm | >035cm | >03cm | > 0.25cm | > 0.15 cm
DCA of ntm~ <0.75cm | <0.65cm | <0.55cm | <05cm | <0.45cm | < 0.35 cm
DCAof K§toPV | <09cm | <09cm | <09cm | <09cm | <09cm | <0.9cm
Decay Length >35cm | >38cm | >42cm | >45cm | >45cm | > 5.5 cm
cos(7, ) >0995 | >0995 | >0995 | >0995 | >0995 | >0.995
7~ does not match a TOF hit
pro (GeV/e) <2 2-3 3—4 4-5 5—6 > 6
DCAof 7¥toPV | >0.7cm | >05cm | >04cm | > 0.35cm | > 0.25 cm | > 0.25 cm
DCA of ntm~ <0b5cem | <0bcem | <0b5cem | <0b5cm | <04cm | <0.35 cm
DCA of K§ to PV | < 0.65cm | <0.65cm | <06cm | <0.6cm | <0.6cm | < 0.6 cm
Decay Length >65cm | >6.5cm | > 6.5cm > 7 cm >75cm | > 10.5 cm
cos(?,?) > 0.995 > 0.995 > 0.995 > 0.995 > 0.995 > 0.995

Table 4.2: The topological selection criteria for Ko reconstruction: the upper sub-table
is for candidates with daughter 7~ matched to a TOF hit, and the lower sub-table is
for candidates without 7~ matched to a TOF hit. Here, “DCA” denotes “distance
of closest approach”, “PV” denotes “primary vertex”, 1" is the displacement from the
primary vertex to the decay vertex of K% and ' denotes the momentum vector of K9

deposits inside the EMCs towers. Figure4.4 illustrates the energy deposits of the anti-
proton daughter in the matched tower (left panel) and in the 3 x 3 towers (right panel)
that surround the matched tower. The energy deposits of proton is also shown as a
comparison. Clearly, anti-proton daughter deposits more energy within 3x3 towers
comparing to energy in single tower, while there is no significant difference for the en-
ergy deposits of proton between single tower and 3 x 3 towers. To correct such effect,
if a anti-proton daughter matched to a EMC tower, the energy deposits in 3 x 3 EMC

tower cluster that surround this tower will be removed.

The reconstructed jets pr after correcting underlying events contributions is re-
quired to be larger than 5 GeV for the Ay, vs pr measurements and same cut is used
in the longitudinal spin transfer Dy ; measurements that will be described in the next
chapter. The jet pr cut is smaller than the cut used in the Ap; measurements for
nt-tagged jets. The cut used here is only to make sure that A hyperons and K$ are
originated from a hard scattering, and the 5 GeV cut is sufficient. Other selection cuts,
listed in Tab. 3.2, are same as the cuts used in the A;; measurements of m*-tagged
jets as described in Sec. 3.1.1. In-jet A hyperons and K are kept for further analysis.

Table 4.3 summarizes the ranges of the side-band regions and mass peak regions for
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each A hyperon and K2 pr bins. The mass peak width of the A hyperons and K2
is nearly independent to the jet pr. Therefore, an overall mass peak and side-band
regions are taken, which are same as the regions for A hyperons and K$ at 3 < pr < 4
GeV. Figure4.5, as an example, presents the invariant mass distributions of the recon-
structed in-jet A hyperons and K¢ candidates with 2 < pr < 3 GeV. The blue-filled
and red-filled areas indicate the regions of the mass peak and side band. The yields
of A hyperons and K3 under mass peak at each pr bins are summarized in Tab.4.4.

Similarly, their yields under mass peak at each jet pr bins are summarized in Tab. 4.5.

One tower 3x3 tower
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i 1.11 < mass < 1.12 4000 Tiiciae 112
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Figure 4.4: The energy deposits for the proton and anti-proton in the matched EMC
tower (left panel) and in a 3 x 3 tower patches (right panel).
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Figure 4.5: The invariant mass distributions of in-jet A hyperons and K2 with 2 <
pr < 3 GeV. The blue-filled and red-filled areas indicate the regions of the mass peak
and side band.
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Table 4.4: The yields of in-jet A hyperons and K¢ under mass peak at each pr bin.

A and A
pr (GeV) | left side-band (GeV) | mass peak (GeV) | right side-band (GeV)
1-2 (1.091, 1.106) (1.111, 1.119) (1.124, 1.139)
23 (1.090, 1.105) (1.110, 1.121) (1.126, 1.141)
3—-4 (1.087, 1.102) (1.109, 1.123) (1.130, 1.145)
4-5 (1.085, 1.100) (1.108, 1.124) (1.132, 1.147)
56 (1.084, 1.099) (1.107, 1.126) (1.134, 1.149)
68 (1.080, 1.095) (1.105, 1.129) (1.139, 1.154)
K2
1-2 (0.423, 0.458) (0.483, 0.511) (0.536, 0.571)
23 (0.424, 0.455) (0.481, 0.514) (0.541, 0.571)
3-4 (0.424, 0.454) (0.478, 0.518) (0.542, 0.572)
15 (0.423, 0.453) (0.480, 0.517) (0.544, 0.574)
56 (0.422, 0.452) (0.477, 0.520) (0.545, 0.575)
68 (0.422, 0.447) (0.474, 0.524) (0.551, 0.576)

Table 4.3: The side-band and mass peak at each py bins.

pr (GeV) A A K
1-2 602058 | 619676 | 1.75x 10°
2-3 481821 | 516345 | 1.15x 10°
3—-4 265544 | 300850 | 628126
4-5 117658 | 134916 | 300045
5—06 51099 | 56853 156938
6—8 34011 | 34045 126004

jet pr (GeV) A A K?

6—7.1 108028 | 130171 | 244954
71—-84 90271 | 89065 | 221759
8.4—-9.9 270639 | 263063 | 708911
9.9 —11.7 | 228075 | 189563 | 638895
11.7 —13.8 | 155529 | 115435 | 471566
13.8-16.3 | 92083 | 61283 | 293334
16.3 —19.2 | 43922 | 27356 | 147971
19.2 —22.7 18855 | 11322 | 65390
22.7—-26.8 | 6662 3680 | 23671

Table 4.5: The yields of in-jet A hyperons and K9 under mass peak at each jet pr bin.

— 76 —



AR KA 2 (8 ST

4.2 A;; Extraction for A, A and Kg

The longitudinal double spin asymmetry Ay, can be extracted with the Eq. (3.5).
In the analysis, the A7% for the A hyperons and the K2 candidates under the mass
peak and AZkLg for the residual backgrounds are extracted separately. The impact of
the residual backgrounds to the final A;; results and the corresponding statistical
uncertainties 0 Ay are corrected with the following formula:
Ay —rATY

1—r 7
VA2 1 (roAY)?

1—r

App = (4.2)

SAL = (4.3)

where r is the residual background fraction under the mass peak, and is estimated
with the side-band method. JA7%” and 5Alzk£1 are the statistical uncertainties from
mass peak and residual background. Figure4.6, as an example, shows the A79" as a
function of A hyperons and K3 pr (first row) and jet pr (second row) for A, A, and
K?. Constant fittings (red lines on Fig. 4.6) are applied to the extracted A7%" and the
numerical values of the fitting results are listed on the figure. The extracted numerical
values of the Ay and the corresponding statistical uncertainties for each pr and jet pr

bins after the background correction are summarized in Tab. 4.6 and 4.7, respectively.
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Figure 4.6: The extracted A7%4" under mass peak. The upper row shows the A79" as a
function of particle pr and the lower row shows the results as a function of jet py. The
left, the middle and the right columns show the results for A, A and K2, respectively.
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pr (GeV) A A K?
1-2 0.0068 £ 0.0048 | —0.0007 £0.0046 | 0.0038 £ 0.0026
2-3 —0.0055 £ 0.0054 | 0.0036 = 0.0051 0.0045 £ 0.0033
3—4 0.0075 £ 0.0071 0.0010 4 0.0066 0.0072 £ 0.0045
4-5 —0.0044 £ 0.0107 | —0.0034 £ 0.0099 | —0.0061 £ 0.0065
5—06 —0.0029 £ 0.0164 | —0.0019 £0.0156 | 0.0206 £ 0.0092
6—8 0.0176 £ 0.0208 0.0321 +£0.0208 | —0.0163 £0.0108

Table 4.6: The numerical values of the extracted Az at each A hyperons and Ko pr
bin after correcting residual background.

jet pr (GeV) A A K?
6—7.1 —0.0098 £+ 0.0115 | —0.0146 £ 0.0103 | 0.0009 % 0.0072
71—-8.4 —0.0207 £ 0.0127 | 0.0170 £0.0127 | —0.0078 £ 0.0076
84—-99 0.0030 £ 0.0074 0.0059 £ 0.0075 0.0008 £ 0.0042
9.9 —11.7 0.0035 £ 0.0081 | —0.0022 £ 0.0090 | 0.0028 £ 0.0045
11.7-13.8 0.0051 £0.0099 | —0.0182 £0.0117 | 0.0141 £ 0.0052
13.8 —16.3 | —0.0065 £ 0.0130 | 0.0396 £ 0.0164 0.0058 £ 0.0067
16.3 —19.2 0.0203 £0.0191 | —0.0172 £0.0249 | 0.0126 £ 0.0096
19.2 —22.7 | —0.0003 £0.0293 | 0.0315 +£ 0.0393 0.0019 £ 0.0146
22.7—-126.8 0.0554 £ 0.0500 0.0011 £ 0.0700 0.0249 £ 0.0248

Table 4.7: The numerical values of the extracted Ay, at each jet pr bin after correcting
residual background.

Similar to the A;; measurements of the 7*-tagged jets, four false asymmetries are
extracted with Eq.(3.8) in Sec.3.2.2. As examples, the extracted asymmetries as a
function of jet pr for the A, A, and K? are presented in Fig.4.7. These asymmetries

are consistent with zero within uncertainties.

4.3 Systematic Effects

4.3.1 Jet pr Correction

Similar to the Ay; measurements of the 7*-tagged jets, the jet pr is corrected back
to particle level. The A hyperons, K5, and jets at detector level and the particle level
are matched with the same cuts illustrated in Eq. (3.12) and (3.13). Figure4.8 (left)
shows the correlations between detector level jet pr and particle level jet pr for A jets
while the differences of jet pr between particle level and detector level are shown in the
middle panel of Fig.4.8. In Fig. 4.8, the vertical values of the blacks points illustrate

the average values. The right column of Fig. 4.8 is the zoomed-in results of the black
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Figure 4.7: False asymmetries for A, A, and K2 as a function of jet pr.

Jjet P, [GeV]

jet P, [GeV]

jet P, [GeV]

points from the middle panel of Fig.4.8. The corrections are estimated for the JP1

(upper row in Fig.4.8) and JP2 (lower row in Fig.4.8) triggers separately and the

average corrections weighted with the corresponding yields of the A, A, and K in data

are treated as the final corrections to the jet pr in data. Similar results for the A jets

and K9 jets are shown in Fig. 4.9 and 4.10, respectively. The numerical values of the

final corrections are summarized in Tab. 4.8.

jet pr (GeV) | A-jets (GeV) | A-jets (GeV) | K2-jets (GeV)

6—7.1 0.19 0.65 1.00
7.1—-84 -0.12 0.33 0.82
8.4—-9.9 0.74 1.13 1.23
9.9 —-11.7 0.37 1.28 1.14
11.7 - 13.8 0.46 0.78 0.92
13.8 —16.3 0.39 1.10 0.73
16.3 —19.2 0.21 1.43 0.50
19.2 — 22.7 0.17 1.05 0.14
22.7 —26.8 0.57 0.12 0.06

Table 4.8: The numerical values of the final detector jet pr correction at each detector

jet pr bin.
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Figure 4.8: Left column: the correlation of the jet pr between detector level and particle
level for A jets. Middle column: the difference pr results between particle level and
detector level. The zoomed-in results of the black points in the middle column are
shown in the right column. The upper row is for the JP1 trigger and the lower row is
for the JP2 trigger. The vertical values of the data points illustrate the average values

at each detector level jet pr bin.
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level for A jets. Middle column: the difference pr results between particle level and
detector level. The zoomed-in results of the black points in the middle column are
shown in the right column. The upper row is for the JP1 trigger and the lower row is
for the JP2 trigger. The vertical values of the data points illustrate the average values
at each detector level jet pr bin.
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Figure 4.10: Left column: the correlation of the jet pr between detector level and
particle level for K2 jets. Middle column: the difference pr results between particle
level and detector level. The zoomed-in results of the black points in the middle column
are shown in the right column. The upper row is for the JP1 trigger and the lower
row is for the JP2 trigger. The vertical values of the data points illustrate the average
values at each detector level jet pr bin.

4.3.2 Trigger Bias

Similar to the Aj; measurements of m*-tagged jets described in Sec. 3.4.2, trigger
conditions might introduce potential bias on the measured A ; results. Same embed-
ding MC sample and estimation method used in 7*-tagged jets Ar; measurements is
applied in this analysis. Details about the estimation method can be found in Sec. 3.4.2.
In this analysis, the trigger bias is estimated for JP1 and JP2 triggers separately. The
final trigger bias is taken as the average values from two triggers weighted with the
corresponding particle yields in data. Figure4.11, as an example, shows the calculated
Arp of K2 as a function of K9 pr for unbiased asymmetries (left column) and biased
asymmetries (middle column). As their name applied, the unbiased asymmetries are
calculated with the MC samples without applying trigger conditions while the biased
asymmetries are calculated with the MC samples after applying trigger conditions.
Their differences are shown on the right column of Fig.4.11. In general, the JP2 in-
troduces larger bias than JP1 and the estimated trigger bias does not dependent on
the K2 pr strongly. Similarly, the results of K9 Ay, as a function of jet py are shown

in Fig.4.12. The numerical values of estimated trigger biases and the related system-
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atic uncertainties for each A hyperons and K2 pr are summarized in Tab.4.9. Similar

results at each jet pr bins are summarized in Tab. 4.10.

Unbiased asymmetries Biased asymmetries Trigger bias (A | biased - A, unbiased)
2, ),

JP1

0O 5 10 12 14 2 4 6 8 101214 9256 51012 14
p, [GeV] P, [GeV] p, [GeV]

Unbiased asymmetries Biased asymmetries Trigger bias (A | biased - A, unbiased)

2 4 6 8 10 12 14
P, [GeV]

Figure 4.11: Left column: double spin asymmetry A;; of K9 for the unbiased MC
sample as a function of K2 pr for all 100 NNPDFpoll.1 replicas. The best-fit result is
shown in red. Middle column: A, for the biased sample as a function of K2 pr for all
100 NNPDFpoll.1 replicas. Right column: the trigger bias AAy; for all 100 replicas.
The bars of the red points show the standard deviation of the AA; .

Unbiased asymmetries Biased asymmetries
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Figure 4.12: Left column: double spin asymmetry Ar; of K3 for the unbiased MC
sample as a function of jet pr for all 100 NNPDFpoll.1 replicas. The best-fit result is
shown in red. Middle column: Ay for the biased sample as a function of jet py for all
100 NNPDFpoll.1 replicas. Right column: the trigger bias AA; for all 100 replicas.
The bars of the red points show the standard deviation of the AA; .
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A A K9

pr (GeV) | AApy | 0ARY | AN =T NAL, | 6ARY | SAYSTT L AAL | SARY | g At
1—-2 [0.0026 | 0.0009 | 0.0004 |0.0032|0.0010 | 0.0004 |0.0034 | 0.0011 | 0.0002
2-3 |0.0032 | 0.0009 | 0.0003 | 0.0035 | 0.0010 | 0.0004 | 0.0030 | 0.0009 | 0.0003
3—4 |0.0024 | 0.0008 | 0.0005 | 0.0030 | 0.0008 | 0.0006 | 0.0025 | 0.0008 | 0.0004
4—5 0.0021 | 0.0009 | 0.0008 | 0.0030 | 0.0007 | 0.0009 | 0.0022 | 0.0007 | 0.0006
5—-6 | 0.0042 | 0.0016 | 0.0014 | 0.0037 | 0.0026 | 0.0013 | 0.0021 | 0.0009 | 0.0009
6—8 |0.0024 | 0.0009 | 0.0015 | 0.0042 | 0.0009 | 0.0016 | 0.0005 | 0.0012 | 0.0009

Table 4.9: The calculated trigger bias AAy;, and the corresponding systematic uncer-
tainties for A, A and K2 at each pr bin.

A A K9
jet pr (GeV) | AApy | 6APY | SAYST0 T AAL, | SARY | ARSI A AL | 6ARY | s ALt T
6-7.1 0.0002 | 0.0002 | 0.0003 | 0.0007 | 0.0002 | 0.0002 | 0.0003 | 0.0002 | 0.0002
71-84 | 0.0008 | 0.0002 | 0.0002 |[0.0004 | 0.0002 | 0.0004 | 0.0002 | 0.0002 | 0.0002
84—9.9 | 0.0009 | 0.0004 | 0.0005 |0.0016 | 0.0006 | 0.0005 | 0.0008 | 0.0004 | 0.0004
9.9 —11.7 | 0.0011 | 0.0005 | 0.0006 | 0.0016 | 0.0005 | 0.0007 | 0.0002 | 0.0003 | 0.0004
11.7—13.8 | 0.0011 | 0.0004 | 0.0006 | 0.0009 | 0.0005 | 0.0008 | 0.0004 | 0.0004 | 0.0005
13.8 —16.3 | -0.0001 | 0.0007 | 0.0010 | 0.0021 | 0.0007 | 0.0011 | 0.0008 | 0.0005 | 0.0006
16.3—19.2 | 0.0029 | 0.0010 | 0.0015 | 0.0017 | 0.0007 | 0.0015 | -0.0006 | 0.0006 | 0.0007
19.2 —22.7 | -0.0001 | 0.0007 | 0.0019 | 0.0057 | 0.0016 | 0.0019 | 0.0015 | 0.0005 | 0.0009
22.7—26.8 | 0.0003 | 0.0009 | 0.0023 | 0.0052 | 0.0017 | 0.0028 | -0.0003 | 0.0007 | 0.0013

Table 4.10: The calculated trigger bias AAy, and the corresponding systematic uncer-
tainties for A, A and K2 at each jet pr bins.

4.3.3 Systematic Uncertainties
In this analysis, four sources of systematic uncertainties are considered:
o Uncertainty from the beam polarization
o Uncertainty from relative luminosity Rj

o Uncertainty in the determination of the residual background fraction for A, A

and K79
o Uncertainties related to the trigger bias estimation

Beam Polarization & Relative Luminosity The same uncertainties from the beam
polarization (see Sec.2.3.2) and the relative luminosity Rj3 (see Sec.2.3.3) are shared
with the m*-tagged jets A;; measurements. The beam polarizations contribute to an
6.06% scale uncertainty and the uncertainty of Rz is 0.00076. These two uncertainties

will contribute to all the data points.
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Residual Background To estimate the uncertainties in the determination of the

residual background fraction, the invariant mass distributions of the reconstructed A

hyperons and K79 are fitted with a Gaussian-+linear function. The residual background

fractions under the mass peak are calculated with the linear function and the Ay is

recalculated with the new residual background fractions. Differences of the Ay results

calculated with side-band method and the fitting method are taken as the systematic

uncertainties Ay; in the determination of the residual background fractions.

The

invariant mass of the A candidates together with fitting function at each jet pr bin, as

an example, is shown in Fig.4.13. The estimated residual background fractions with

side-band method and fitting method are summarized in Tab. 4.11 for each A hyperons

and K2 pr bins and Tab. 4.12 for each jet pr bins.
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Figure 4.13: The invariant mass of the A candidates at each jet py bin. The blue-filled
and the red-filled areas indicate the mass-peak and the side-band regions, respectively.
The linear functions are shown in green line.
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side-band method fitting method
pr (GeV) | A A K? A A K?
1-2 8.9% | 7.6% | 4.1% | 9.2% | 7.9% | 4.4%
2-3 9.3% | 8.2% | 4.0% | 9.6% | 8.5% | 4.5%
3—4 7.6% | 6.8% | 4.5% | 6.8% | 6.0% | 5.0%
-5 7.0% | 6.4% | 4.8% | 6.2% | 5.5% | 5.2%
-6 7.8% | 7.7% | 6.5% | 6.6% | 6.3% | 6.7%
-8 9.4% | 9.5% | 8.8% | 9.1% | 9.1% | 9.0%

S| O &~

Table 4.11: The residual background fractions under mass peak estimated with both
the side-band method and the fitting method at each A, A, and K pr bin.

side-band method fitting method
jet pr (GeV) A A K A A K
6—7.1 9.6% | 8.0% | 5.0% | 10.3% | 8.4% | 5.6%
7.1—-84 9.9% | 9.4% | 4.6% | 10.4% | 9.8% | 5.4%
84-9.9 11.2% | 10.6% | 5.0% | 11.9% | 11.2% | 5.8%
9.9—-11.7 | 11.6% | 12.1% | 5.1% | 12.2% | 12.6% | 5.8%
11.7—-13.8 | 12.0% | 13.4% | 5.4% | 12.6% | 13.8% | 6.1%
13.8 —16.3 | 12.4% | 14.5% | 5.9% | 12.9% | 14.9% | 6.6%
16.3 —-19.2 | 13.4% | 15.6% | 7.0% | 13.6% | 16.1% | 7.7%
19.2 —22.7 | 141% | 16.7% | 8.1% | 13.9% | 16.7% | 8.8%
22.7—-26.8 | 14.9% | 17.8% | 9.7% | 14.5% | 17.7% | 10.2%

Table 4.12: The residual background fractions under mass peak estimated with both
the side-band method and the fitting method at each jet pr bin.

4.4 Results and Discussions

In this section, the measured results of the longitudinal double spin asymmetry Ay,
for A, A and K9 in proton-proton collisions at /s = 200 GeV are presented, which

provide access to the helicity distributions of strange quark and anti-quark.

4.41 Appvs A, A and K2 pr

The first measurements of the longitudinal double spin asymmetry Ay, for the in-
jet A, A and K in the proton-proton collision at /s = 200 GeV as a function of A, A
and K9 pr are presented in Fig. 4.14. The average results over all A, A and K pr are
—0.0006 + 0.0030 +0.0014, —0.0020 4 0.0029 £ 0.0014 and 0.0009 + 0.0017 +0.0014 for

A, A and K72, respectively. There is no clear pr dependence and the measured results
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are consistent with zero within uncertainty. Predictions from MC samples based on
PYTHIA [128] using helicity distributions from the NNPDFpoll.1[39] are compared
and the measurements are consistent with the predictions. The small Ay, results
might indicate small helicity distributions of the strange quark and anti-quark inside
the proton. The numerical values of the measured Ay at each pr bin are summarized

in Tab.4.13
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Figure 4.14: The longitudinal double spin asymmetry Ay; as a function of A, A and
K2 pr in proton-proton collisions at /s = 200 GeV. Predictions from MC samples
based on PYTHIA [128] using helicity distributions from the NNPDFpoll.1[39] are
compared. The results for A and K3 are shifted horizontally for clarity.

pr (GeV) Ap A§L Ang
1-2 0.0041 £ 0.0048 £ 0.0013 | —0.0039 £ 0.0046 4 0.0013 | 0.0004 4= 0.0026 &= 0.0014
2-3 —0.0087 4+ 0.0054 £ 0.0013 | 0.0001 £ 0.0051 £0.0013 | 0.0015 £ 0.0033 & 0.0013
3—4 0.0051 £0.0071 £0.0013 | —0.0020 £ 0.0066 & 0.0012 | 0.0047 4 0.0045 £+ 0.0013
4—-5 —0.0065 £+ 0.0107 £ 0.0014 | —0.0064 £ 0.0099 £ 0.0014 | —0.0083 £ 0.0065 £ 0.0013
5—6 —0.0071 4+ 0.0164 £ 0.0022 | —0.0056 £ 0.0156 £ 0.0030 | 0.0185 £ 0.0092 £ 0.0019
6—8 0.0152 £ 0.0208 £ 0.0022 | 0.0279 £ 0.0208 £ 0.0028 | —0.0167 £ 0.0108 £ 0.0020

Table 4.13: The numerical values of the longitudinal double spin asymmetry Az; and
the corresponding statistical and systematic uncertainties for A, A and K9 at each pr
bin.

4.4.2 ALL VS jet pPr

We also performed the measurement of the Ay, as a function of jet pr. In this

measurement, jets are selected with the same cuts as the Aj; measurements of the
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n*-tagged jets in Sec.3.1.1. Therefore, the jets used in this measurement is mostly
a sub-set of the inclusive jets. By requiring A hyperons or K2 to be a part of jets,
this measurement provides sensitivity to the strange quark and anti-quark helicity
distributions. Figure4.15 shows the measured Ay results as a function of jet pr. The
average results over all jet py bins are 0.0011£0.0036+0.0013, —0.0017+0.00374+0.0013
and 0.0028 4 0.0021 + 0.0011 for jets containing A, A and K9, respectively. No clear
jet pr dependence is observed and the measured Aj; results are consistent with zero
within uncertainties. Predictions from MC samples based on PYTHIA [128] using
helicity distributions from the NNPDFpoll.1 [39] are compared with the measurements
and are consistent with the measurements. The bottom panel of Fig.4.15 represents
the average jet momentum fraction z carried by the A hyperons and K§. Due to
the limitation of the statistics, no minimum z cut is applied. Table4.14 summarizes
the numerical values of the measured results. These first measurements at RHIC are
expected to provide constraints on the helicity distributions of strange quark and anti-

quark.
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0.1:— eA == AN PYTHIA + NNPDFpol1.1
- WA 255 Al PYTHIA + NNPDFpol1.1
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Figure 4.15: The longitudinal double spin asymmetry Ay, as a function of jet py for jets
containing one A, A or K3 in proton-proton collisions at /s = 200 GeV. The jet pp is
corrected back to particle level. Predictions from MC samples based on PYTHIA [128]
using helicity distributions from the NNPDFpoll.1[39] are compared. The bottom
panel presents the jet momentum fraction corrected to particle.
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jet pr (GeV) Azp Alr Aﬁ
6—-7.1 —0.0100 £ 0.0115 £ 0.0011 | —0.0153 £ 0.0103 4+ 0.0012 | 0.0006 £ 0.0072 % 0.0008
7.1—-84 —0.0215 £ 0.0127 £ 0.0015 | 0.0166 £ 0.0127 £ 0.0014 | —0.0080 4 0.0076 %+ 0.0009
8.4—-99 0.0020 +£ 0.0074 £+ 0.0010 0.0044 £ 0.0075 +0.0011 | —0.0000 % 0.0042 £ 0.0009
9.9 —-11.7 0.0024 £ 0.0081 £0.0011 | —0.0038 4= 0.0090 + 0.0011 | 0.0026 4= 0.0045 = 0.0009
11.7—-13.8 0.0040 £ 0.0099 £ 0.0011 | —0.0192 +£0.0117 £ 0.0016 | 0.0137 £ 0.0052 £+ 0.0013
13.8 —16.3 | —0.0065 £ 0.0130 £ 0.0015 | 0.0376 £ 0.0164 £+ 0.0029 0.0051 £ 0.0067 £ 0.0012
16.3 —19.2 0.0174 £ 0.0191 £ 0.0023 | —0.0189 £+ 0.0249 £ 0.0021 | 0.0132 4 0.0096 + 0.0014
19.2 —22.7 | —0.0002 £ 0.0293 £ 0.0021 | 0.0258 £ 0.0393 £ 0.0032 0.0004 £ 0.0146 £ 0.0013
22.7-26.8 0.0551 £ 0.0500 £ 0.0043 | —0.0041 £ 0.0700 £ 0.0033 | 0.0252 £ 0.0248 £ 0.0023

Table 4.14: The numerical values of the longitudinal double spin asymmetry Az, and
the corresponding statistical and systematic uncertainties for jets containing A, A or
K? at each jet pr bin.

4.5 Summary

The analysis details of the first measurements of longitudinal double spin asymme-
try Azp of A, A and K2 in proton-proton collisions at /s = 200 GeV are presented.
The Ay is expected to be sensitive to the helicity distributions of strange quark and
anti-quark, which still remain poor experimental constraints. We measured the A as
a function pr and jet pr for in-jet A hyperons and KY. Predictions from MC samples
generated with PYTHIA [128] using helicity distributions from the NNPDFpoll.1 [39]
are compared with the measurements. The measured results are consistent with the
predictions within uncertainties. The small A, results might indicate small helicity
distributions of strange quark and anti-quark. The first measurements of longitudinal
double spin asymmetry Ay, of A, A and K% will provide further constraints on helicity

distributions of strange quark and anti-quark.
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Chapter 5 Longitudinal Spin Transfer D;; to A and A

The Longitudinal spin transfer Dy, to A and A in proton-proton collisions is ex-
pected not only to be sensitive to the helicity distributions of strange quark and anti-
quark but also can shed light on polarized fragmentation functions. In this chapter,

the analysis details will be presented.

5.1 Dj; Extraction

5.1.1 Extracting D;; via the hyperon weak decay

The weak decay of A(A) guarantees that its polarization Pz, can be measured
experimentally via its decay channel A — p+ 7~ (A — p+ 77)[70-72]. In the rest
frame of A(A), the angular distribution of its decayed daughter proton (anti-proton)
can be expressed as the following equation:

iN AN, *
dCOS 9* = 5 <]_ + OZA(K)PA(K) cos > s (51)

where 6* is the angle between the polarization direction of A(A) and the momentum

of its daughter proton (anti-proton) in the rest frame of A(A). A is the detector accep-
tance, which varies with §* and other variables. Ny is the total number of A(A) that
decay to proton(anti-proton) and 7~ (7 7). The weak-decay parameter a is taken to be
ap = 0.732[32] with ay = —a assuming no CP violation. In the Dy measurement,

the polarization direction is taken to be the momentum direction of the A(A) in the

center-of-mass frame of the proton-proton collisions.

The details about the reconstruction of A hyperons are described in Chapter 4.
In-jet hyperons are used for the Dy, analysis to study the helicity distribution of
strange quark and anti-quark and polarized fragmentation functions. Figure5.1 shows
the 2D distribution of cos@* and the mass of the reconstructed A and A candidates.
Experimentally, the spin transfer Dy is extracted from the asymmetry of the A hy-

peron yields with opposite beam helicity in a small cos8* interval via the following
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Figure 5.1: The 2D distributions of cos#* vs hyperon invariant mass for A.

equation [89-90]:

1 Nt — RN~
Dy, = 5.2
e QAR) Pheam <COS 0*> NT+ RN~ ( )

where N* and N~ are the yields of A hyperons with positive and negative beam helicity,
respectively. Pheam is the polarization of the proton beam and (cos6*) is the average
cos 0* in that bin. In practice, cos#* is equally divided into 20 bins. R is the relative
luminosity estimated with the VPD [109] and the ZDC [110]. The relative luminosities
involved in the Dy measurements are R4, Rs and Rg. Details about these relative

luminosities are in Sec. 2.3.3.

Equation (5.2) can be derived from Eq. (5.1). As its name implies, Dy measures
the spin transfer coefficient from the proton beam to A hyperon. In an other word,
PA(K) = Dr1Pyeam- In a small cos 8* interval, the detector acceptance A can be replaced
with its average value:

[ A(cos0%) N(P, cos0*)d cos 6*

(Alcos 67)) = [ N(P, cos 0*)d cos 6* ’ (5:3)
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where N(P,cosf*) = %(1 + aPcosf*), and P is the polarization of A hyperon.
When the hyperon polarization is P and —P, the hyperon yields in a small cos6*
bin, [cos 07, cos 03], can be obtained by integrating the Eq. (5.1):
* N * * Q 2 nx 2 nx
N(P) = (A(P,cos0"))— 5 {COSQ —cos O] + §P (cos® 5 — cos 91)} (5.4)
Ny
N(—=P) = (A(—P,cos0"))— 5 {cos@ —cosf] — %P (cos® 0 — cos? 0;)} (5.5)
The detector acceptance is independent of the A polarization when the bin width is

small enough. Therefore, P can be obtained by solving the above two equations with

the detector acceptance being canceled out:

P =

N

a{cosf*) N(P)+ N(—P)" (5.6)

Flipping the beam polarization will inverse the polarization of A hyperons. There-
fore, N(P) and N(—P) correspond to the A hyperon yields with positive and negative
beam helicity, respectively. The Eq. (5.2) can be obtained by dividing the beam po-
larization from Eq. (5.6) and the relative luminosity mathcal R in Eq. (5.2) is used to
correct the imbalance of the luminosity in the sampling from different beam helicity.

In the Dy; measurements, only one beam need to be polarized. The single-spin
yields of A hyperons can be obtained by combining the double-spin yields weighted with
the corresponding relative luminosities. At each cos#* bin, the Dy can be extracted

with Eq. (5.7) and (5.8) assuming the polarized beam is blue beam and yellow beam,

respectively.
Dis = ! (N*4/Ry+ N*“/Ro) = (N*/Rs £ N7) )
" aym P (cos %) (N+4 /Ry + N¥= /Rg) + (N~ /Rs + N--) '
Dy — 1 (N*4/Ry+ N°*/Rs) = (N*" /R N7)
" Py {cos ) (N /Ry + N+ /Ro) + (N /Re + N—-)

In this analysis, Dy, is measured as a function of A hyperons pr and jet momentum
fraction z = (pa - pjer)/|Pjer]? carried by A hyperons as measuring Dy, vs z provides
direct probe to polarized fragmentation functions according to Ref. [92].

The residual backgrounds under the hyperon mass peak are estimated with the side-
band method. At each py or z bin, the D79 under the mass peak and the D%’“Lg from

the residual background are obtained by averaging over all cos #* bins. The influence
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of the residual background on the Dy is subtracted with the following equation:

DLL = 4 (59)

where r is the residual background fraction under the mass peak, estimated with the
side-band method. Figure5.2, as examples, presents the D79 as a function of cos 6*
in each pr bins with the blue beam polarized for positive pseudo-rapidity region 0 <
na < 1.2, where 1, is defined as the pseudo-rapidity relative to the polarized beam

direction. Similar results of D74 for A is shown in Fig. 5.3.
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Figure 5.2: The Dj4" of A as a function of cos §* with blue beam polarized in 6 A pr
bins at 0 < ny < 1.2 with respect to the polarized beam.

In principle, the Dy results extracted with blue beam polarized and yellow beam
polarized should be consistent with each other. The final Dy, results are the statistical
average of the results for blue beam and yellow beam. Figure 5.4, as an example, shows
the comparison of the Dy results between blue beam and yellow beam. As we can see
in Fig. 5.4, results between blue beam and yellow beam are consistent. The combined

results for blue beam and yellow beam A and A are presented in Fig. 5.5.

5.1.2 Jet Momentum Fraction Carried by A and A

Theoretical study from Ref. [92] proposed that measuring Dy, as a function of jet
momentum fraction z carried by A hyperons can directly probe polarized fragmentation
functions. Therefore, we performed the first measurement of Dy, vs z. However, due

to detector responses, z calculated with the reconstructed jets and hyperons needs
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Figure 5.3: The Dj%" of A as a function of cos#* with yellow beam polarized in 6 A
pr bins at 0 < ny < 1.2 with respect to the polarized beam.
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Figure 5.4: Comparison of Dy of A for blue beam and yellow beam at 0 < ny < 1.2
with respect to the polarized beam. Panel (a) are the results of Dy, vs hyperon pr and
panel (b) is for Dy, vs z. Results for yellow beam are shifted horizontally for clarity.

correction. In order to compare the measured results with theoretical calculations,
which are calculated at the particle level, z at detector level needs to be corrected
back to particle level in our measurement. The correction is realized with the same
embedding MC samples described in Sec. 3.3. Figure 5.6 illustrates the comparison of
detector level z between data and embedding MC samples. In general, they are in good
agreement. Similar to the jet py correction in the m*-tagged jet A;; measurements,

jets and hyperons at the detector level are associated to their corresponding particle
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Figure 5.5: The Dy, of A and A at 0 < Nacxy < 1.2 with respect to the polarized beam.

Panel (a) is the results of Dy;, vs pr and panel (b) is for Dy vs z. Results for A are
slightly offset horizontally for clarity.

level objects by applying the AR cut on their separation in 7 and ¢ space:

For jet: AR = \/(ndetector - nparticle )2 + (¢detector - ¢particle)2 < 057 (510)

For A(K) AR = \/(ndetector — nparticle )2 + (¢detector — ¢partic1e)2 < 0.05 (511)

The two-step matching procedure is similar to the procedure used in Sec.3.4.1. Fig-
ure 5.7 shows the matching fraction from detector level to particle level. Figure5.8
shows the correlation of detector z and particle z for A and A in the embedding MC
samples. The points indicate the mean values of detector z and particle z, and the
standard deviations of the particle z in each detector z bin are shown in bars. In each
detector z bin, the average particle z is calculated with the matched hyperon and jet.
The differences between the averaged values of detector z and particle z are taken as
the corrections. The corrections are estimated independently for two triggers and the
final corrections are determined by weighting the corrections of each trigger by their

corresponding hyperon yields associated with that trigger in data.

5.1.3 K9 as null check

With the same method as Dy, the ‘spin transfer’ 6, of Kg is extracted with
Eq. (5.2). The decay parameter « Ko is artificially taken to be one as there is no such
parameter for K2. Figure 5.9, as an example, shows the 01, of K2 as a function of cos 6*
at 2 < pr < 3 GeV for blue beam polarized (left panel) and yellow beam polarized
(right panel) with 0 < nkg < 1.2 with respect to the polarized beam. As K? is a spin-0
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Figure 5.6: The comparison of the detector z between data and the embedding.
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Figure 5.7: The matching fraction as a function of detector jet pr from detector level
to particle level.

particle, such ‘spin transfer’ d;, in principle, should be zero. Non-zero results may
indicate some issues of the Dy, extracting method and/or other effects. The extracted

drr results as a function of py and z are shown in Fig. 5.9(a) and (b), respectively. The
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Figure 5.8: The correlation of jet momentum fraction z carried by A (upper panels) and
A (lower panels) at particle level and detector level for two triggers. The red points
show the mean values of detector z and particle z in each bin while the standard
derivations of particle z are presented in bars. The dashed lines at y = x are for
guidance.

results are consistent with zero within uncertainties.

s cosO’ 2 s cos0’ 2
o O v J‘Xz/ndf 1072719 R oLy J‘XQ/ndf 2184719
g .004036 = 0.005549 g 0-0.00725 + 0.005608
5 0.2 = S 0.45 I .
0.1 0.2
0: PR l 1 * 1 dadd F . I
TREAMATIENN NN BRARRAN 0: T
0.1 0.2~ | ‘
-0.2 -0.4F
-0.3- -0.61 I
T S T O S S S AT T S E S S T TS S S S S AT T S S S S
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

* #*
cosO cosO

Figure 5.9: 077, of K2 as a function of cos 6* at 2 < py < 3 GeV for blue beam polarized
(left panel) and yellow beam polarized (right panel) with 0 < 9y < 1.2 with respect
to the polarized beam.

- 96 —



AR KA 2 (8 ST

ey 8, of K3 ok 8, of K3
5 0.08f () t0.08f (b)
0.06F 0.06F
0.04F 0.04F
0.02F . 0.02F .
o2 & ! *: O $ ¢
e L ? %='=i
_002;_ 2/ndf: 7.76/5 i _002:_ ’/ndf; 5.55/5
-0.045 =>0 § 1750037032 0.002110 -0.045 =>0 10001308+ 0.001924
-0.06F 22/ndf: 6.08/5 -0.06F 22/ndf: 4.88/5
~0.08F *n<0{:-0.001123= 0.002092 ~0.08F *n<0 :-0.003188=0.001910
4t o by by by by by | [
L S B

coa by by by by by Ly 1y
0.1 02 03 04 05 06 0.7 038
P, z

Figure 5.10: The dr;, of Ko for both positive and negative n. Panel (a) is the results
of 6., vs pr and panel (b) is for .7 vs z.

5.2 Monte Carlo Simulation

In order to estimate systematic uncertainties in the analysis, a Monte Carlo (MC)
simulation samples are generated with PYTHIA 6.4.28[128]. The generated events
are then passed through the STAR detector simulation software packages based on
GEANT3[129] to simulate the detector response. The simulation setup is mostly same
as the embedding sample used in Sec.3.3. Simulation of the detector response in
the GEANTS is the most time-consuming step in the whole simulation procedure. A
relatively low production rate of A hyperons means that the vast majority of generated
events are useless. To address this issue, we applied a ‘A filter’ to the events generated
by the PYTHIA, which requires at least one A or A produced in a PYTHIA events.
Only events that pass the ‘A filter’ are allowed to enter the detector simulation. The
simulation samples are generated for each hyperon pr bin separately, and at each pr
bin, the partonic scattering pr is divided into 6 bins, i.e. 3-4, 4-5, 5-6, 6-8, 8-15, and
> 15 (GeV). The simulation samples generated at various pr bins are normalized by the
luminosity, determined through events generated in PYTHIA, and the corresponding
hard scattering cross section from PYTHIA. Figure 5.11, as an example, presents the
weighted pr distribution for unbiased (labeled as ‘ZB’) and triggered samples (JP1
and JP2). Figure5.13, as an example, shows the comparison of invariant mass, pr,
azimuthal angle ¢, and the pseudo-rapidity n of A with 2 < pr < 3 GeV between data
and MC. Similar results for A are shown in Fig. 5.12
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Figure 5.11: The weighted partonic scattering pr at 6 A pr

as ‘ZB’) and triggered samples.
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Figure 5.13: The comparison invariant mass, pr, azimuthal angle ¢, and the pseudo-
rapidity n of A with 2 < pr < 3 GeV between data and MC. The background from

data has been subtracted.

5.3 Systematic Uncertainties

In the Dy; measurement, 5 sources of systematic uncertainties are considered,

which are listed below:
o Weak decay parameter
o Beam polarization
o Relative luminosity
« Residual background fraction

o Trigger bias

5.3.1 Weak decay parameter and beam polarization

The weak decay parameter oy = 0.732 &+ 0.014 [32] with ay =

—agx (assuming

no CP violation) corresponds to a relative uncertainty of about 1.9%. This uncer-

tainty contributes to the measured Dy as an overall scale uncertainty. As mentioned
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in Sec.2.1.3, the relative uncertainties of the beam polarization for both blue beam
and yellow beam are 3.0%, and are applied to the measured Dy as an overall scale

uncertainty.

5.3.2 Relative luminosity

In the Dy measurement, the related relative luminosities are Ry, R5 and Rg. The
systematic uncertainties of themselves are listed in Tab. 2.3. Their contributions to the

Dy, can be calculated with the following equation:

0D 0Dy
OR; OR;

(6DLL)* = ) (aaD]%L)?(aRi)sz

i=4,5,6 1<j

where p(R;, R;) is the correlation factor between two relative luminosities, and are

listed below:
p(Ra, R5) = 0.70,  p(R4, Rg) = 0.47,  p(Rs5, Rs) = 0.44

Figure 5.14 shows the correlations between Ry, R5 and Rg. These relative luminosities
are obtained with the STAR VPD [109] and ZDC [110] detectors. The partial deriva-

tives of Dy in terms of Ry, Rs and Rg can be calculated with the following formulas:

0D, —1 1
= S 5.13
OR, 4 Pyeqm (cos 0*) Ry ( )
0Dy, —1 1
= — .14
ORs 4 Pyear (cos 0*) Rs (5.14)
0D —1 1
L _ (5.15)

ORs  4aPyeqm (cos 6*) E

Details about the derivations of these formulas can be found in Ref.[137]. The
calculated systematic uncertainty of Dy from R4, Rs and Rg is 0.0020 for all hyperon

pr and z bins.

5.3.3 Residual background fraction

To estimate the systematic uncertainties due to the determination of the resid-
ual background fraction, the invariant mass distributions of A hyperons are fitted
with Gaussian+linear functions. The residual background fractions under hyperon

mass peak are calculated with the linear function, and the Dy is recalculated with
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Figure 5.14: Correlation between Ry, R5; and Rg.

Eq. (5.9) with the new estimated residual background fraction. The differences be-
tween Dy with the residual background fraction from the side-band method and the
fitting method are the systematic uncertainties contributed from the determination of
the residual background fraction. Same method is used in the measurements of Ay
for A hyperons and K3, described in Sec.4.3.3. Figure5.15, as an example, shows
the invariant mass distributions of the reconstructed A and A together with the fit-
ting functions. The residual background fractions estimated with both the side-band
method and the fitting method are summarized in Tab. 5.1 and 5.2 for 6 pr and 6 z bins
, respectively. Table5.3 and 5.4 summarize the systematic uncertainties from resid-
ual background fractions in the Dy vs pr and Dy vs z measurements, respectively.

These uncertainties are very small and are negligible.

x10° A x10° A

s 140 &)
= 2 140{5
2 120 [ mass peak 3 120 [ mass peak
Q 100 [ side band Q [ side band
— Signal+Bkg 100 — Signal+Bkg
80 — Bkg go — Bkg
60— 60
40+ 40
20— 20
10.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16 10.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16
mass (GeV/c?) mass (GeV/c?)

Figure 5.15: Invariant mass distributions of A and A with 1 < py < 2 GeV.
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A A
pr (GeV) | Side-band method | Fitting method | Side-band method | Fitting method
1-2 8.9% 9.2% 7.6% 7.9%
2-3 9.3% 9.6% 8.2% 8.5%
3—4 7.6% 6.8% 6.8% 6.0%
4—-5 7.0% 6.2% 6.4% 5.5%
5—6 7.8% 6.6% 7.7% 6.3%
6—8 9.4% 9.1% 9.5% 9.0%
Table 5.1: The residual background fraction in 6 pr bins.
A A
z Side-band method | Fitting method | Side-band method | Fitting method
0-0.1 12.8% 13.1% 8.5% 8.9%
0.1-0.2 11.5% 12.1% 10.3% 10.8%
0.2—-0.3 11.8% 12.0% 10.8% 11.1%
0.3—-0.5 9.4% 9.2% 8.3% 8.2%
0.5—0.7 7.5% 7.0% 6.1% 5.8%
0.7-1.0 8.2% 8.7% 6.6% 6.9%
Table 5.2: The residual background fraction in 6 z bins.
0 <ny@ <12 —1.2 <nygx <0
pr (GeV) A A A A
1-2 25x107° [ 26 x107° | 3.6 x 107° | 9.8 x 1077
2—-3 47%x107° [ 1.2x107° | 3.7x107% | 3.6 x 1075
3—4 1.9x107* [ 6.9x107° | 5.8 x107° | 1.6 x 1074
4—5 1.1x107* | 5.0x107% | 4.7x107* | 88 x 107*
5—6 34x107* [ 1.1 x107* ] 9.5 x 107* | 6.7 x 1074
6—8 31x107% | 1.1x107% | 20 x107*| 3.3 x 1074
Table 5.3: The systematic uncertainties of Dy vs pr from residual background.
Njet >0 Njet <0
z A A A A
0-0.1 | 1.1x107*|27x107°|25x107°|9.2x107°
0.1-0.2 [ 1.6 x107° | 9.1 x107° | 1.0 x 107 | 2.2 x 107¢
02-03|54x10°%|11x107%[19%x107%|1.0x107°
0.3—-05 | 1.8 x107° | 1.4 x 107 | 4.6 x 107° | 1.3 x 1075
0.5-0.712x107* | 1.4 x107* | 2.6 x 107* | 3.7 x 107°
0.7-1.0 | 3.8 x107* | 1.2x107* | 54 x 107* | 6.9 x 1075

Table 5.4: The systematic uncertainties of Dy vs z from residual background.
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5.3.4 Trigger bias

As mentioned in Sec. 2.3.1, the jet-patch triggers (JP1 and JP2) used in the analysis
are designed to select high-pr jets. Since they do not directly trigger on A hyperons,
the trigger conditions might introduce a potential bias to the Dj; measurements in
several ways. For example, a distortion can be introduced by the trigger condition on
sampling for different jet momentum fraction z carried by hyperons in the fragmen-
tation process. It can also change the relative fraction of the partonic hard scattering
processes. Moreover, the fraction of the contributions from decay of heavier hyperons
may also be distorted by the trigger conditions. In this analysis, 3 effects of the trig-
ger conditions are estimated with a model from Refs. [81, 83, 138], and they are listed

below:
o The changes of the jet momentum fraction carried by A hyperons.

e The distortion of the fraction of QCD subprocesses and parton flavors in the

fragmentation processes.

o The changes of the fractions between directly produced hyperons and A hyperons

from the decay of heavier particles.

These effects are studied with the MC simulation samples described in Sec.5.2.
The Dpy results from the MC simulation are calculated with a model [81, 83, 138].
The uncertainties introduced by the trigger conditions are evaluated by calculating the
difference of Dy results before and after applying the trigger conditions in the MC

simulation samples.

Dy, model calculation In the factorization framework, the longitudinal spin transfer
Dy, in the proton-proton collision can be written as the convolution of parton distri-
bution functions, partonic scattering cross section and the fragmentation functions.
According to Ref. [81], the polarization Py, of the hyperon H; can be written as the

following;:
Py, =Y th oPE Ry s+ > th 4 P Ri,m, (5.16)
f J

The first term corresponds to the hyperons directly produced from the fragmentation

of the outgoing parton and the second term corresponds to the contributions from the
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decay of heavier hyperons. In Eq.(5.16), the P}q) is the polarization of the outgoing
parton with flavor f. The tg, s is the spin transfer from the outgoing parton to the
hyperon in the fragmentation processes. Ry,  is the fraction of the directly produced
hyperon yields with the parton f being the constituent of the hyperon H;. For the
second term of Eq. (5.16), tgiij is the spin transfer from the decay of H; — H,; + X,
where Py, and Rp, p, are the polarization of the hyperon H; and the fraction of
the yields for hyperon H; from the decay of Hj, respectively. The fractions of different
contributions including contributions from heavier hyperon decay can be obtained from

PYTHIA generator.

The polarization P}I of the outgoing parton f can be calculated with the following

formula:

A 2
pa q(z,Q )D%_)f, (5.17)

T gz, Q?)

where Ag(z, @Q?) is the helicity distribution of parton ¢ and ¢(x, Q?) is the unpolarized
parton distribution function. DqLHf is the spin transfer in the partonic scattering, and
can be calculated with the perturbative QCD. The spin transfer ¢y, s from the outgoing
parton to the final state hyperon is calculated with the SU(6) picture, in which the
spin content of a hyperon from its constituent quarks can be determined by its SU(6)

wave function. Details can be found in Ref. [81].

Systematic uncertainties from the distortion of the z distribution The sys-
tematic uncertainties of this part only contribute to the Dy vs pr results. In each
pr bin, the Dy, from the unbiased and the triggered samples is calculated with the
following formula:

Di, N
Dy = @ (5.18)

where D%, is the theoretical calculation [81] for the i-th z bin. N? is the A hyperon
yields that fall in this z bin from the MC samples. The differences of Dy between
triggered samples and unbiased sample are treated as the systematic uncertainties.
Figure 5.16 shows the z distributions of triggered samples and unbiased samples for
A and similar results for A are shown in Fig.5.17. In general, the z from triggered

samples is smaller than the unbiased results. This is because that the JP1 and JP2
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triggers favor high pr jets, which lead to smaller z for triggered sample. The calculated

systematic uncertainties are summarized in Tab. 5.5.

0 <@ <1.2 —1.2 <nyp) <0
A A A A
pr GeV | JP1 JP2 JP1 Jp2 JP1 Jp2 JP1 Jp2
1-2 | 0.0005 | 0.0006 | 0.0002 | 0.0003 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2—3 | 0.0006 | 0.0008 | 0.0003 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001
3—4 | 0.0017 | 0.0020 | 0.0010 | 0.0016 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4—5 | 0.0041 | 0.0051 | 0.0028 | 0.0042 | 0.0001 | 0.0002 | 0.0001 | 0.0002
5—6 | 0.0054 | 0.0076 | 0.0040 | 0.0068 | 0.0005 | 0.0008 | 0.0004 | 0.0007
6—8 | 0.0052 | 0.0086 | 0.0042 | 0.0068 | 0.0007 | 0.0012 | 0.0006 | 0.0011

Table 5.5: The systematic uncertainties from the distortions of the z distribution for

JP1 and JP2 triggers
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Figure 5.16: The z distributions of A in each pr bins in /s = 200 GeV proton-proton
collisions.

Systematic uncertainties from the distortion parton flavors in the fragmen-
tation The jet patch triggers favor the energy deposits inside the EMCs, which could
distort the relative fractions of different parton flavors in the fragmentation processes.
Correspondingly, the fractions of QCD subprocesses are changed. The subprocesses
fractions and the parton flavor fractions in the fragmentation processes with/with-

out trigger conditions are extracted with the MC samples. With these fractions, we
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Figure 5.17: The z distributions of A in each py bins in /s = 200 GeV proton-proton
collisions.

calculated the Dy results with the model mentioned in Sec.5.3.4. The systematic
uncertainties are obtained by comparing the Dy results before and applying trigger
conditions. Figure5.18 and 5.19 show the QCD subprocess fractions in different hy-
peron pr bins for A and A, respectively. The relative fractions of A and A originating
from different parton flavors are presented in Fig.5.20 and 5.21, respectively. These
fractions are obtained with the MC samples based on PYTHIA. In general, 3 QCD
subprocesses dominate, i.e. gg — g9, q¢ — qg and qq — qq. The qq — qq and
q9 — qg scatterings increase with increasing hyperon pr as quarks carry relatively
larger Bjorken-z of the proton, making it easier to produce higher pr hadrons. As
to the relative fraction in the fragmentation, contributions from gluons dominate at
low pr, and contributions of quarks increase with increasing hyperon pr, especially for
strange quark and anti-quark. The systematic uncertainties for Dy vs pr and Dy vs

z measurements are summarized in Tab. 5.6 and 5.7, respectively.

Systematic uncertainties from the changes of the A hyperons fractions from
decay of heavier hyperons. As jet patch triggers prefer energy deposits in the
EMCs, they could change the relative fractions of A hyperons from the decay of heavier
hyperons. For example, photons produced via the channel 3° — A + ~ and the 7°
produced via 2% — A + ¥ deposit more energy in the EMCs, making the triggers

easier to fire. Such effect can distort the relative fraction of A hyperons. Figure5.22

- 106 —



AR KA 2 (8 ST

n 0.6 ;
0.5 L 0.50

[ eZero Bias — 0.5 *Zero Bias J— — I «Zero Bias #:
0.4 «JP1 A E«JP1 I 0_4:, < JP1

EoeJP2 0.4 . yp2 [ «JP2 :F
08 | < py<2Gev 03> 2 < py<3GeV 03" 3 < p.<4GeV
02 02 0.2F
0.1 o1 01;

S S o

o = o 5 o = ‘ :
%g \%‘ZL% \%?fﬁgg % g0 9g\qq\ 9&91 %q ‘%(ZL‘L - Z%\gg B g bg\q& 9&91 %q \%‘ZL% - {]ﬁ\gg T~ o 99\% Kgi

n 0.7 F
0.6F g o
050 *ZeroBias % 08 . Zero Bias ;#; “F «Zero Bias 3;

FoeJP1 0.5 +JP1 05 «JP1
04 .JP2 ol IP2 04r *JP2

F4<pr<5GeV [ 5<pr<6GeV £
0.3: Pr € i 0a- Pr © 0_3;i
02— 02 —— 02 6 <py<8GeV
o1 o1 0.1

0;9_1*_.@”_4_0_%_@7 0: -1 i ] 0: e i
29 \%%az ~qq 0 T g gsr\)q(7 T g g \Z%‘Lz \%{b’\g Wgo W~ P %9 \Z%ZZ \%{‘7\9 Tgp gy Pg

Figure 5.18: The fractions of A from different subprocesses in each pr bins in /s = 200

GeV proton-proton collisions obtained from MC sample.
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Figure 5.19: The fractions of A from different subprocesses in each py bins in /s = 200

GeV proton-proton collisions obtained from MC sample.

and 5.23 show the fractions of A and A from the direct production and the decay of

different particles, respectively. The calculated systematic uncertainties in each pr bins

and z bins are summarized in Tab. 5.8 and 5.9, respectively.

Total Trigger bias The trigger bias for each trigger is obtained by adding the con-

tributions from each sources. The total trigger bias for the whole dataset is obtained

by weighting the trigger bias of two triggers with their corresponding yields in data.
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Figure 5.20: The fractions of A from different parton flavors in each pr bins in /s = 200
GeV proton-proton collisions obtained from MC sample.
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Figure 5.21: The fractions of A from different parton flavors in each py bins in
GeV proton-proton collisions obtained from MC sample.

s = 200

Table 5.10 summarizes the total trigger bias in Dy, vs pr and Dy, vs 2 measurements.

5.3.5 Total Systematic Uncertainties

As the weak decay parameter, the beam polarization and the relative luminosity

are shared with all kinematic bins for A hyperons, they contribute to an overall sys-

tematic uncertainties. The uncertainties from the residual background fraction and the

trigger bias vary point by point. Different sources of the systematic uncertainties are
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0 <@ <1.2 —1.2 <nyx) <0
A A A A
pr GeV | JP1 JP2 JP1 JP2 JP1 JP2 JP1 JP2
1-2 | 0.0000 | 0.0001 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2—3 | 0.0002 | 0.0002 | 0.0004 | 0.0011 | 0.0000 | 0.0000 | 0.0000 | 0.0000
3—4 | 0.0015 | 0.0023 | 0.0015 | 0.0020 | 0.0002 | 0.0003 | 0.0002 | 0.0003
4—5 | 0.0038 | 0.0054 | 0.0050 | 0.0078 | 0.0007 | 0.0010 | 0.0010 | 0.0016
5—6
6—38

0.0050 | 0.0051 | 0.0083 | 0.0126 | 0.0013 | 0.0013 | 0.0022 | 0.0032
0.0048 | 0.0084 | 0.0044 | 0.0112 | 0.0014 | 0.0025 | 0.0016 | 0.0040

Table 5.6: The systematic uncertainties of Dy vs pr from the changes in the fraction
of QCD subprocesses and parton flavors in the fragmentation.

Njer > 0 Njer < 0
A A A A
z JP1 JP2 JP1 JP2 JP1 JP2 JP1 JP2

0—0.1 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
0.1-0.2 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0001 | 0.0001 | 0.0000 | 0.0000
0.2—0.3 | 0.0001 | 0.0002 | 0.0000 | 0.0000 | 0.0001 | 0.0002 | 0.0000 | 0.0000
0.3—0.5 | 0.0004 | 0.0003 | 0.0002 | 0.0003 | 0.0004 | 0.0005 | 0.0000 | 0.0000
0.5—0.7 | 0.0007 | 0.0011 | 0.0010 | 0.0012 | 0.0005 | 0.0008 | 0.0002 | 0.0001
0.7—1.0 | 0.0022 | 0.0027 | 0.0025 | 0.0036 | 0.0025 | 0.0012 | 0.0015 | 0.0012

Table 5.7: The systematic uncertainties of Dy vs z from the changes in the fraction
of QCD subprocesses and parton flavors in the fragmentation.

0 <@ <1.2 —1.2 <y <0
A A A A
pr GeV | JP1 JP2 JP1 Jp2 JP1 Jp2 JP1 Jp2
1-2 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2—3 | 0.0000 | 0.0000 | 0.0000 | 0.0001 | 0.0000 | 0.0000 | 0.0000 | 0.0000
3—4 | 0.0000 | 0.0000 | 0.0003 | 0.0002 | 0.0000 | 0.0000 | 0.0000 | 0.0000
4-5 | 0.0002 | 0.0004 | 0.0007 | 0.0012 | 0.0001 | 0.0001 | 0.0001 | 0.0001
5—6
6—38

0.0006 | 0.0012 | 0.0009 | 0.0017 | 0.0001 | 0.0002 | 0.0002 | 0.0003
0.0010 | 0.0020 | 0.0009 | 0.0020 | 0.0002 | 0.0004 | 0.0002 | 0.0004

Table 5.8: Systematic uncertainty of Dy vs pr from the changes of feed-down fractions.

independent, and the total systematic uncertainties are calculated by adding them in a

quadratic way. The uncertainties from the relative luminosity dominate at low hyperon
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Njet >0

Njet <0

A

A

A

A

z

JP1

JP2

JP1 JP2

JP1

JP2

JP1

JP2

0-0.1

0.0000

0.0000

0.0000 | 0.0000

0.0000

0.0000

0.0000

0.0000

0.1-0.2

0.0000

0.0000

0.0000 | 0.0000

0.0000

0.0000

0.0000

0.0000

0.2—-0.3

0.0001

0.0002

0.0000 | 0.0001

0.0000

0.0001

0.0000

0.0000

0.3-0.5

0.0000

0.0001

0.0000 | 0.0003

0.0000

0.0000

0.0000

0.0000

0.5-0.7

0.0005

0.0008

0.0002 | 0.0004

0.0001

0.0001

0.0000

0.0000

0.7-1.0

0.0016

0.0030

0.0000 | 0.0015

0.0007

0.0007

0.0000

0.0002

Table 5.9: Systematic uncertainty of Dy, vs z from the changes of feed-down fractions.
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Figure 5.22: The fraction of A from different sources at each pr bins.
0< nA(K) <12 ] -12< nA(K) <0 Njet > 0 Njet < 0
pr GeV A A A A z A A A A
1-2 0.0006 | 0.0003 | 0.0000 | 0.0000 0—0.1 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2—3 0.0008 | 0.0009 | 0.0001 | 0.0001 | 0.1—-0.2 | 0.0001 | 0.0000 | 0.0001 | 0.0000
3—4 0.0028 | 0.0023 | 0.0003 | 0.0002 | 0.2—0.3 | 0.0002 | 0.0001 | 0.0003 | 0.0000
4-5 0.0069 | 0.0081 | 0.0010 | 0.0014 | 0.3—0.5 | 0.0004 | 0.0003 | 0.0010 | 0.0000
5—6 0.0088 | 0.0131 | 0.0015 | 0.0031 | 0.5—0.7 | 0.0012 | 0.0012 | 0.0015 | 0.0002
6—8 0.0110 | 0.0119 | 0.0025 | 0.0037 | 0.7—1.0 | 0.0036 | 0.0034 | 0.0025 | 0.0013

Table 5.10: Total trigger bias for Dy vs pr and Dy vs z measurements.

pr and z while the trigger bias dominates at high pr and z. Table 5.11 summarizes the

total systematic uncertainties for Dy vs pr and Dy vs z measurements.
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Figure 5.23: The fraction of A from different sources at each pp bins.
0< A < 12| —-12< A@E) < 0 Njer > 0 Njer < 0
pr GeV A A A A z A A A A
1-2 0.0021 | 0.0020 | 0.0020 | 0.0020 0—0.1 | 0.0020 | 0.0020 | 0.0021 | 0.0021
2—3 0.0022 | 0.0022 | 0.0020 | 0.0020 | 0.1—0.2 | 0.0020 | 0.0021 | 0.0020 | 0.0020
3—4 0.0034 | 0.0031 | 0.0020 | 0.0021 | 0.2—0.3 | 0.0020 | 0.0021 | 0.0020 | 0.0020
4-5 0.0072 | 0.0084 | 0.0023 | 0.0026 | 0.3—0.5 | 0.0020 | 0.0020 | 0.0020 | 0.0020
5—6 0.0092 | 0.0133 | 0.0031 | 0.0037 | 0.5—0.7 | 0.0023 | 0.0023 | 0.0021 | 0.0021
6—8 0.0112 | 0.0121 | 0.0035 | 0.0043 | 0.7—1.0 | 0.0041 | 0.0039 | 0.0030 | 0.0025

Table 5.11: Total systematic uncertainties for Dy vs pr and Dy, vs z measurements.

5.4 Results and Discussions

With the longitudinally polarized proton-proton data taken at STAR in 2015, we

performed the improved measurement of the longitudinal spin transfer Dy to A and

A as a function of hyperon pr and the first measurement of Dy as a function of the jet

momentum fraction z carried by hyperons. The statistics are about 2—3 times larger

than previously published measurements [90]. The first measurements of Dy, vs z can

provide direct probe to the polarized fragmentation functions [92].

5.4.1 DLL VS pr

The Dy vs hyperon pr measurements cover the pseudo-rapidity —1.2 < n < 1.2

and hyperon transverse momentum 1.0 < py < 8.0 GeV. The pseudo-rapidity 7 is
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divided into two bins, namely positive 1 and negative n with respect to the polarized
beam. The spin transfer Dy is expected to be larger at positive n region. The
measured Dy results as a function of pr are shown in Fig.5.24. The bars represent
the statistical uncertainties while the systematic uncertainties are shown in boxes.
Table 5.12 summarizes the numerical values of the measured Dy;. Comparison of
the Dy, results between this measurement and previous published results [90] with the
data taken in 2009 is illustrated in Fig. 5.25 (a). Results are consistent with each other.
The statistical average of the new measurements and the previous ones are calculated,
with systematic uncertainties taken as their weighted average by the hyperon yields
from different years. The theoretical predictions denoted as ‘LM’ in Ref.[91], which
accounts for Dy with A and A separately and incorporates STAR 2009 results as
input, are generally consistent with the combined Dy results shown in the upper sub-
panel of Fig.5.25 (b). The predictions labeled as ‘DSV’ from Ref. [84, 93] with A and
A combined, are compared with the A 4+ A results in the lower sub-panel of Fig. 5.25
(b). In the ‘DSV’ calculations, 3 scenarios of polarized fragmentation functions [84] are
considered, which remain poorly constrained by experimental data. These scenarios

consider different polarization contributions from quarks to A hyperons [87]:
» scenario 1: only s quark contributes to polarized A

e scenario 2: u and d quarks have same contribution to polarized A but with

opposite sign to s quark

e scenario 3: u, d and s have same contribution to polarized A

Results are consistent with predictions from ‘DSV A + A scen.l’” and ‘DSV A + A
scen.2’. However, the data points lie below the ‘DSV A + A scen.3’ predictions, and
the calculated x? of the combined A + A results to this scenario is x2/ndf = 24.2/5,

which indicates strong disfavor to this scenario.

5.4.2 Dy vs z

The first measurement of longitudinal spin transfer of A and A as a function of
jet momentum fraction z in proton-proton collisions at /s = 200 GeV is shown in
Fig.5.26. The panel (a) and (b) of Fig. 5.26 are for positive and negative jet pseudo-

rapidity 7;e: with respect to the polarized beam, respectively. The average jet pr, as
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Figure 5.24: Longitudinal spin transfer Dy, of A and A as a function of hyperon pr
in proton-proton collisions at /s = 200 GeV. Panels (a) and (b) show the results for
positive and negative n region relative to polarized beam, respectively. The vertical
bars indicate the statistical while the systematic uncertainties are shown in boxes. The
results for A are slightly offset horizontally for clarity.

A A
pr 0 <y <12 —1.2 <nyg <0 0 <npm <12 —1.2 <y <0
1 -2 0.0033 £ 0.0070 % 0.0021 | -0.0090 £ 0.0069 + 0.0020 | 0.0076 £ 0.0067 £ 0.0020 | 0.0019 = 0.0067 % 0.0020
2—3 | 0.0085 & 0.0077 £ 0.0022 | 0.0040 £ 0.0076 & 0.0020 | -0.0015 & 0.0073 £ 0.0022 | 0.0023 £ 0.0073 £ 0.0020
3—41 0.0049 & 0.0100 £ 0.0034 | 0.0033 +£ 0.0099 £ 0.0020 | 0.0163 £ 0.0094 &£ 0.0031 | -0.0199 £ 0.0093 + 0.0021
4—51-0.0014 + 0.0152 £ 0.0072 | 0.0014 £ 0.0150 £ 0.0023 | 0.0161 £ 0.0142 £ 0.0084 | 0.0055 % 0.0141 £ 0.0026
5—6 | 0.0436 £ 0.0234 £ 0.0092 | 0.0457 = 0.0230 & 0.0031 | -0.0332 £ 0.0223 + 0.0133 | 0.0216 £ 0.0220 £ 0.0037
6 —8 | 0.0146 £ 0.0300 £ 0.0112 | -0.0380 £ 0.0293 £ 0.0035 | -0.0269 £ 0.0300 % 0.0121 | 0.0229 £ 0.0297 £ 0.0043

Table 5.12: Numerical values of Dy, vs pr results for A and A in proton-proton col-
lisions at /s = 200 GeV. The first terms of these values indicate the central value of
Dyr. The statistical and systematic uncertainties are shown in the second and third
terms, respectively.

shown in the Fig. 5.26 (c) for each z bin is corrected back to particle level using the em-
bedding MC sample mentioned in Sec. 3.3. The numerical values of the measured Dy,
results are summarized in Tab.5.13. Theoretical predictions ‘KLZ’ from Ref.[92] are

compared with the measurements. Similar to the predictions from Refs. [84, 93], 3 same
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A
z 0 < Njer Njet < 0 0 < Njer Njer < 0

0—0.1 |-0.0150 £ 0.0176 £ 0.0020 | -0.0238 4+ 0.0175 £ 0.0021 | -0.0094 &+ 0.0195 £ 0.0020 | 0.0202 £ 0.0195 + 0.0021
0.1 —0.2 | 0.0031 £ 0.0081 £ 0.0020 | 0.0029 4+ 0.0081 £ 0.0020 | 0.0166 + 0.0083 £ 0.0021 | -0.0062 + 0.0083 £ 0.0020
0.2 —0.3 | 0.0098 + 0.0080 4 0.0020 | -0.0016 £ 0.0080 £ 0.0020 | 0.0152 £ 0.0079 £ 0.0021 | -0.0022 + 0.0079 4+ 0.0020
0.3—10.5| 0.0112 £+ 0.0075 £ 0.0020 | -0.0008 £ 0.0074 + 0.0020 | 0.0014 + 0.0069 £ 0.0020 | -0.0021 + 0.0069 £ 0.0020
0.5—10.7 | 0.0083 £ 0.0139 £ 0.0023 | -0.0046 + 0.0138 £ 0.0021 | 0.0027 + 0.0113 £ 0.0023 | -0.0156 + 0.0113 £ 0.0021
0.7—1.0 | 0.0135 £ 0.0303 £ 0.0041 | -0.0321 £ 0.0298 £ 0.0030 | 0.0100 £ 0.0210 4+ 0.0039 | 0.0232 £ 0.0208 + 0.0025

Table 5.13: Numerical values of Dy, vs 2 results for A and A in proton-proton collisions
at /s = 200 GeV. The first terms of these values indicate the central value of Dyy.
The statistical and systematic uncertainties are shown in the second and third terms,
respectively.

scenarios of the polarized fragmentation functions [87] are also used. The measured re-
sults are consistent with these predictions within uncertainties. The measurements can
provide further constraints on polarized fragmentation functions. More data is needed

to distinguish between different scenarios.

5.5 Summary

This chapter presented the analysis details on the measurements of longitudinal
spin transfer Dy; to A and A in proton-proton collisions at /s = 200 GeV. The
statistics used in the measurements are about 2-3 times larger than the STAR previous
published results [90] using STAR 2009 data. For the Dy vs hyperon p; measurements,
the new measurements are combined with the previous published results[90] using
STAR 2009 data. The combined results are compared with theoretical predictions.
The measurements are consistent with the predictions from Ref. [91]. However, the
measurements strongly disfavor one prediction from Ref. [84], which is based on an
extreme assumption of polarized fragmentation functions that u, d and s quarks have
equal contribution to A polarization. We also performed first measurements on Dy,
as a function of jet momentum fraction z carried by A hyperons, which can directly

probe polarized fragmentation functions [92].
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Figure 5.25: (a): Comparison of Dy as a function of the hyperon pr for positive
n with previously published results using STAR 2009 data [90]. Upper sub-panel of
(b): combined results of Dy for positive n from this measurements and previous
measurements, in comparison with theoretical prediction [91]; Lower sub-panel of (b):
comparison of the combined A + A results with DSV predictions [84]. (c¢) Combined
results of Dy for negative i from this measurements and previous measurements. The

previously published results in panel (a) and the results of A in all panels are slightly
offset horizontally for clarity.
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Figure 5.26: Longitudinal spin transfer Dy as a function of the jet momentum fraction
z carried by the hyperons in proton-proton collisions at /s = 200 GeV. Theoretical
calculations [92] are compared with the measurements. Panels (a) and (b) show the
results for positive and negative 7. relative to polarized beam, respectively. The
average jet pr at corrected to particle level in each z bins is shown in panel (c).
Differences of z values for A and A along the horizontal axis denote their average
z in that bin, not an artificial offset.
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Chapter 6 Summary and Outlook

It has been nearly 100 years since the spin—% nature of proton was revealed. The
surprising results on the proton g; structure function from the EMC Collaboration [9]
in 1988 triggered tremendous progress on the understanding of the spin structure of
proton, which is still a fundamental and challenging question in Quantum Chromo-
dynamics. The helicity distributions of u quark and d quark have been reasonably
constrained well. However, the helicity distributions of strange quark and anti-quark
are still poorly constrained experimentally. The Relativistic Heavy Ion Collider (RHIC)
is the first and only polarized proton-proton collider around the world, which provides
unique opportunities to study proton spin structure. RHIC has confirmed sizable pos-
itive gluon polarization inside the proton. However, the JAM Collaboration recently
proposed that negative gluon polarization may still be allowed [57]. Largest longitudi-
nally polarized proton-proton collision dataset at /s = 200 GeV was taken at STAR in
2015 corresponding to an integrated luminosity of about 52 pb~'. With this dataset,
we performed 3 measurements aiming at understanding the helicity distributions of

gluon, strange quark and anti-quark.
1. Longitudinal Double Spin Asymmetry A;; of 7*-tagged Jets

The first measurements of longitudinal double spin asymmetry A;; for 7*-tagged
jets in proton-proton collisions at /s = 200 GeV are expected to be sensitive to the
sign of the gluon helicity distributions. The measured Ay results of 7"-tagged jets
increase with increasing jet pr, and the Ap; results of 7~ -tagged jets do not show
clear jet pr dependence. The measured Ay results of m™-tagged jets is larger than
the results of 7~ -tagged jets. Predictions with MC samples generated by PYTHIA
are compared with the measurements. In the predictions, the helicity distributions
from the NNPDFpoll.1 [39] (positive gluon helicity distribution) and JAM22 [57] (neg-
ative helicity distribution) are used. Our measurements are consistent with predictions
from NNPDFpoll.1[39]. However, the results strongly disfavor the predictions from

JAM22 [57]. Therefore, our measurements prefer positive gluon helicity.
2. Longitudinal Double Spin Asymmetry A;; of A, A and K3

In this thesis, we report the first measurements of longitudinal double spin asym-
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metry Apz of A, A and K9 in proton-proton collisions at /s = 200 GeV. The Ay, is
expected to be sensitive to the helicity distributions of strange quark and anti-quark,
which are still poorly constrained by experimental data. We measured the Ay as a
function of A hyperon and K9 pr and jet pr. Predictions from MC samples generated
with PYTHIA [128] using helicity distribution from the NNPDFpoll.1[39] are com-
pared with the measurements. Our measurements are consistent with the predictions
within uncertainties. The small Ay, results might indicate small helicity distributions
of strange quark and anti-quark. The measurements will provide further constraints
on helicity distributions of strange quark and anti-quark when included into global

analysis.
3. Longitudinal Spin Transfer D;; of A and A

In polarized proton-proton collisions, longitudinal spin transfer D;; to A and A
are not only sensitive to the helicity distributions of strange quark and anti-quark but
also can shed light on polarized fragmentation functions. Using the proton-proton
collision data taken at STAR in 2015, we performed more precise measurements on
Dy as a function of hyperon py. The statistics are about 2-3 times larger than the
dataset taken in 2009 used in the previous measurements[90]. Two years’ measure-
ments are consistent with each other. The two-year combined results are compared
with model calculations. The results are consistent with the prediction from Ref. [91].
In the predictions from Ref. [84], 3 scenarios of polarized fragmentation functions [87]
are considered. However, our measurements strongly disfavor the prediction based on
scenario 3, in which u, d and s quarks have equal contributions to the A hyperon
polarization. We also performed the first measurements of Dy as a function of jet
momentum fraction carried by A hyperons, which can directly probe polarized frag-
mentation functions. The measurements are compared with model predictions [92],

and are consistent with the predictions within uncertainties.

Much larger longitudinally polarized proton-proton collision dataset of /s = 500/510
GeV taken at STAR (~382 pb™') will allow more precise measurements of Ay and
Dy, with the extension to lower x region. The future frontiers in studying the nucleon
spin structure are the Electron Ion Collider (EIC)[139] in US and the Electron Ion
Collider in China (EicC) [140]. For the gluon helicity distribution, our current knowl-
edge only covers x of about 0.02 < x < 0.4. One of the important goals for EIC is

to measure the gluon helicity at much smaller z region (x ~ 10™*) with much higher
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precision. On the other hand, the kinematic coverage of EicC is mainly located at
sea-quark region, which will provide precise measurements on the spin structure of the
nucleon for sea quarks including the asymmetry between helicity distributions of # and
d quarks and the contribution of the strange quark and anti-quark to the proton spin.
The EIC and EicC cover complementary kinematic regions and will greatly advance

our knowledge on nucleon spin structure in the future.
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