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Abstract

It has been a fundamental and longstanding challenge in particle and nuclear
physics to understand the spin structure of nucleon. In polarized deep inelastic
scattering (DIS) experiments, the nucleon spin structure can be accessed through
the spin-dependent structure function from the polarized cross section. The total
contribution of quark spin has been measured to be about ~25% of the proton spin.
The first flavor separated contributions of quark and anti-quark spin have been
obtained in semi-inclusive DIS experiments with involvement of the fragmentation
functions. Subject to uncertainties of fragmentation functions, the polarized parton
distribution functions (PDFs) of sea quark are still not well constrained compared
o the valance quark.

RHIC, the relativistic heavy ion collider, located at Brookhaven National Lab-
oratory in United States, is the first polarized proton-proton collider in the world.
Taking the advantage of polarized proton-proton collision, RHIC can provide new
insights into the nucleon spin structure, in particular the gluon and sea quark polar-
izations. At RHIC, the production of W= boson in longitudinally polarized proton-
proton collisions is a powerful tool to study the flavor separation of nucleon spin.
The coupling of W bosons to left-handed quarks and right-handed anti-quarks
naturally determines the helicity of the incident quarks. This provides direct sensi-
tivity to the polarized PDFs of sea quarks through the parity-violating longitudinal
single-spin asymmetry, Ay, which is defined as A; = (0, —0_)/(0. + 0_), where
04(—y is the cross section when the polarized beam has positive (negative) helicity.
At leading order, the A; of W* can be directly associated to A@ and Ad, the
helicity dependent PDFs of @ and d quarks.

At STAR, one of the two main experiments at RHIC, the W production is
measured via its leptonic decay based on the topological and kinematic features of
W — ev signal with the Time Projection Chamber, Barrel and Endcap Electromag-
netic Calorimeters. The W — ev event is characterized as an isolated high pr track
pointing to an isolated large energy deposited in the electromagnetic calorimeter.
It is expected that there is a large pr imbalance caused by the undetected neutrino.
Based on these features, the W leptonic decay candidates whose Er spectrum is
expected to peak at ~ 40GeV (Jacobian peak) can be selected out from the large
amount of QCD background.



i

The longitudinal single spin asymmetry as function of the lepton pseudorapid-
ity is extracted from the spin-sorted and charge-separated W= yields. From 2011
(9.4 pb™1) and 2012 (77.4 pb~!) data, STAR measured A¥™ as a function of the
decay lepton pseduorapidity for the first time. While AE‘H is consistent with the
theoretical predictions based on polarized PDFs mainly determined from DIS ex-
periments, A}Y~ for the negative lepton pseudorapidity is systematically larger than
the theoretical predictions which indicates that these data provide new constraints
for Au than previous data from semi-inclusive DIS experiments. The results have
been included into global analysis, and the impact confirms the conclusion with a
more positive Az in the range of 0.05 < x < 0.2. The uncertainties for Az and Ad
are significantly reduced with the new constraints from STAR szi data. The 2013
data sample is much larger than previous years. The measured A%Vi results from
2013 data are in general consistent with these of 2011 and 2012, and the statistical
uncertainties is further reduced by 40%. The quantitative impact will be manifested
after being included in global analysis. The AEVi measurements at STAR provide

unique constraints on the polarized PDFs of the light sea quarks.

Keywords: W boson, proton spin structure, spin asymmetry, RHIC-STAR.
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Chapter 1

Introduction

1.1 Proton Spin Structure

Atom Nucleus Proton

Quarks

and

Gluons

Figure 1.1: Development of “elementary” particle.

During the course of civilization, it has been one of the most ambitious curiosi-
ties to understand what the world is made of. The idea that the world is made of
elementary particles was brought up by ancient philosophers as early as thousands
years ago. For a very long time, atom had been thought to be the elementary
and indivisible unit to build the world. As the first evidence in modern science,
John Dalton found the law of multiple proportions which could be explained by
the atomic theory. In the cathode ray experiment, J. J. Thomson found out the
cathode ray is made of particles which have the mass much lighter than the atom
mass. This was the first time people saw the subatomic structure. In 1909, the fa-
mous Rutherford scattering experiment was directed by one of Thomson’s students,
Ernest Rutherford. By scattering the alpha particles («) at layers of gold foil, the
results indicated that the atom is composed by the nucleus with very small size and
the electrons surrounding it. Subsequently, a series of important discoveries were

made. It was found that the nucleus is composed of protons and neutrons.
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From 1950s, the high energy accelerators were constructed and opened a new
era of particle physics. From the experiments based on accelerators, various parti-
cles were produced and measured in 1950s and 1960s. It was recognized that proton
and neutron were still not the elementary particle but only parts of hadrons. In
1964, the constituent quark model was independently proposed by Gell-Mann |[1]
and Zweig [2], where the smaller particle “quark” was introduced as the component
of hadron based on the flavor-SU(3) symmetry. The naive quark model successfully
categorized hadrons and well estimated their mass and magnetic moment. Accord-
ing to the quark model, proton was thought to be the bound state of uud quarks

as shown in Figure 1.2.

s=0
s=—1
s=-2

(a) s=1/2 Baryon octet (b) s=3/2 Baryon decuplet

Figure 1.2: Quark Model: Ground-state baryons: (8,2) + (10, 4) [3].

1.1.1 DIS Experiments and Parton Distribution Functions

Experimentally, the internal structure of proton can be detected via Deep In-
elastic Scattering (DIS) processes by scattering high energy leptons (e.g. electron,
muon) on hadrons (e.g. proton, neutron) as an extension of Rutherford experiment
to high energy. Detailed discussions of the DIS can be found in many particle
physics text books e.g. Ref. [4]. A thorough review can be found in Ref. [5], [6], and
[7]. As shown in Figure 1.3, electron scatters with proton via virtual photon with
momentum transfer Q? (= —¢?). The cross section can be written as

d*o 402 E"”

0 0
dE,dQ’lab 0 Wy (v, Q7)cos 5t 2W1 (v, Q%)sin 5| (1.1)
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Figure 1.3: Schematic of the Deep Inelastic Scattering process: e +p — e+ X

where () is a phase space term, « is the fine structure constant, E(E’) is the energy
of the incident (scattered) lepton, 6 is the lepton scattering angle, v = E — F’
is the energy loss of the scattered lepton, and Wi (v, Q?) are the proton inelastic
structure functions which depend on both v and Q?. Proposed by Bjorken [8], the
inelastic structure functions only depend on one variable, x = Q*/2Mv, which is
referred as Bjorken-z, at the limitation of Q? — oo and v — co. This is known as

Bjorken scaling. Thus, the structure functions can be written as

Fi(z) = MW(v,Q%), (1.2)
Fy(z) = vWa(v,Q%). (1.3)

This behavior was experimentally confirmed in DIS measurements [9][10], indicating
the point-like constituents inside the proton.

In the quark-parton model [11][12][13], it is proposed that the proton is com-
posed of three kinds of partons, including three valence quarks which carry a large
fraction of proton’s momentum, a collection of quark-antiquark pairs (called “sea”
quarks), and gluon which carries the neutral force between quarks. The model rep-

resents the DIS cross section as the incoherent sum of elastic lepton scattering with
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the effectively free partons. The inelastic structure functions can be expressed as

Fie) = 53 i) (1.4
Fy(z) = mZe?fi(I), (1.5)

where e; is the electric charge of parton with flavor ¢, f;(x) is introduced as the
parton distribution function (PDF) which represents the probabilities of finding a
parton of flavor ¢ carrying a fraction x of the proton’s momentum. There is relation
Fy(x) = 2xF\(x) which is referred to as Gallan-Gross relation [14] holding for the
spin-1/2 of the partons. Based on quark-parton model, the QCD is developed as the
theory which describes the Strong Force mediating the interaction between quarks
and gluons.

The structure functions have been measured by many experiments, e.g. as
shown in Figure 1.4. The PDFs cannot be calculated only in theoretical way [15],
but need to be extracted from experimental data accumulated by DIS experiments
together with the collider experiments which is known as global analysis. Several
groups, e.g. CTEQ [16], MSTW [17], and NNPDF [18], have reported their results
of global analysis. Figure 1.5 shows the next-to-leading order (NLO) PDFs results
from MSTW 2008 at Q? = 10 and 10* GeV?2.
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Figure 1.4: The proton structure function Fy(x,Q?) measurements from various
DIS experiments [3].
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Figure 1.5: MSTW 2008 NLO PDFs at Q? = 10 and Q? = 10* GeV?, where the
bands indicate the uncertainty of 68% confidence level [3].
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1.1.2 Polarized Parton Distributions

Spin, an intrinsic form of angular momentum in Quantum Mechanism, is a
fancy dimension of modern physics. The spin structure of proton is definitely at-
tractive for physicists in both theoretical and experimental areas. Similar with
the unpolarized case, the polarized DIS experiments have also provided plentiful

discoveries. Reviews of polarized DIS experiments can be found in Refs. [19], [20].

Figure 1.6: Schematic of the polarized Deep Inelastic Scattering process: €+ p —
e+ X

For polarized DIS experiments (see Figure 1.6), polarized lepton scattering on
polarized proton, the spin dependent cross section can be discriminated by 11 and
T}, where the single arrow denotes the lepton beam polarization and the double
arrow denotes the proton polarization. The cross section difference between cases
that lepton spin and proton spin are parallel and anti-parallel can be written as

o™ d?c™  4a’E'

0D~ aap — o5 (BT FeostmGi(r,QY) = Q*Gar, QY] (L)

Similar to the unpolarized structure functions Wi o(v, Q%) to Fjo(x) , the polarized
structure functions Gy 2(v, Q%) can be deduced to g;2(z) at the Bjorken limitation

where g;(z) can be expressed in term of the polarized PDFs,
1 _
g(@) =52 el [Afilw) + Afi(@)] (1.7)
The polarized PDFs are defined as

Af(x) =q"(2) — q (2), (1.8)
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where ¢+ (=) represents the parton density for parton with spin parallel (anti-parallel)

to the proton spin.

Figure 1.7: Evolution of our knowledge about proton spin structure.

The results measured from the polarized DIS experiments initiated by Euro-
pean Muon Collaboration (EMC) gave us a big surprise that the total contributions
from quarks and antiquarks spin are very small [21][22]. This is referred to as “pro-
ton spin crisis”. In 1990, Jaffe and Monahar [23] proposed that the proton spin can

be decomposed into four parts as,
1 1
(Sp) = 5= 5A§J+LQ+AG+LQ, (1.9)

where L, and L, donate orbital angular momentum of quarks and gluons respec-

tively and

AY, = /dx(Au(x) + Au(z) + Ad(z) + Ad(x) + As(z) + As(x)), (1.10)
AG = /dxAg(a:), (1.11)

where AY is the total contribution from quark and antiquark spin, AG is the gluon
polarization.

In the past couple of decades, a lot of data have been accumulated. AX has
been well constrained by the inclusive polarized DIS data to be ~ 25%. In addition,
the semi-inclusive DIS experiments have been developed to decompose the flavor
of the quark spin [24], which detect not only the scattered leptons but also one (or

more) hadron(s) additionally. The relevant spin-dependent structure function can
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be written as

o0, Q% 2) = 3% [ARD}(,Q) + AL@DY QY] (112)

where D; f(z,QQ) represent the fragmentation functions which are used to char-
acterize the processes from the scattered partons to the hadronic final states and
z is the momentum fraction that is transferred from the outgoing parton to the
observed hadron. The non-perturbative fragmentation functions are determined
primarily from precision data on hadron production in e*e™ annihilation through
perturbative QCD analysis [25] [26]. As expressed in Equation (1.12), the flavor
separated contributions of quark and antiquark polarization can be accessed from
the weights determined by the fragmentation functions.

Similar to the unpolarized case, the polarized PDFs can be determined via
global analysis. The idea is to extract the universal polarized PDFs entering factor-
ized cross sections by optimizing the agreement between the measured asymmetries
from spin experiments (polarized DIS, SIDIS, and pp scattering) and the theoret-
ical calculations. Several groups performed their global analysis, such as DSSV
[28][29], LSS [30], NNPDF [31][32]. For instance, Figure 1.8 shows the results from
DSSVO08 global analysis based on data from the polarized DIS, semi-inclusive DIS
experiments and some preliminary results from RHIC. The uncertainties for each
polarized PDFs is estimated using an approach of Lagrange multipliers to investi-
gate how x? varies around the minimum as a function of the variable of interest.
In Figure 1.8, it is noted that the total contribution of up and down quarks spin
has been well constrained. However, the flavor separated contributions of the sea
quarks, e.g. Ati(x), Ad(z), still have quite large uncertainties due to the dependence
on the fragmentation functions with limited precision in the semi-inclusive DIS ex-
periments. The gluon polarization, Ag(z), also shows large uncertainty band, and
the contribution is quite small which is based on the early 7° and jet data from
RHIC.

RHIC, as the first polarized proton-proton collider (see Section 2.1), provides
complementary and powerful ways to advance our understanding of the spin and
flavor structure of the proton. Using the longitudinally polarized proton beams,
one can probe the helicity preferences of gluons and flavor separated quarks and
antiquarks. RHIC has completed very successful polarized pp runs both at /s =
200 GeV and 500(510) GeV. The recent RHIC results on the inclusive jet double
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Figure 1.8: Polarized PDFs from DSSV08 global analysis [27].

spin asymmetry (shown in left-hand side of Figure 1.9) have provided the first
evidence of a non-zero gluon polarization [33]. With RHIC results, the global fit
for Ag(z) has been updated which is shown in the right-hand side plot of Figure
1.9. The contribution of gluon polarization shows significant positive value with
comparable magnitude to the quark contribution in the Bjorken-z range x > 0.05.
The W bosons production in polarized proton-proton collisions can access the flavor
decomposition of valance and sea quark spin contributions to proton spin at high

scale (Q? ~ M32,), without the need of fragmentation functions as in semi-inclusive
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Figure 1.9: STAR 2009 Jet Ay, results and the latest DSSV fit results [29].

DIS. Taking the advantage of the V — A feature of weak interactions, the W boson
only couples to left-handed particles and right-handed anti-particles. The helicity
information of interaction quarks and antiquarks are naturally known combining
with the charge of W bosons. This makes W production an unique probe to the

sea quark polarization.

1.2 Probing Sea Quark Polarization via W* Pro-

duction

As mentioned, the production of W* boson in polarized proton-proton colli-
sions at RHIC is a powerful and unique tool to study the spin-flavor structure of the
proton. In pp collision, the W boson is produced via scattering of a quark and an
antiquark from the two scattering protons respectively. Neglecting the contribution
from the quark flavor mixing, W is mainly produced via d +u — W+ and W~ is
mainly produced via v +d — W~.

W boson only couples to left-handed quarks and right-handed antiquarks due
to the V' — A structure of the weak interaction. In Figure 1.10 [34], let us take
Feynman diagrams of the W™ production for example to illustrate how the W

production probes the quark and antiquark polarization. The observable A;, the
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(a) Proton helicity = “+” (b) Proton helicity = “”

£

(c) Proton helicity = “+” (d) Proton helicity = “”

Figure 1.10: Feynman diagrams for W+ boson production in pp collisions, where
the subscript and superscript on the quark indicate the helicity of proton and quark
respectively. Combine (a) and (b) to probe Au(z), while combine (c¢) and (d) to

probe Ad(z). Same logic for W~ production by swapping the flavor u and d [34].

longitudinal single-spin asymmetry, is defined as

ot —o~

4,=-2-7
ot o

(1.13)

where o (07) is the cross section of the W production in pp collisions with one
proton beam helicity positive (negative). In Figure 1.10a and 1.10b, W is produced
from the u quark provided by the polarized beam and the d quark provided by the
unpolarized beam. AE‘” can be extracted from the asymmetry of 1.10a and 1.10b

as, B 3

vt _ U (@)d(xe) —uZ(z1)d(@s) _ Aufzy)
L ui (x1)d(x2) — uZ(xq)d(xs) u(xr)

where Au(x;) is the polarized PDF of u quark as defined in Equation(1.8). For

(1.14)

another case when the polarized beam provides the d quark and the unpolarized

one provides the u quark as shown in Figure 1.10c and 1.10d. Similarly, AE‘H can
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be written as

AW A (x1)u(zs) — dy (z)u(zy)  Ad(zy)

= _ = — i 1.15
T (eulen) + & (eules) (o) 1)
In practice, the Ag” should be the superposition of these two cases
u(z ) ) + d(z1)u(z2)

The W~ production is very similar by just exchanging flavor v and d. Thus,

it is easy to get the A}~ expression from Equation(1.16) as,

- —Ad(xq)u(z2) + Au(z)d(z2)
d(z1)u(zs) + u(@r)d(za)

With respect to the polarized beam, the forward Ws (yy+ > 0) are expected

Ap

(1.17)

predominantly from the u quark provided by the polarized protons and d quark pro-
vided by the unpolarized protons. In this case, AY" becomes —Au(x)/u(x) in the
limitation of g+ > 0. Similarly for backward W+s, AV reduces to Ad(x)/d(z)
at limitation of yy+ < 0. It is just analogous for W~. AY" would become

—Ad(z)/d(x) and Au(z)/u(z) in the cases yy- > 0 and yy- < 0 respectively.

— > —(—1— — > — — > — > )

d @) W) @) d () W) d0) @) w )
——r> w Z (—|::>—W‘Z — > Wt Z .(_::>_W+z
Ve e e Ve e Vg Ve et

Figure 1.11: Helicity conservation in W production and decay, see text for detail
description.

For experimental detection of W production at RHIC, only the leptonic decay
is considered because the hadronic decay is indistinguishably contaminated by the
QCD events. With the non-hermetic detector, the charged leptons are the only
final state which can be detected. It is required to relate the lepton rapidity to the
W rapidity. As mentioned above, W boson only couples to left-handed quarks and
right-handed antiquarks. Thus the polarization of the incident quark and antiquark
are in the same direction. Then the polarization direction of the produced W boson

is perfectly determined to be same with the antiquark momentum direction. For
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the decay, the neutrino (anti-neutrino) from W (W~) must be left-handed (right-
handed). So, the charged lepton prefers to be emitted to the antiquark incoming
direction for W+ and to the quark incoming direction for W~. In pp collision, the
produced W bosons tend to be emitted in the direction of the incoming valance
quark. Thus the direction of lepton from W™ decay tends to be opposite to the
boost of W7, and the direction of lepton from W~ decay tends to be along with
the boost of W™. The helicity configurations of the production decay processes are
illustrated in Figure 1.11.

Figure 1.12 shows the average parton momentum fractions z; » as functions of
the charged leptons’ pseudorapidity n, for W~ (left) and W+ (right) production at
RHIC [35]. There one can find strong correlation between the average x; o and n
for both cases, consistent with above discussion. The relation can be approximately

parameterized by simple formula:

M, M,
(1) ~ —VSVew/Q, (25) ~ TVSVeyl/Z. (1.18)

Considering that pseudorapidity coverage at RHIC (see Chapter 2), || <~2, one
can expect sensitivity to the polarized quark and antiquark distributions in the
region 0.05 <z < 0.4.

0.5

0.4

0.3

<X>

0.2

0.1

0.0 N PRI P PR BN ‘I.\J..J‘..l‘...\JO.D

Figure 1.12: Averages of the momentum fractions z; 5 as functions of the charged
leptons’ rapidity n, for W~ (left) and W (right) production at RHIC [35].

The theoretical frame work has been developed to describe the inclusive lep-
tonic decay of W production at RHIC, where the expected A values are given as

a function of the lepton pseudorapidity. The measurements of A versus the lepton



1.2. Probing Sea Quark Polarization via W* Production 15

pseudorapidity can be directly compared with theoretical predictions [36]. Figure
1.13 shows several theoretical predications which are from a fully ressummation
calculation framework known as RHICBOS [37] and a next-to-leading order cal-
culation known as CHE [35|. The unpolarized and polarized cross sections can be
computed for a given set of input helicity-dependent PDFs. The input PDFs used in
Figure 1.13 are DSSV08 [28] and LSS10 [30]. The Ax?/x* = 2% uncertainty band,
provided by M. Stratmann of the DSSV group, is determined using a Lagrange
multiplier method to map out the x? profile of the global fit [28].

Al

p+tp oW Sef+v

I ¥s=510 GeV 25 < E$ < 50 GaV R
0.5

— -.-. DSSV08 RHICEOS
- -.-..- DSSV08 CHE NLO
L «--- i LSS10 CHE NLO
DSSV08 L0 Ay®iy®= 29% error

P R T T I R TR TR S E T SR S NN T S
-2 -1 0 1 2
lepton n

Figure 1.13: Theoretical predications for W* longitudinal single-spin asymmetry
as function of decay lepton pseudo-rapidity based on PDFs sets DSSVO08 [28] and
LSS10 [30].

From relations shown in Figure 1.11 and the AY™ expressions (Equation(1.16)
and (1.17)), it is easy to find that,

e for A" negative 1 region provides sensitivity to Au/a,

e for A" positive 1 region provides sensitivity to Ad/d,
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e for AEW, negative 7; region provides sensitivity to Au/u,
e for A%ﬁ, positive 7; region provides sensitivity to Ad/d.

This is also reflected in the theoretical predictions. The large uncertainty appears in
the lepton 7 regions sensitive to the antiquark helicity which is poorly constrained.
As highlighted in Figure 1.13, probing the polarizations of @ and d is the main

motivation of W longitudinal single-spin asymmetry measurement at RHIC.

AL
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Figure 1.14: Longitudinal single-spin asymmetry measurement from RHIC run 2009
by STAR [38] (left) and PHENIX [39] (right).

In 2009, the first 500 GeV longitudinally polarized proton-proton run at RHIC,
both STAR [38] and PHENIX [39] successfully performed the first measurement of
longitudinal single-spin asymmetry of W# boson production. Figure 1.14 shows the
results of STAR (left) and PHENIX (right). Although only one data point for W+
and W~ respectively limited by the statistics, the measurements established a new
and direct way to explore the spin structure of the proton using the parity-violating
weak interactions in polarized pp collisions. With the much larger statistics, the
measurements reported in this thesis will provide new insight into the proton spin

structure.

1.3 Thesis Organization

In the previous sections of this chapter, a brief introduction to the nucleon
spin structure is given. Taking the advantage of the weak interaction in polarized

hadron-hadron collisions the W program at RHIC provides unique tool to probe
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the flavor separated spin structure of light quarks. This thesis focuses on the most
important parts of RHIC W program, the measurement of the helicity distribution
of @ and d quarks via the longitudinal single-spin asymmetry, A;. The measure-
ments are based on data collected in 2011, 2012, and 2013 /s = 500(510) GeV
longitudinally polarized pp runs by STAR detector. The organization of this thesis
is as follows. Chapter 2 briefly introduces the experiment setup of the RHIC accel-
erator and the STAR detector, with some detailed descriptions of the sub-systems
relevant to W analysis. The description of the data sample and the MC simulation
sample is provided in Chapter 3. In Chapter 4, the analysis procedure including the
W reconstruction and background study are discussed. Chapter 5 gives the mea-
sured Ay results with comparison between different datasets and between data and
theoretical predications. Constraints on the polarized PDFs of @ and d from the
published 2011 and 2012 results are also shown in Chapter 5. Chapter 6 provides a

conclusion of this analysis.
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Chapter 2
Experiment Setup

The data used for this analysis are taken by STAR, the Solenoidal Tracker at
RHIC, which is one of the two main ongoing experiments at RHIC. In this chapter,
a general introduction to RHIC and STAR is provided, and subsystems related with

this analysis will be described in detail.

2.1 The Relativistic Heavy Ion Collider

2.1.1 Overview

The Relativistic Heavy Ion Collider (RHIC) is the only polarized proton-proton
collider so far, as the one of the heavy ion colliders in the world [40]. Located at
Brookhaven National Laboratory, in Long Island, New York, in United States,
RHIC was designed to collide heavy ions with relativistic speed to investigate the
quark mater thought exist in the very beginning of the university after the Big Bang,
and also collide the polarized protons to study the spin structure of the proton.

RHIC consists of two 3.8 km quasi-circular accelerator/storage rings on a com-
mon horizontal plane, one (Blue Ring) for clockwise and the other (Yellow Ring)
for counter-clockwise beams. It can accelerate and store various beams in bunches,
including polarized proton with collision energy /s up to 510 GeV, and different
heavy ions with wide collision energy from few GeV to 200 GeV. As shown in Figure
2.1, the RHIC complex is composed of a long “chain” of particle accelerators [41],
the linear accelerator (LINAC), the Booster Synchrotron, the Alternating Gradient
Synchrotron (AGS), the AGS to RHIC (AtR) transfer line, and two RHIC rings.
There are four interaction region located at 2, 6, 8, and 10 O’clock respectively.
Among them, only the two main experiments, STAR at 6 O’clock and PHENIX at

8 O’clock, are now running.
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Figure 2.1: RHIC complex.

2.1.2 Polarized Proton Acceleration

For polarized protons, RHIC uses an optically pumped polarized H~ source
(OPPIS) constructed at TRIUMF from KEK OPPIS source [42]. Polarized H~
source produces 9 x 10! polarized H~ in 300us pulse with a current of 500 pA
with 80% polarization. Leaving from the source, these H~ ions are accelerated to
200 MeV with an RFQ (radio-frequency quadrupole) and the 200 MHz LINC. Then
the pulses are strip-injected into the Booster Synchrotron where the H~ ions are
stripped off to polarized protons in bunches with 4 x 10! in each one. Then, the
proton bunches are transferred to AGS and accelerated to ~25 GeV. Out from AGS,
the polarized proton bunches are filled into RHIC rings via the AtR. At RHIC, the
bunches are finally accelerated to the work energy, e.g. 100 GeV or 255 GeV, and
stored for collision. For each RHIC ring, there are 360 RF buckets. For every three
buckets, only one of them is filled with a bunch and the others are kept empty for
spacing requirement between bunches. Each ring can store 120 bunches in total
although experimentally only ~111 of them are filled while ~9 of them are left for
the so-called abort gaps. It is denoted as a “fill” for each time that the bunches
are injected, accelerated, stored and collided. “Fill” is a basic “unit” for the data
taking, usually lasting for about 10 hours at the full energy, e.g. 500 GeV.

It is known that charged particles can be accelerated by electronic field in
longitudinal direction and kept in a circular orbit by magnetic field in transverse

direction. However, it will be a big challenge if the accelerated particles are polarized
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and need to maintain a stable polarization direction while being accelerated to high
energy. The spin vector evolution of polarized proton beams in magnetic fields such
as RHIC circular accelerator can be described by the Thomas-BMT equation [43],

—

% - ,yimﬁ x [GVEL +(1+ G)én] , (2.1)
where P is the polarization vector, G = 1.7928 is the anomalous magnetic moment
of proton, and B () is the magnetic field component perpendicular (parallel) to the
particle momentum. In principal, the transversely polarized proton should not lose
its polarization if its spin direction aligns with the vertical magnetic field in circular
accelerator where EII =0and B, x P = 0. But in practice, the possible mis-
alignment can lead to the precession of number G~ in each orbital revolution, and
there is imperfection which can cause a horizontal magnetic field component and
perturb the polarization direction. This kind of perturbations are expected to be
random and can be canceled out by themselves. However, the polarization points
to same direction when it arrives same perturbing position. Then, the so called
depolarizing resonance occurs. To fix this problem of depolarization, a powerful
device named “Siberian Snake” was designed by former Soviet Union scientists and
installed at RHIC [44]. The Siberian Snakes is composed of a string of helical
dipole magnets and can rotate the proton spin direction by 180°, from up to down
or from down to up. A pair of such devices are installed on each ring on opposite
sides as indicated in Figure 2.1. In this way, the periodic perturbations can be
canceled out and the polarization direction are maintained. In addition this is
energy independent.

With 4 sets of the Siberian Snakes, the transversely polarized proton beams
can be accelerated and stored in RHIC rings. But for physics goal in many scenarios
(e.g. the W A, measurement in this analysis), longitudinal polarization is needed
for the colliding beams. Another device, spin rotator [45], is implemented before
the beams going into the collision region. The spin rotator is similar with the
Siberian Snake, consisting of a series of helical dipole magnets. It can rotate the
polarization direction by 90° from transverse to longitudinal or from longitudinal to
transverse. For both STAR and PHENIX experiments, and for both blue and yellow
rings, 4 pairs of spin rotators are installed just at the locations before and after the

interaction regions. With all of them on, the beams will collide with longitudinal
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polarization and back to transverse in storage rings.

2.1.3 Polarimeter

For physical measurements, the beam polarization value is usually a very im-
portant parameter. At RHIC, the measurement of beam polarization is performed
by two different types of polarimeters, the proton-Carbon (pC) polarimeter [46]
and the hydrogen gas jet (H-Jet) polarimeter [47]. Both of them are based on the

principle of transverse spin asymmetry measurement,

N — Ng

en = PAy = 5
L R

(2.2)

where Ay and ey is the transverse spin asymmetry and the raw asymmetry respec-
tively, P is the polarization of the beam or the target, Ny (g) is the number of events

detected at the left (right)-side detector with respect to the beam direction.

Silicon Sensors

Carbon Ribbon
Target

Figure 2.2: Schematic geometry layout of proton-Carbon polarimeter.

The proton-Carbon polarimeter is based on the elastic proton-Carbon scatter-
ing in Coulomb-Nuclear Interference (CNI) region by inserting a very thin Carbon
fixed target into the beams, and measuring the left-right asymmetry of the recoil
carbon nuclei. Figure 2.2 shows a schematic of the pC polarimeter. There are six
silicon strip detectors surrounding the scattering region. It is placed at 12 O’clock
of RHIC also indicated in Figure 2.1. With the large cross section, it is a fast
polarimeter which can take enough statistic for one measurement in one minute.

Usually, the pC polarimeter is inserted into the proton beams at the beginning/end
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of each fill, and every 3 hours during the data-taking. The transverse spin asym-
metry Ay for the proton-Carbon elastic scattering is not well known. The results
from pC polarimeter only give the relative values of the beam polarization and the

time dependence (reducing as time) for each fill.

atomic

beam
18.5mm —> ‘e
27.5mm— e
_ ©=0.204rad
ifsizi RHIC beam Si #GI
Left-side | | Right-side
flange t H flange

8.5mm —> i€e—

800 mm
(From scattering chamber
center to the flange)

Figure 2.3: Schematic geometry layout of H-Jet polarimeter.

The absolute polarization values are measured by the hydrogen gas jet po-
larimeter which is based on the elastic proton-proton scattering in the CNI region.
Figure 2.3 shows the schematic layout of H-Jet polarimeter. Since the beam and
target are identified, the polarization of proton beam can be directly described by
the target polarization which can be measured by the Breit-Rabi polarimeter. As
complementary to the pC polarimeter, the analyzing power of pp elastic scattering
in CNI region can be well measured by the H-Jet polarimeter. Combining these
two polarimeters by normalizing the results from pC by the H-Jet results, the fill
by fill beam polarization results can be obtained. The results for run by run are
reported at Reference [48]. On average, the beam polarization is about 55% for 500
GeV and 60% for 200 GeV proton-proton runs at RHIC.

2.2 STAR — the Solenoidal Tracker at RHIC

STAR, the Solenoidal Tracker at RHIC [49], is one of the two main detec-
tors (another one is PHINEX [50]) at RHIC. As indicated in Figure 2.1, STAR is
located at 6 O’clock position of RHIC ring with a large acceptance covering the

full azimuthal (27) within a wide pseudo-rapidity range (—1 < n < 1) at barrel
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Figure 2.4: STAR detector overview.

region, and effectively extended by the forward subsystems. STAR can measure
many observables simultaneously to study the signatures of a possible quark-gluon
plasma (QGP) in heavy ion collisions and the nucleon spin structure in the polarized
proton-proton collisions. The large acceptance makes it well suited for correlation
measurements. Figure 2.4 is the schematic view of STAR detector and Figure 2.5
shows its cut view. STAR is a large system with many subsystems. The main parts

are listed below.

e TPC, the Time Projection Chamber, covering pseudorapidity rang |n| < 1.3

BEMC, the Barrel EM Calorimeter, covering range |n| < 1.0

EEMC, the Endcap EM Calorimeter, covering range 1.086 < |n| < 2.0

TOF, the Time Of Flight detector

MTD, the Muon Telescope Detector

HFT, the Heavy Flavor Tracker

FMS, the Forward Meson Spectrometer

BBC, the Beam Beam Counter
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e ZDC, the Zero Degree Calorimeter

Among them, the core of STAR is the TPC which is the main reason of STAR
named as the solenoidal tracker. Some of the subsystems, e.g. TOF, MTC, and
HFT are mostly designed for heavy ion physics. In this section, detailed descriptions
will be given only for the detectors used in this analysis, TPC, BEMC and EEMC.

[mTD] Barrel EMC
Barrel TOF \ / Endcap EMC

'fm |

FMS

o™ = (1]
L 1111
DAQ1000
HLT
HFT FGT

Figure 2.5: STAR detector cut view with the subsystems.

2.2.1 TPC — the Time Projection Chamber

Shown in Figure 2.6, the Time Projection Chamber (TPC) [51] is the most
important subsystem and the primary tracking device of STAR detector. The TPC
records the trajectories of charged particles, and provides the momentum and charge
sign information based on the trajectories, and provides the particle identification
based on their energy loss in the gas.

The TPC consists of a 4.2 m long drift volume filled with gas, with an inner
radius of 50 cm and an outer radius of 200 cm which covers pseudorapidity range
In| < 1.3 and the full azimuthal angle around the beam-line. The magnetic field
is 0.5 T (full) and parallel to the beam pipe supplied by the solenoidal magnet
surrounding the TPC [52]. The charged particles pass through the working gas, P10
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Figure 2.6: Structure of STAR Time Projection Chamber [51].

(90% argon and 10% methane) which is introduced in detail in Reference [53], and
ionize with secondary electrons on its path. With the electric field on, the ionization
electrons drift to the end caps to be collected by the readout system. The readout
system used by TPC is based on the Multi-Wire Proportional Chambers (MWPC)
with the readout pads [54]. In Figure 2.6, it can be seen that the readout system
is segmented into 12 sectors in each end, and further into inner and outer parts
for each sector. The readout pads are elaborately segmented and can provide high
precision transverse position, in x — y plane (x,y, z are indicated in Figure 2.6).
Figure 2.7 shows a full sector of the anode pad plane. Compared with the full pad
rows in outer sector, there are space between pad rows in inner sector. A program
is ongoing to upgrade the pad planes of inner sectors to the same row density as
outer sectors [55]. The z position is measured from the drift time of the ionization
electrons where the drift velocity can be well calibrated by a laser system [56].
The tracks are reconstructed from the hits with 3-D positions and subsequently
the momentum information can be extracted from the track parameters. The ver-
tex finding is based on the tracks provided by TPC. The tracks are extrapolated to
the beam-line and the points pointed by multi-tracks are accepted as vertex with

some algorithms. The vertex position along the beam-line is expected to distribute
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Figure 2.7: The anode pad plane with one full sector [51].

normally around the center of STAR with a sigma of about 45cm. The TPC was
designed primarily for low and medium momentum tracks reconstruction. For high
momentum tracks like electrons from W decay, they become very straight due to
the limitation of magnetic field and the momentum resolution thus gets worse. For
this analysis, the momentum information will not be used for the signal candidates,
but it is needed in suppressing the backgrounds. The high precision spatial recon-
struction makes the charge separation working well even at the high momentum
region of our interest. According to the bending direction of the tracks, the charge
signs which is very important for this analysis can be reconstructed. More details
will be discussed in Section 4.1.5

The energy loss, dE/dz, which is reconstructed from how many electrons are
collected for each hits, is also a valuable variable. Since different particles have
different dE/dx functions of momentum, TPC can provide particle identification

which is very important for most of STAR physics programs.

2.2.2 BEMUC — the Barrel Electromagnetic Calorimeter

The Barrel Electromagnetic Calorimeter, BEMC [57], is located outside TPC
and inside the solenoidal magnet covering full azimuthal angle in pseudorapidity
range |n| < 1.0. An overview of BEMC structure is shown in Figure 2.8. The
BEMC consists of 120 modules, with 60 in ¢ (A¢ = 6° ~ 0.1rad) and 2 in 7
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Figure 2.8: Overview of STAR Barrel Electromagnetic Calorimeter.

(An = 1.0). The grids in the inner wall shown in Figure 2.8 indicate the gaps
between the modules. Each module is segmented into 40 towers with 2 in ¢ and 20
in 7 (0.05 x 0.05 for each tower in 7 — ¢ frame), and with every tower pointing to
the center of STAR.

As a sampling calorimeter, the BEMC modules are composed of 20 layers of
5 mm thick lead and 21 layers of thick scintillator, 19 of 5 mm and 2 of 6 mm,
interleaving with each other. With such a structure, BEMC has a total depth of
~20 radiation lengths at n = 0, and can satisfy the performance requirement even
at high Er region like W events. Located at depth of ~5.6 radiation lengths, a
Shower Maximum Detector (SMD) is employed to measure the shower position. A
schematic view of BEMC module is shown in Figure 2.9. The signal from each scin-
tillating tile is transported though a wavelength shifting (WLS) fiber embedded in a
o-groove that is machined in the tile. Then, the signal exits the WLS fiber and goes
into fibers of the multi-fiber optical cables through the multi-fiber optical connector
at the backplate of the module. The multi-fiber optical cables are connected to the
photomultiplier tubes (PMT) inside the detector boxes which are mounted on the

out of the magnet.
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Figure 2.9: Schematic view of one module of Barrel Electromagnetic Calorimeter
[57].

While the resolution of TPC getting worse for high momentum track, the reso-
lution of energy measured from BEMC gets improved for high energy. From the cos-
mic rays and test beams, the energy resolution is estimated to be ~ 14% /v E @ 1.5%.
In the W analysis, the BEMC plays a key role in reconstructing the electron candi-
dates. In addition, the BEMC is a fast detector which is an important part of STAR
trigger system [58] to efficiently select out the high-pr physical events on-line.

2.2.3 EEMC - the Endcap Electromagnetic Calorimeter

The Endcap Electromagnetic Calorimeter (EEMC) [59] which is located at
the west end of TPC covers pseudorapidity range 1.086 < n < 2.00 over the full
azimuthal angle. It significantly extends the acceptance in forward region. Similar
to the BEMC, EEMC is also a sampling calorimeter stacked by the alternating
layers of lead and scintillator, and with a Shower Maximum Detector (ESMD) at
the depth of 5 radiation lengths. A cut view of the tower structure can be seen
in right side of Figure 2.10. The EEMC is segmented into 720 towers in total as
shown in Figure 2.10 (only half view). The coverage of each tower is A¢ = 0.1
and An from 0.057 to 0.099 with increasing 1. The tower segmentation is produced
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Figure 2.10: Tower structure of Endcap Electromagnetic Calorimeter. The left side
shows the half view of the tower grids, and the right side shows the cut view of the
tower layer structure [59].

using megatile construction. Wavelength-shifting (WLS) optical fibers, inserted
into o-grooves machined in the face of each title, run through channels in a white
plastic fiber-routing layer (FRL) out to the edge of each megatile. Using the optical
connectors, the WLS fibers bundling from the 24 scintillator layers are connected
to 12 photomultiplier tubes (PMT) for each sector. Light from the 24 layers within
each tower is combined via an optical mixer in a single PMT, to produce a signal
proportional to the total energy deposited in that tower.

The shower maximum detector ESMD is made of extruded polystyrene-based

scintillator strips of triangular cross-section with u and v planes orthogonal with

each other. The layout of the ESMD sector is shown in Figure 2.11. The ESMD

can help to distinguish the single electron or photon from the photon pairs from 7°

or n° based on their shower profiles.
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Chapter 3

Data Sample and MC Embedding

This chapter will describe the data sample and the MC embedding sample used

for W longitudinal single-spin asymmetry analyses.

3.1 Data Sample

3.1.1 W Stream

The W longitudinal single-spin asymmetry analyses at STAR is based on the
data samples taken in longitudinally polarized proton-proton collisions at /s = 500
(510) GeV at RHIC. In 2009, RHIC successfully finished the 500GeV commissioning
run. For the first time, W signals were successfully reconstructed. The single-spin
asymmetry and cross section were measured using 2009 data by both STAR [38][60]
and PHENIX [39]. In 2011 and 2012, STAR collected more data on longitudinally
polarized proton-proton collisions at /s = 500 (510) GeV which provide opportunity
to measure the lepton pseudorapidity dependence of W single-spin asymmetry. In
2013, STAR collected a much larger data sample of longitudinally polarized proton-
proton run at 510 GeV.

During data taking, STAR uses a trigger system [58] which is designed to effi-
ciently record the collision events of interest with the necessary detector subsystems.
The STAR trigger is based on the signals from the fast detectors response for each
bunch crossing at a ~10MHz rate to pick out events at a rate of ~100Hz where
the slow detectors (e.g. TPC) can operate. The trigger system consists of several
levels which are described in detail in Ref. [58|. Different trigger configurations are
designed for different physical goals. Two triggers, L2BW and L2EW which aim
to select high E7 electrons based on the BEMC and EEMC responses respectively,
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have been specially designed for the data taking for W physics. The L2BW trig-
ger contains two levels of requirements for the energy signal measured from BEMC

towers:

e Firstly, one event needs to pass the high tower trigger BHT3 which requires
that at least one BEMC tower with Er passing the BHT3 threshold 7.3 GeV.

e Then, the higher level trigger algorithm searches for a seed tower with Fr > 5
GeV and sums the Ep deposited in the 2x2 cluster. The maximum of the

Er in the 4 possible clusters including the seed tower is required to pass the
threshold 12 GeV.

The L2EW trigger also contains two stages of requirements for the energy deposited
in EEMC towers:

e Firstly, one event is required to pass the high tower trigger EHT1 which
requires that at least one EEMC tower with Er passing threshold 7.3 GeV.

e Furthermore, the higher level trigger requires at least one tower with £ > 10
GeV.

3.1.2 Datasets of 2011, 2012, and 2013

The work of this thesis is based on the STAR data taken in 2011, 2012, and
2013 at /s = 500 (510) GeV longitudinally polarized proton-proton collisions at
RHIC.

In high energy experimental physics, the particle scattering processes are usu-
ally characterized using the instantaneous luminosity which is defined as the number
of particles detected in unit area and unit time. For interaction in region of collider

like RHIC, the instantaneous luminosity can be written as,

_ frevK

- )
2mo,0,

L

(3.1)

under the assumption that the beams have Gaussian transverse profiles, where f,.,
is the revolution frequency, K = Y, NN} is the product of the bunch intensities
(N;) of the two beams (a, b) summed over all bunches, and o,, o, are the trans-
verse widths of the beam overlap region. At RHIC, the intensity of each bunch

is determined during a scan by the Wall Current Monitors [61]. The transverse
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Number of runs after QA | Effective Integral Luminosity
2011 143 9.4 pb T
2012 638 77.4 pb~1

Table 3.1: Number of runs and integral luminosities for final datasets of 2011 and
2012 used for W candidates selection.

Number of runs after QA | Effective Integral Luminosity
Period I L2BW 916 125.1 pb~!
Period I L2EW 874 118.3 pb~!
Period II L2BW 716 121.1 pb~!
Period II L2EW 596 101.0 pb~!

Table 3.2: Number of runs and integral luminosities for final datasets of 2013 used
for W candidates selection.

widths of the beam overlap region are obtained from the Vernier scan runs [62]
[63]. Integrating the instantaneous luminosity with respect to time, the integrated
luminosity L = [ Ldt is obtained and is used to quantitatively describe the size of
a data sample.

It has been mentioned in Section 2.1.2 that one RHIC “fill” usually lasts about
10 hours for 500 GeV pp running. During each RHIC “fill”, STAR takes data in unit
of “run” which is about 30 minutes in order to maximize the utilization of the beams
and minimize the risk of effect from the possible detector problems. From the runs
recorded by STAR, a manual QA (Quality Assurance) is performed via checking
the run logs and the online plots generated during the data taking to remove the
runs with problems. Then, another QA is done by plotting the mean values of the
basic variable from the main detectors, TPC track ( n, ¢, pr, DCA, x?, and dE/dx),
BEMC and EEMC towers (7, ¢,and Er), and the ESMD strips. The runs with
outliers are then excluded from the analysis.

In 2011, RHIC delivered 500 GeV longitudinally polarized proton-proton col-
lisions for only one week. It is a relatively small dataset comparing with following
two years. After the QA procedures, 143 runs are accepted for the physics analysis.
In 2012, 510GeV longitudinally polarized proton beams are delivered for about 5
weeks with increased beam polarizations. After the QA, there are 638 runs ac-
cepted. The numbers of runs and effective integral luminosities for 2011 and 2012

data are listed in Table 3.1.
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Year || Blue beam | Yellow beam
2011 0.49 0.49
2012 0.55 0.57
2013 0.56 0.56

Table 3.3: Average of the beam polarization for 2011, 2012, and 2013 at RHIC.

Run 2013 at STAR is a long run for W program which is divided into two
periods due to the HFT installation in the middle of run. As HFT was installed
inside the TPC inner volume, STAR geometry was unavoidably changed. So, sep-
arate TPC calibrations are needed for the two periods, and subsequently, the data
production, data QA, and analysis are also done separately. For run 2013 datasets,
1010 runs of period I and 822 runs of period II are produced. In Table 3.2, the
numbers of runs and the integral luminosities after the QA procedures are listed for
both L2BW and L2EW streams.

3.1.3 Beam Polarization

The beam polarization is measured by using the polarimeters which have been
introduced in Section 2.1.3. The fill by fill results are provided by the RHIC Po-
larimetry Group [48] with the average value, begin value and the polarization decay
slopes for both beams. Based on these fill-by-fill information, the polarization for
each run are calculated and plotted as function of the run index as shown in Fig-
ures 3.1, 3.2, and 3.3 for 2011, 2012, and 2013 respectively. The beam polarization

values for blue and yellow beams for all these three datasets are listed in Table 3.3.

3.1.4 Spin Sorting at STAR

As introduced in Section 1.2, the measured single-spin asymmetry Ay is defined
as the cross section difference for different beam polarization direction. Experimen-
tally, the W yields for each spin state normalized by luminosity are required. At
RHIC, the beams contain 120 bunches including a abort gap with 9(11) of them
empty. The polarization directions for the bunches are not the same but altering in
periodic patterns. A schematic diagram is shown in Figure 3.4 where we can see the
blue beam and yellow beam in a same fill have the different spin patterns, ++ ——

and + — +—. In this way, all four possible collision spin states, ++, +—, —4, ——,
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Figure 3.1: 2011: Beam Polarization for blue and yellow beams respectively, the
line in each plots are the luminosity weighted average value.

are recorded. The bunch-by-bunch spin patterns in consecutive fills are varied in
order to reduce potential systematic effects. The spin patterns are different from
year to year but the logic is same. In 2011 and 2012, the spin directions repeat
with period of 4 bunches. In run 2013, the spin direction altering is by unit of two
bunches and the repeating period became 8 bunches. The spin state of each bunch
is provided by the CAD (Collider Accelerator Department) and recorded by STAR
into an offline database. The spin state for each bunch crossing at STAR can be
obtained by matching bunch crossing distribution with the RHIC bunch ID and the
abort gaps.

The spin information is recorded as a series of binary numbers. As shown in
Table 3.4, the numbers in the first column are what the collision spin states are
recorded in database. The first 4 bits and second 4 bits are for the blue beam and
yellow beam respectively. For each 4 bits, the first bit indicates the polarization
status, 0 for polarized and 1 for unpolarized. The last one is for the fill status, 0 for

intended filled and 1 for intended unfilled. The middle two bits are for polarization
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Figure 3.2: 2012: Beam Polarization for blue and yellow beams respectively, the
line in each plots are the luminosity weighted average value.
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Figure 3.3: 2013: Beam Polarization for blue and yellow beams respectively, the
line in each plots are the luminosity weighted average value.

direction, 10 for positive polarization and 01 for negative polarization. For the
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Figure 3.4: Schematic diagram for spin patterns of RHIC beam around STAR
interaction region.

spin 8 bits | Blue beam polarization | Yellow beam polarization | spin4 index

00110011 — — 5
00110101 — + 6
01010011 + — 9
01010101 + + 10

Table 3.4: STAR spin bits.

analysis, the only information needed is the “spin4” information for each event,

7

which is just the two middle bits for each beam. Namely, “——" is indicated by
“0101” which corresponds to the decimal number “5”. Similarly, “6, 9, 10” stand for

the rest three spin states respectively.

3.2 Embedding MC Simulation

In high energy physics experiments, Monte-Carlo (MC) simulation usually
plays a very important role. In this analysis, the simulation sample is produced
by embedding the MC events generated from PYTHIA event generator [64] into the
STAR “zero bias” events which are triggered only by the coincidence of east and
west ZDC responses. The embedding procedure in particular the “zero bias” events
describes the possible event pile-up situation in the data, compared to pure pythia

events.
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Event Channel || X-section | 2011 2012 2013 Period I | 2013 Period 11
W+ — ety 98.5pb | 11.9K | 109.1 K 136.4 K 1489 K
W= —=ev 31.3 pb 38K | 349K 43.7 K 476 K
W+ — 1ty 98.5pb | 11.9 K | 109.1 K 136.4 K 1489 K
W= —=717v 31.3 pb 38K | 349K 43.7T K 47.6 K
Z/v* —ete” 23.9 pb 27K | 25.1 K 314 K 34.2 K

Table 3.5: Numbers of MC events for each channel generated for 2011, 2012, 2013
respectively. The cross sections are from PYTHIA.

3.2.1 MC Simulation Based on PYTHIA

PYTHIA version 6.4.22 [64] with Perugia 0 tune [65] is used to produce the
MC events for 2011, 2012, and 2013 data sample independently. The MC events
are generated for the pp — W* 4+ X process with W+ — ev signal decay channels,
and W* — 7v background decay channels, and the pp — Z/~* — eTe™ process.
For W* — 7v events generation, the TAUOLA [66] package is additionally used
because 7 from W decay is treated as unpolarized and not decay in PYTHIA. The
event size of each channel is listed in Table 3.5. In order to reduce the statistical
uncertainty from embedding sample, the event sizes are determined to be roughly

larger than the data by one order of magnitude for the integral luminosity.

3.2.2 Embedding

As mentioned above, the MC events will be embedded into the real events
triggered by the “zerobias” trigger. Before that, the MC events are put into STAR
detector simulation system GSTAR which is based on GEANT [67]. In 500 GeV
pp collisions, the rate is very high to be several hundred kHz, and in 2013 the
luminosity is further increased. However, the drift velocity of the ionized electrons
in TPC is only ~5 cm/us, which leads to quite a lot of pile-up events belonging to
the collisions occurring during the drift time before and after the triggered events.
With so many pile-up TPC clusters recoded into one event, the efficiency of track
and vertex reconstruction and the subsequent W reconstruction will be significantly
impacted. Beside the detector resolution effects, the pile-up effect is the key factor
included in the embedding sample. The pile-up effect is expected to be well reflected
in the zero bias events which are recorded simultaneously with the physics trigger

events and contain the real performance of the TPC and other subsystems. The
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density of pile-up tracks is proportional to the instantaneous luminosity, which can
be characterized by the ZDC coincidence rate. The zero bias events are chosen run
by run corresponding to the W stream data, based on the following formula:

L;

Ngerobias — X No ol 3.2
! Ltotal total ( )

where Nfembias is the number of events for run i, Ny is the total number of events
to embed the MC events for each data sample which is listed in Table 3.5, L; is the
integral luminosity of run ¢ and Ly, is the integral luminosity of all the runs of
each data sample. Figure 3.5a shows the ZDC coincidence rate distributions for data
and embedding comparison. As expected, the luminosity weights in data have been
reasonably included by the sampled zero-bias events. There is no vertex information
in the zero-bias event. The generated PYTHIA events are assigned vertex positions
with Gaussian distributions for z, y, and z components with widths determined
from real data. The distributions of z,¢.s, for embedding sample and data sample
are shown in Figure 3.5b. It can be observed that the assigned vertex distribution

is consistent with data.
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Figure 3.5: ZDC coincidence rate and z,ee, distributions for 2013 data and the
corresponding embedding sample.
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Chapter 4
W/Z Boson Reconstruction

This chapter provides the details about the W/Z bosons reconstruction at
STAR. W/Z bosons are reconstructed via the leptonic decay, by selecting out the
high Er isolated electrons from the QQCD backgrounds. The background studies

will be also discussed in this chapter.

4.1 W Selection

(a) W event (b) QCD event

Figure 4.1: W — ev event versus QCD di-jet event.

As mentioned earlier, the W candidates are determined through its leptonic
decay. At STAR, W is reconstructed from the electron final state, namely from the
W= — e*v channel. The electron from W decay should leave an almost straight

track in the TPC, and then deposit its energy in the towers of the BEMC or EEMC.
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The neutrino is undetected and carries away energy of similar amount of the electron
in the azimuthally opposite direction. In contrast, the predominated QCD events
(e.g. partonic 2—2 processes) are usually characterized by a pair of azimuthally
back-to-back jets from the parton fragmentations. Compared the isolated electron
from W leptonic decay, a jet usually consist of a set of tracks pointing to a patch of
energy deposition in the BEMC or EEMC. The W selection algorithm is developed
based on these kinematic and topological differences between the W leptonic decay
event and the QCD event as shown in Figure 4.1. It is expected that the Er
spectrum of the electron candidates has a shape of Jacobian peak around 40 GeV
(half of W mass) plus a smoothly and exponentially varying residual background
shape.

Note, the W reconstructions are separately processed based on BEMC and
EEMC because the reconstructions strongly rely on the EM calorimeters. The W
reconstructions in BEMC coverage and EEMC coverage are denoted as “Barrel”
and “Endcap” respectively in this thesis. For Barrel and Endcap regions, they are
similar but not exactly same due to the TPC coverage limitation and the difference
performance of BEMC and EEMC. In this section, we mainly use the plots from
2013 dataset to demonstrate the method of W leptonic decay event reconstruction.

The corresponding plots of 2011 and 2012 are very similar.

4.1.1 Vertex Finding and Track Selection

With all the collision events recoded, and ready for analysis, the first task is
to reconstruct the vertex for every event. In 500 GeV pp runs, the collision rate is
usually a few hundred kHz. Considering the relatively slow response of TPC, there
are always a lot of pile-up collisions. So, it becomes very important to correctly pick
out the collision vertex belonging to the trigger fired event, which is also known as
the primary vertex, from the pile-up collisions. The Pile-up Proof Vertex Finder
(PPV) [68] was developed for this purpose to determine the vertex location along
the z-axis from low multiplicity events embedded in 2 orders of magnitude larger
pile-up events. All tracks reconstructed in the TPC are denoted as global tracks in
the STAR framework. From all the global tracks, PPV selects high quality tracks
which match to the fired towers in BEMC, EEMC, or tracks use hits from both
sides of TPC central membrane, or tracks with very high pr ( > 10 GeV/c. Also, a

small closest distance (referred to as DCA) within 3 cm between global tracks and
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beam-line is required. Tracks associated with the primary vertices (DCA < 3 c¢m)
are known as primary tracks. A “rank” is assigned to each vertex based on factors
described above. Figure 4.2a shows the PPV vertex rank distribution for all events,
where the rank has been transformed to easy view values. We can see there are
clearly three peaks. The left peak has negative rank, where the vertices have no
valid primary track belonging to. The middle peak is for vertices which have one
primary track. The right peak corresponds to the vertices which have two or more
tracks originated from them. After all the W selection cuts which will be described
in following sections, the rank distribution for most possible W candidate events is
shown in Figure 4.2b. We will start the W analysis with vertices with rank > 0 and
V.| < 100 cm.

15 20 25 B T
X=Log(rank)+offset X=Log(rank)+offset

(a) Input (b) Final W Candidates

Figure 4.2: (a) Rank of all vertices, pile-up vertices have negative rank, middle and
right peaks for single and multi track vertex. (b) Vertex rank of the event passing
all W selection cuts.

The candidate electrons are expected to produce high pr TPC tracks orig-
inated from primary vertex. In order to ensure the track and its charge sign
are well reconstructed, it is required that the qualified tracks should have more
than 15 TPC hits (nFitPoints > 15) and the fraction of fitting hits over possible
hits (nHitF'it/nHitPoss) should be greater than 51%. A candidate electron track
should be a long one which has hits in both inner sectors and outer sectors of the
TPC. In this analysis, it is required that the radius of the first hits from beam-
line (RzylIn) should be smaller than 90cm and of the last hits (RxyOut) should
be larger than 160cm. These requirements also can help to reduce the effect from
the pile-up tracks. Tracks with pr > 10GeV are accepted as candidates for further
selection. Here, the 10 GeV cut is relatively relax to avoid efficiency loss, since

TPC momentum resolution would significantly decrease at high momentum. For
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candidate electron spectrum, the transverse energy measured from EMC will be
used instead of the track pr measured from TPC.

Considering the EMC tower size and the ~20 radiation lengths, the electron
is expected to deposit almost all its energy and be well limited in as large as 2 x 2
tower range. Tracks passed above cuts will be extrapolated to the BEMC, EEMC
towers. With the pointed tower as a seed, a 2 x 2 cluster is reconstructed by picking
out from all four possible clusters based on the energy maximum. The transverse
energy of the 2 x 2 cluster, E2*? is assigned to the candidate electron. To avoid the
possible trigger effects, E7** is required to be above 14 GeV which is safely above
the trigger threshold (12 GeV). The track is extrapolated to the depth of BSMD,
and the distance between the track and the cluster is required to be smaller than
7 cm. This cut aims to reject particles other than the one produced the track,
e.g. neutral particles. The distribution of the distance between track and cluster is
shown in Figure 4.5¢, comparing data with normalized MC sample of W — ev.

For Endcap region, candidate tracks have larger pseudorapidity (0.7 < n < 2.5)
than Barrel region (—1.1 < 7 < 1.1). They are expected to be shorter since they
cannot go through the whole outer sectors of TPC. It is needed to accordingly loose
the track selection cuts and tower cluster matching cuts for Endcap. Cuts used for
both Barrel and Endcap regions are listed in Table 4.1. The relevant distributions
with cuts are shown in Figure 4.3, 4.4, 4.5.

cuts Barrel Endcap
1 (-1.1, 1.1) | (0.7, 2.5)
nFitPoints > 15 >5
nHitFit /nHitPoss > 0.51 > (0.51
RxylIn <90 cm | <120 cm
RxyOut > 160 cm | > 70 cm
3D distance of track-cluster < 7cm < 10 cm

Table 4.1: Track selection cuts for Barrel and Endcap regions.

4.1.2 Isolation Cut

As discussed above, the electron from W decay is expected to be well isolated
from other particles. In the calorimeters (BEMC or EEMC), the reconstructed
2 x 2 should contain mostly of the electron energy and there should not be too

much energy exceeding the 2 x 2 range. Based on this feature, an isolation cut is
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Figure 4.3: Barrel: (a) Number of hit on the track. (b) Ratio of number of hits for
fitting and number of possible hits. (c) Radius from beam-line of the track’s first
hit. (d) Radius from beam-line of the track’s last hit.

applied by reconstructing a 4 x 4 cluster surrounding the 2 x 2 cluster, as shown
in Figure 4.6a. It is required that the fraction of EZ*? over the 4 x 4 cluster Er
be larger than 95%. The distribution of the ratio E2*?/E7** is shown in Figure
4.7a, with the comparison to W — erv embedding MC simulation sample. From
the embedding MC simulation events, it can be found that the electron energy is
strictly limited in 2 x 2 range.

One of the key tasks of the W reconstruction is to distinguish the electrons from
W and the electrons belonging to a jet from the parton fragmentation. In order
to suppress the jet-like event, another isolation ratio is constructed by summing
up all the energy, including BEMC Er, EEMC Ep, TPC track pr, inside a near
side cone in 7-¢ space with radius AR = 0.7, shown in Figure 4.6b. The electron

candidate pr has been excluded to avoid the double counting of the electron pr
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Figure 4.4: Endcap: (a) Number of hits on the track. (b) Ratio of number of hits
for fitting and number of possible hits. (c) Radius from beam-line of the track’s
first hit. (d) Radius from beam-line of the track’s last hit.

and Er. The fraction of candidate electron E7 in this near side cone is required
to be larger than 88%. The Ef./E2T<07 distributions of data and MC sample are
shown in Figure 4.7b. This is a very important cut since most of the QCD events
from parton fragmentation tend to have lots of nearby particles. With this cut, the
E5.)ERE<0T peak in the data are effectively cut off.

The isolation cuts discussed above are similarly applied for Endcap W selection

with slightly loosing thresholds as
o E5/EX > 90%
o £5/ERR<0T 5 85%

The related distributions for Endcap are shown in Figure 4.8 with the red dash lines

indicating the cuts.
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region. (a)(d) distance between track and cluster vs cluster Er for Data. (b)(e)
distance between track and cluster vs cluster Er for MC W — ev. (c)(f) comparison

of data and MC (blue).

In addition, the EEMC shower maximum detector (ESMD) [59] is used for
suppressing QCD background. The ESMD consists of two orthogonal planes (‘U’
plane and ‘V’ plane) of scintillating strips at a depth of ~5 radiation lengths as
described in Section 2.2.3. It can measure the transverse profile of the electromag-
netic shower. As discussed above, electron candidates decayed from W should be
an isolated shower in EMC. Considering the 1.5cm Moliere radius in lead, the iso-
lated electron’s shower would have a narrow transverse profile. In contrast, the
possible neutral particle, e.g. 7°, in a QCD event tends to have double showers
when one of the photons converts on material. Additionally, electron shower can be
well matched by an extrapolated TPC track, while showers from neutral particles
are not expected to match to TPC tracks. Based on these characteristics, another
isolation ratio from the energy deposited in ESMD strips are constructed. For both
‘U” and ‘V’, the TPC track is firstly projected to ESMD planes. Then, it is com-
puted that the ratio of energy deposited in strips within 1.5cm, 43 stripes, to the
energy deposited in stripes within 10cm, +20 stripes:
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Figure 4.9a shows the ratio Rggyp with comparison of data and W — erv MC
sample. In Figure 4.9b and 4.9¢c, correlation with signed pr-balance, which will be

introduced in next section, also can well reflect the effectivity of Rggpp cut.
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Figure 4.6: Barrel: (a) Tower grids for 2 x 2 cluster isolation in 4 x 4 cluster, (b)
Near Cone with Radius AR < 0.7, AR = \/An? + A¢?.
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4.1.3 Signed pp-balance Cut

For a candidate W leptonic decay event, there is an undetected neutrino op-

posite in ¢ of the produced lepton. It is expected to carry away a large amount
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signed pr-balance for data(b) and MC(c).

of transverse energy similar as the candidate electron Ef. Considering this char-
acteristic, there would be a sizable py imbalance effect. In order to quantitatively
evaluate this imbalance, jets are reconstructed together with the W candidate se-
lection. Jets reconstruction in this analysis uses standard anti-kr algorithm [69],
discussed in detail in other STAR jet related measurements e.g. [33], [70]. The
parameters used for jet reconstruction are listed in Appendix B. With the recon-
structed jets and the candidate electrons, one can construct a pr-balance vector,
ppP" by summing the candidate electron pS. vector which has been assigned to
the scalar of EY and the py vectors of all reconstructed jets with axes outside the

near side cone ( AR < 0.7 ) as shown in Figure 4.6b,

p—j:balance _ p}e + Z p}jets. (42)
AR>0.7



52 Chapter 4. W/Z Boson Reconstruction

Then, this ppr-balance vector is projected onto the direction of the candidate

electron and get the scalar “signed pr-balance” variable as

p—i_‘e . p—i_’balance
lp7*
To produce a W boson, 80 GeV energy would be needed from the /s = 500

GeV system. Since lots of spectators in very forward /backward cone, there should

signed pr-balance = (4.3)

be not too much transverse energy left accompanying with the W. It is expected
that there is a strong correlation between the signed pr-balance and Ef. Figure
4.10 shows the distribution of signed pr-balance versus E%., for data and W — ev
MC respectively. As expected, there is a clear “ridge” roughly at x = y in both
data and MC sample. The cut of signed pr-balance> 14 GeV is applied for Barrel
region. Comparing plots for data and MC sample, it was shown how effective of this
cut is. For Endcap region, the signed pr-balance has been mentioned previously in
the end of Section 4.1.2. Due to the limited detector performance and the reduced
W cross section, signed pr-balance> 20 GeV combined with Rggyp > 0.6 cuts are
used to pick out the W candidates located in the up-right corner in Figure 4.9b,
compared to the W — ev MC distribution in Figure 4.9c.
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Figure 4.10: Signed pp-balance vs Ef for runl3 data on the left and W — ev MC
on the right. The red dash lines indicate the cut value.

4.1.4 Jacobian Peak of W Events

After all the selection cuts discussed above, the lepton Er (pr) distribution is
expected to peak around 40 GeV (half of the W mass). In the rest frame of W,
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there is relation pr = My, sinf* /2, where pr and 6* are the lepton pr and scattering

angle respectively. Thus,

4 2
cosf* = 1-— ML{%/’ (4.4)
dcosf* 2
= — 4.5
dp? MZ,cos0*’ (4:5)
d d dcost* d 2
—02 = —09* X 0052 = 09* X (4.6)
dp3.  dcos dp7. dcos M2, /1 - 3532

where the cross section has a singularity at pr = My /2. This is the so-called
“Jacobian peak” characterizing two body decays. This is under the assumption
that W has no transverse momentum (p¥ = 0) and zero width (I'yy = 0) for
an ideal case. In practice, the pr distribution would be smeared to a peak with
finite maximum and width. Figure 4.11 shows the Leading Order (LO) and Next-
to-Leading Order (NLO) theoretical predictions for lepton pr distributions in W

production.
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Figure 4.11: Leading Order and Next-to-Leading Order cross section at RHIC for
I, and [_ decaying from W* bosons [71].

The E7r distributions of the electron candidates are shown in Figure 4.12a-4.12d
for 201142012 and 2013 for Barrel and Endcap regions respectively. Very visibly,
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the Jacobian peaks pronounce more and more as applying the selection cuts step
by step. Under the peak, there is still a smooth background which is dominated in
low Er range but can extend to W signal region. The background contamination

will be discussed in detail later.
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Figure 4.12: EY spectrum of candidate electrons from cluster construction to final
selection, different color histograms indicate different selection stages, (a)(c) for
Barrel region, (b)(d) for Endcap region, for 201142012 and 2013 respectively.

4.1.5 Charge Separation

As described in Section 1.2, the longitudinal single-spin asymmetries for W+
and W~ are expected to have opposite signs. Therefore, it is crucial to correctly
reconstruct the charge signs of the candidate e* from W¥ decay, and to well estimate
the possible wrong sign contamination. The core information that TPC provides is
the track momentum and it is very precise for low and medium pr tracks. However,

the resolution becomes poor for high py region due to the small curvature. For this
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analysis, the value of the curvatures of the candidate electron tracks would not be
precise enough for such a high pr range. But we still can get the reliable charge

information from how track bend in the magnetic field, to left or right.
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Figure 4.13: Charge separation based on TPC track bending
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Figure 4.14: Barrel: Ratio of E7 and pr with reconstructed charge sign ) as
function of Ef. (a) and the projection of 25 < Er < 50GeV range which is used to
estimate the charge contamination via fitting

Figure 4.13 shows two simulated TPC tracks with opposite signs at pr = 5
GeV, and they separate from each other by 15 cm when they leave TPC. The
displacement between opposite charged tracks should be proportional to 1/py. For
leptons from W decay with py ~ 25-50 GeV, the displacement would only be 1-2

cm. In principle, 1-2 cm spatial resolution for TPC is not so hard with the hit
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position resolution of mm. However, in 500 GeV pp collisions, there are a lot of
pile-up events which left large number of tracks inside the TPC. This would cause
significant ionization and nonlinearities. In order to correct the distortion, an offline
TPC calibration has been applied. Figure 4.14a shows the distribution of ratio of Er
and pp with reconstructed charge sign () as function of Ef., where we can see that
the well separated two bands centered at +1 and —1 respectively. The shadowing
areas indicate the @ * Er/pr cut which excludes the overlap region |Q * Er/pr| <
0.4 and the tails |Q * Er/pr| > 1.8. The red bold lines indicate the signal window,
25-50 GeV. The distribution of Q* E7/pr in the signal Er window is shown in Figure
4.14b. There is a clear valley between candidates with opposite charge signs. The
curves are from double Gaussian fitting, and the wrong charge sign contamination

under each peak is negligible after excluding the shadowing region.
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Figure 4.15: Endcap: (a) Ratio of Er and pr with reconstructed charge sign @
as function of ES (b) projection on @ * Er/pr axis of (a) in E% signal window,
with fitting based on curve from (c) and (d). (¢) W+ and (d) W~ embedding with
Gaussian fitting.

For the Endcap region, the TPC capacity reduces due to the TPC hits reduction

where the forward tracks don’t cross the whole radius. Both pr resolution and the
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charge reconstruction get worse. In Figure 4.15a, the separation of two bands with
opposite charge signs is significantly worse than that in Figure 4.14a for Barrel
region. Figure 4.15b shows the projection on @ x Er/pr for 25 < Ef < 50GeV.
As expected, both peaks spread widely and overlap with each other. In order to
get the fitting function with reasonable parameters, independently fittings on the
Q * Er/pr distributions are performed for embedding sample shown in Figure 4.15¢
and 4.15d for W+ and W™ respectively, instead of directly fitting on the data. The
double Gaussian curves are used to fit the data as shown in Figure 4.15b. After
excluding the shadow region (|Q * Er/pr| < 0.4 or > 1.8), the wrong charge sign
contamination is estimated by extending the double Gaussian into the opposite
charge window. For 2013, the contaminations for W+ and W~ are 4.1% and 7.2%
respectively. For 2011+2012, the contaminations for W+ and W~ are both 6.5%.

4.2 7 — ete” Reconstruction

Figure 4.16: Z — ete™ event

The Z — eTe™ events have very similar features with the W — ev events. The
only difference is the neutrino from W decay is undetected but the electron-positron
pair can be fully reconstructed. Along with the W reconstruction, the Z — ete™
events are reconstructed in the same way except for the signed pr-balance cut. As
shown in Figure 4.16, a Z — ete™ event contains a pair of back to back isolated

leptons with opposite charge signs. Except the electron positron pairing, same
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vertex, track and isolation cuts as for Barrel Ws are applied. Figure 4.17 shows
the reconstructed invariant mass spectrum of Z candidates with comparison to MC
sample. There is a clear peak at me+.- ~ My. Besides the Z signal, there is a
small smooth peak at lower mass which is likely from the Drell-Yan processes, and

the spectrum is consistent with the simulated Z/v* — eTe™ sample.
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Figure 4.17: Invariant mass distribution of Z/v* with comparison between data and
MC, for 2011+2012 and 2013 separately.

4.3 Definition of n-bins

polarized beam 2

polarized beam 1

Figure 4.18: n bin index definition in STAR detector and in physics referring to the
polarized beam.
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Our goal is to measure the parity-violating longitudinal single-spin asymmetry,
Ay, of W boson production as the function of the lepton pseudorapidity. In order to
extract the pseudorapidity dependence, it is natural to sort the final W candidates
into different intervals based on the pseudorapidity of the leptons. The residual
background fraction is sensitive to the detector efficiency which significantly depends
on the pseudorapidity. The well division of the 1 bins is necessary for the spin
asymmetry extraction and the background estimation. The definition of the n bins
with respect to STAR detector coordinates and to the beam polarization is described
in the section.

In the coordinate of STAR detector, the Barrel Electromagnetic Calorimeter
covers the n range —1 < 1 < 1 where is the region with best TPC performance.
It is divided into 4 bins in this analysis. As shown in Figure 4.18, these 4 1 bins
are labeled as 1, 2, 3, 4 with their regions indicated in the figure. For the Endcap
region, the W yields are limited by detector acceptance. It is not further divided
and label as bin 7. The detector n coverage is obtained with the assumption that
the tracks always originate from the very center of STAR, z=0. Due to the spread of
the vertex distribution in z direction, the n range of lepton detected in both Barrel
and Endcap are actually extended from their default n ranges. Thus, the lepton n
ranges of eta bin 1, 4 and 7 are slightly extended to include more candidates in the

edge of the Calorimeters.

4.4 Background Study

After all selection cuts described previously in Section 4.1, the Er distribution
of lepton candidates is obtained as shown in Figure 4.12. As expected, it contains a
“Jacobian Peak” and a smoothly varying background shape. Since the W selection
is based on its kinematic and topological features instead of relying on any parti-
cle identifications or invariant mass, there is possibility to keep some backgrounds
which survive from all the selection cuts. The residual backgrounds may contain
a couple of well-understood electroweak processes and the QCD events whose jet
fragmentation happen to pass the isolation cuts and further have some energy un-
detected and passed the signed pp-balance cut. The electroweak backgrounds can
be estimated from embedding MC simulation. The QCD background is the pre-

dominated part due to its relatively huge cross section, and it is expected to have
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a smooth and exponential shape. The QCD background can be estimated using a
data-driven method.

Similar with Section 4.1, the plots from 2013 dataset are taken for example
to describe how the background contributions are estimated. Some key plots from

2011+2012 data will be shown in the summary part.

4.4.1 Electroweak Backgrounds

As listed in Table 4.2, W boson can decay to 7+ v with similar branching ratio
as e+v signal. When 7 further decays to e+v,+v;, (see Table 4.3), it would be a fake
signal which cannot be distinguished from W — e+ v events although its E7 should
be relatively lower than lepton E7 directly from W decay. The contamination from

T is estimated via embedding simulation described in Section 3.2.2.

Decay mode Fraction
et v (10.71 £ 0.16)%
pt+v (10.63 +0.15)%
T+ v (11.38 +0.21)%
hadrons (67.41 +£0.27)%

invisible (1.4 +£2.9%

Table 4.2: W boson primary decay modes [3].

For W boson, its ev decay and 7v decay processes are in very similar way
and are expected to have exactly the same spin asymmetries, A;, and A;;. The
only difference is on the measured final states. For er decay, the rapidity of the
final state e* can be measured directly. However for 7v decay, what is measured
in laboratory is the child electron from 7 decay. According to the Michel spectrum
[3] of the polarized 7 decay, the e*(e™) tends to be emitted in 7% (77) momentum

direction, which has been discussed in Ref. [72|. Therefore, the contamination from

Decay mode Fraction
e +v.+v, | (17.83+0.04)%
po+ v+ | (17.41£0.04)%

charge hadron majority

Table 4.3: 7~ semi-leptonic decay modes [3].
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Decay mode Fraction
et +e” (3.363 + 0.004)%
wt (3.366 £ 0.004)%
T+ (3.370 &£ 0.004)%
invisible (20.00 + 0.06)%
hadrons (69.91 £ 0.06)%

Table 4.4: Some of Z boson decay modes [3].

Tv decay should not impact the results of the spin asymmetry in this analysis, and
is simply treated as signal in the single-spin asymmetry extraction.

As discussed in Section 4.2, the e* from Z — ete™ has same isolation behaviors
as the et from W decay, expect for its opposite-sign pair production. However,
STAR detector are not hermetic. If one of the e* is undetected, it will be impossible
to distinguish such a Z event from W — ev event. In spite of the limited cross
section of Z at RHIC energy and its small branching ratio to e*e™ (see Table 4.4),
we still need to consider this contribution both to signal and to QCD background.
The contamination from Z — ete™ is estimated from embedding MC simulation.
Applying all the W selection cuts on the Z — e*e~ embedding sample as described
in Section 4.2, the background contributed from this channel can be estimated from
the events passing all W criteria. Plots in Figure 4.19 are the integral luminosity
normalized distributions for Z background under the raw signal E; spectrum, for
both run 13 period I and period IT and W and W~ respectively. Here, only Barrel
region is shown. For Endcap, the method is same, but with a little difference which

will be discussed later in Section 4.4.2.

4.4.2 Second Endcap Background for Barrel W

STAR has single Endcap EM calorimeter covering forward pseudo-rapidity
range of 1.09 < n < 2 which has been described in Section 2.2.3. For Barrel W
selection, EEMC can help to reject QCD events, e.g. for a di-jet event that one of
the jets is in the range of interest and passes all the isolation cuts and another jet is
located at Endcap region. But if another jet is located at the nonexistent Endcap
region, for an event as in above example, it would be accepted as a “good” W event.
Let us name this kind of background as “Second Endcap” background (or EEMC
background) which is caused by the “absence” of the second EEMC.
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Figure 4.19: Z/~4* — ete” background contribution in W — ev raw signal Er
spectrum for both W' and W~ and both periods of 2013 (P1 and P2 in the sub-
captions).

The Second Endcap background can be estimated based on what is learned
from the existent real EEMC. In practice, the procedure is made by running the
analysis twice, one with the EEMC and the other without the EEMC. From Section
4.1, it is known that EEMC gets involved in the signed pr-balance calculation and
the isolation ratio in near side cone. There is no doubt that the first time running
would reject more background events than the second times. The difference of
these two times is just the background that the EEMC help to reject. This is a
reasonable estimation of the “second Endcap” background. Considering the possible
correlation of the two jets in QCD events, we use an individual n-region to estimate

the second Endcap for its mirror 7-region in lab frame. In addition, there are some
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minor asymmetric dead regions in STAR TPC and BEMC. Such kind of acceptance
effects are also corrected.

Cartons in Figure 4.20 demonstrate how the second Endcap background es-
timation works, where bin=1 and bin=4 referred the division of the n-intervals
introduced in Section 4.3. It is worth to note that they are a pair of symmetric n
bins on east and west sides of STAR detector. For bin=1, a forward-forward di-jet
event has passed previous cuts would be accepted as signal due to the non-coverage
of the missing “second Endcap”. This can be estimated in bin=4 using the method
described above. Similarly, for bin=4, contribution from forward-backward di-jet
event can be estimation in bin=1. Figure 4.21 shows 4 sets of plots for both periods
of run13, W' and W~ respectively, with the second Endcap background Er dis-
tributions under the corresponding raw W signal Er spectrum. There are 4 plots
in each set which are for 4 n-bins in the full Barrel region. There is significant n
dependence for the Second Endcap background, which is an indication of the pos-
sible n correlation for the di-jet events. In addition, for the eta bin 1 and 4, the
EEMC contributes to suppress the jet like event in the near cone isolation ratio

construction.

bin=1 bin=

near-cone
jet veto
works well

near-cone
jet veto

IMPAIRED
due to missing
East Endcap

back-to-back
di-jet veto on
forward-forwardy 1 back-to-back ~ East Endcap forward-forward
di-jet veto on 48 / di-jet veto in FAILS : 'f di-jet veto in
East Endcap West Endcap §
FAILS works well

L West Endcap

LI P F B 2 0 0 0 1] ]
works well

Figure 4.20: Estimate the second Endcap background for one n range from its mirror
n-range, considering the forward-forward and forward-backward di-jet background
events.

As has been mentioned in Section 4.4.1, Z — eTe™ events are also involved in
second Endcap procedure. Instead of the di-jet, ete™ from Z decay have the same
story in this procedure. To avoid the double counting of the contribution from
Z — ete, so, it is needed to exclude this part in either of Z — ete™ background

of the second Endcap background. Z contribution in second Endcap background
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can be estimated via the same method, running the analysis twice on Z embedding
sample with and without the EEMC.

Obviously, the second Endcap method is only suitable for background analysis

for Barrel region. For analysis in Endcap region, this procedure is skipped.
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Figure 4.21: Second Endcap background contribution in W — ev raw
spectrum for both charge signs and both periods of run13.

4.4.3 Data-driven QCD Background for Barrel W

LS o
signal Erp

Other than the background contributions described above, another main con-

tribution is from QCD di-jet events, which have one jet passing through the isolation

cuts and the other is outside the range of all BEMC, EEMC and the fictitious second
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EEMC. The Er spectrum of this QCD background is estimated by using a data-
driven procedure. It is expected to have exponential-like shape. The Er shape
used for data-driven is obtained from events which have passed all W selection cuts
but failed the signed pr-balance cut. Here, it is assumed that the Ep distribution
behavior for QCD events with one jet is accepted as W decay electron (positron)
should not depend on the signed pr-balance value. In addition, there is definitely
Z — ete” events among this QCD sample. Just similar with what is done in
Second Endcap part, the Z contribution in the QCD sample used in data-driven is
estimated from the embedding MC simulation.

Another cuts used here is removing the events like Z — eTe™ by pairing the
candidate “electrons” with jets in back side in ¢ which are required to contain an
2 x 2 cluster with E%XQ / Egret > 0.5, and reconstructing an invariant mass of the
candidate electron and the paired jet. If this invariant mass happens to be in range
70-100 GeV, this event will be tagged a Z-like event and cut off it. This is not
mentioned in Section 4.1 because this cut doesn’t impacts the W selection. But, it
does remove some events in the QCD sample which will be used for data-driven.

The prerequisite for the data-driven procedure is two FEr distributions: one
is of the QCD sample just as described above, another one is the raw signal Er
spectrum with all the other backgrounds discussed in previous sections subtracted.
With these two distributions, the normalization is done in Er window [14,18| GeV,
where is expected to be dominated by QCD events. But, for the backgrounds
subtracted signal spectrum, there should be still some signal “contaminating” this
background window. The embedding sample of W — ev single is used to estimate
this contamination. By considering all these factors, the QCD distribution is nor-
malized to be consistent with the raw signal Ep distribution in the normalization
window. This normalized QCD distribution is just referred to as the data-driven
QCD background remains in the raw signal spectrum. Figure 4.22 shows the distri-
butions in data-driven procedures. The ratio to scale the QCD distribution (blue
histogram) is calculated from the bin counts of signal distribution (red histogram)
in the window subtracting the MC-base estimated signal contamination over the
bin counts of the QCD distribution. The blue dash histograms are the results of
data-driven QCD.

Figure 4.23 and 4.24 show the E7p distributions of the raw signal in Barrel
region respectively for 201142012 and 2013 and for both W* and W~ with all
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Figure 4.22: Data-driven QCD background: Red histograms are the raw signal
spectrum with all other backgrounds subtracted, blue solid histograms are the QCD
spectrum for data-driven, blue dash histograms are normalized the data-driven
QCD background results. The black boxes indicate the normalization window.
Run periods and charge signs are put on the plots.

the background (color histograms in electronic version) and additionally including
the embedding simulation of the signal W — ev as comparison. For 201142012,
n-bin 1 and 4, 2 and 3 have been merged together. Including all the background
contributions, the MC curves (dashed line) are consistent with data Er distribu-
tions for 2011+2012. For 2013 data, while the data and MC well agree with each
other for forward bins, binl and bin4, the middle two bins, bin2 and bin3 show
visible discrepancies where the W yields for data are lower than the MC curves
around the Jacobian peak, 30~40 GeV. This indicates an “n-dip” which appears in

W reconstruction from data but isn’t reflected in the embedding procedure. The
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Figure 4.23: Electron Er spectrum of Barrel W' and W~ production with all
background contributions in 201142012 data at STAR [73].

“n-dip” shows significant luminosity dependence. In 2013, the instantaneous lumi-
nosity increased from 2011 and 2012 and luminosity of period II were further higher
than that of period I. It can be observed that the discrepancies of data and MC
for middle bins pronounce more for period II than period I. At STAR, a new track-
ing algorithm is being developed and hopefully can improve the W reconstruction
efficiency especially for high luminosity region. For this stage, the “n-dip” issue is
thought to be spin-independent and should not impact the single-spin asymmetry
result. In addition, the calibration of tower gains for the BEMC and EEMC also can
impact the data and MC comparison since the embedding sample doesn’t depend
on the calibration but the data sample does. Fortunately, the longitudinal single-
spin asymmetry measurement in this analysis is insensitive to the calibration. A
few percent difference from tower gain calibration can treat as a slight shift of ~1

GeV for the lepton Ep cut which is negligible for the spin asymmetry extraction.



68

Chapter 4. W/Z Boson Reconstruction

>
8 Electron n_|<0.5 h Electron 0.5<n|<1.1
N 300k —+ STAR Data | [] Second EEMC
;, ----W - e vMC B wW->1tvMC
= [ ] Data-driven QCD Bl Z>eeMC
o 200
>
I}
100
% 1
(0] Positron me|<0.5 Positron 0.5<|ne|<1.1
N 400 -
2]
c
o
>
W 2001 -
100 20 30 40 50 6010 20 30 40 50 60
E3 (GeV) ES (GeV)
(a) Barrel backgrounds for run13 period I
>
8 Electron n_|<0.5 Electron 0.5<n |<1.1
N 300k —+ STAR Data | [] Second EEMC
;, ----W - e vMC B wW-1tvMC
= [ ] Data-driven QCD Bl Z>eeMC
o 200 -
>
I}
100~ -
% L L b -2 1
O] Positron 0.5<|ne|<1 A
N 400
2]
c
o
>
W 200

50
ES (GeV)

6010

ES (GeV)

(b) Barrel backgrounds for runl3 period II

Figure 4.24: Electron Er spectrum of Barrel W' and W~ production with all
background contributions in 2013 data at STAR.
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4.4.4 Background Study for Endcap W

The background study in Endcap region is very similar with that in Barrel
region. The electroweak backgrounds are estimated via embedding MC simulation.
It has been discussed above in Section 4.4.2 that the Second Endcap method used
in Barrel background analysis is not suitable again for Endcap background analy-
sis. Other than that, a similar data-driven procedure is implemented. The QCD
background is estimated from the shape of the signed pr-balance distribution for
events with Rgsye < 0.5. As discussed in Section 4.1.2, Rggyp cut can effec-
tively separate the QCD fragmentation from isolated electrons. Events which have
passed all the isolation cuts but failed the Rggyp cut is expected to be dominated
by QCD background. The signed pr-balance distribution should be a smoothly
varying shape peaking around 0. On the other side, for the raw signal, the signed
pr-balance distribution is expected to contain real Ws which mainly concentrated
in large value range and a smooth background shape. The background shape is
expected to peak around 0 in principle and extends to the signal range. With same
logic, the data-driven estimation is done by normalizing the background distribu-
tion to the raw signal distribution in a QCD dominated window. In this analysis,
[-8, 8] GeV is used. The normalization windows used in data-driven for both End-
cap and Barrel are determined to be a “safe” interval. The effects by shifting the
window are included in the systematic uncertainties. Figure 4.25 and Figure 4.26
show the signed pp-balance distributions for W and W~ productions respectively
for 201142012 and two periods of 2013 data with all the background contributions.

Details can be found from the legends.

4.4.5 Background Summary and Systematic Uncertainty

With the analysis discussed in this section, the residual backgrounds can be
quantified into a dilution factor, 5 = Signal/(Signal + Background), to quantita-
tively deal with the background contamination in the following spin asymmetry
extraction. There are five (four for Endcap) components among the raw signal, in-
cluding the real W — ev events and the various backgrounds. The fraction of each
component is denoted as f;, where i stands for different type, signal or background.
They are calculated in the signal £ window [25,50] GeV in this analysis. Details

are listed in below:
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Figure 4.25: Signed pr-balance distribution of Endcap W* productions with all
background contributions in 201142012 data at STAR [73].

e fy: fraction of W — ev signal,

e f.: fraction of W — 7v (7 — evv) background,

e fz: fraction of Z/v* — ete™ backgrounds,

e frpymce: fraction of second Endcap background (only for Barrel region),

e focp: fraction of data-driven QCD background.

They satisfy > f; = 1 definitely. 8 can be reconstructed from these fractions:

B=1-fz— feemc — fqop- (4.7)

It has been discussed in Section 4.4.1 that W — 7v would be treated as signal,
S0, it is not accounted into . The statistical uncertainty of £ is obtained from
the propagation from those three components, /> a]%l_, where oy, is the statistical
error of f;.

B is one of the key inputs to the single-spin asymmetry extraction. It is strongly
related with the procedure of background suppression. Loosing or tightening cuts,

the effects will finally go into 5. The procedure of background estimation is one of
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Figure 4.26: Signed pr-balance distribution of Endcap W productions with all
background contributions in 2013 data at STAR.

the main source of systematic uncertainty. In this section, the systematic uncer-
tainty study will be discussed.

About the systematic uncertainty, there are two key points, the normalization
window selection which is mentioned earlier and the QCD sample used for data-
driven estimation. For the former one, the normalization is done in various windows
with the lower bound being always 14 GeV where we cut off the low Er particles in
previous selection, and the upper bound varying from 16 GeV to 20 GeV in steps
of 0.5 GeV. So, there will be 9 cases for normalization window selection. For the
QCD sample selection, the “reversed” signed pr-balance cut (“reversed” indicates
the cut direction, just differing from signed pp-balance cut in analysis) varies from
5 GeV to 25 GeV in step of 0.25 GeV. In this way there will 81 different cases.
Combining these two factors, 729 data-driven QCD shapes are obtained. As an
example, Figure 4.27 shows the Barrel W candidates from runl3 period I. There
are 729 red data-driven QCD FEr distributions. It is clear to see how the QCD
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Figure 4.27: Data-driven QCD: 729 different shapes from 9 normalization windows
and 81 QCD samples. This example shows for Barrel W candidates from runl3
period I. The other parts are similar.

shapes vary for all these cases. It shows that the data-driven QCD is sensitive only
in low Er range, but fairly stable in high E7 range where the W signal is counted.
The § distributions for all the cases for each Barrel eta bin for each charge and for
each periods are listed in Figure 4.28.

The final values of 8 which will be used in asymmetry calculations are deter-
mined to be the mean values shown in Figures 4.28 and 4.29. The uncertainties are
the quadratic sum of the systematic uncertainties, RM .S from the g distributions
and the statistical uncertainty described above, /> ‘7]22-'

As mentioned in the beginning of this section, the background analysis de-
scribed above are based on 2013 data sets. For 2011 and 2012, the same method
was used. As a summary, Figure 4.30 shows the final results of § with errors for each
eta bins for W' and W~ and for runll, runl2, and runl13 period I, period II respec-
tively. The corresponding numerical values are listed in Table 4.5. The background
contamination factor § can be directly included in the asymmetry calculation in

the following chapter.
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Figure 4.28: Barrel: [ distributions in systematic uncertainty study. In every rows,
from left to right, they are for eta bin from 1 to 4. The blue line indicates the
default § value used in Section 4.4.3.
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Figure 4.29: Endcap: [ distributions in systematic uncertainty analysis. The blue
line indicates the [ value get in Section 4.4.3.

7 bin 1 2 3 4 7
2011 W+ 0.84+0.06 | 0.97£0.02 | 0.97£0.02 | 0.98£0.03 | 0.90+0.03
2011 W~ 0.82+0.11 | 0.93£0.02 | 0.88+0.09 | 0.73£0.11 | 0.90+0.02
2012 W+ 0.94+0.01 | 0.97£0.01 | 0.96%0.01 | 0.95£0.01 | 0.9040.03
2012 W~ 0.90+0.02 | 0.91£0.02 | 0.88+0.02 | 0.91£0.02 | 0.9040.02

2013 P. T W™ || 0.944+0.01 | 0.97+0.00 | 0.974+0.00 | 0.94+0.01 | 0.894+0.02
2013 P. I W~ | 0.85+0.02 | 0.85£0.02 | 0.85+0.02 | 0.90£0.01 | 0.86+0.03
2013 P. IT W || 0.934+0.01 | 0.964+0.01 | 0.96+0.00 | 0.954+0.01 | 0.88+0.05
2013 P. II W~ || 0.84+0.02 | 0.86£0.02 | 0.83£0.02 | 0.93£0.01 | 0.86=£0.03

Table 4.5: 3 values for all the eta bins, both W* and W™, corresponding to the
data points in Figure 4.30.
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Chapter 5

Single-Spin Asymmetry

Extraction

As discussed earlier, the measurement of parity-violating longitudinal single-
spin asymmetry, Ap, for W production is one of the key parts of RHIC spin program.
In this chapter, the A extraction and the results from 2011-2013 datasets will be
given. The impact of STAR W A measurements on the sea quark polarization will

also be discussed.

5.1 Formulas of Single-Spin Asymmetry

The definition of A; has been introduced in Section 1.2. In data analysis,

Equation (1.13) can be written as

1N/l = N_Ji

A, =
PPN JIL+N_JI

(5.1)

where P is the beam polarization, Ny (N_) is the W yield when the helicity of the
polarized beam is positive (negative), and [+ are the relative luminosity correction
factors to normalize the different luminosities of two helicity cases. At RHIC, both
beams are polarized and 4 spin states of collisions (++, +—, —+, and ——) are
provided (see Section 3.1.4). Single beam polarization can be obtained by summing
up the other beam, e.g. summing ++ and +— gives one beam positively polarized
and another beam unpolarized.

In longitudinally polarized pp collisions at STAR, the spin dependent yields
detected in a given 7 range (e.g. eta bin 1 as described in Section 4.3) are expected

to be impacted by the polarization of both beams P;, P, and the longitudinal single-
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and double-spin asymmetries Ay, Az [74], as the formulas,

M:ZiTAR = N+iTAR/l++ = No[1+ PLAL(+n) + P AL(—n) + PLPAri(In))]  (5.2)
MP = NI = No[1+ PrAL(+n) — PyA(—n) — PiPAzs(nl)] - (5.3)
M7 = NP 1 = No[1L - PrAL(+) + PQAL< n) — PiPAL(nl)]  (5.4)
M = N = Ny [1 = PLAL(+n) — PyAL(—n) + PLRAL(Inl)] (5.5)

where N; is the yield for each spin state, [; is the relative luminosity correction
factor mentioned above and will be discussed in detail later, M; is the relative
luminosity corrected yield, Ny is the expected yield of unpolarized collision, 574"
denotes the pseudorapidity range referring to STAR detector, and 1 (—n) denotes
the pseudorapidity range referring to the blue (yellow) beam. The double-spin

asymmetry Ay is defined as

(et +0 )= (o7 +0 )
(ctt+o07)+ (ot +0~ 1)’

App = (5.6)
which is symmetric with n and —n. The background dilution effect is temporarily
ignored here, and will be discussed in Section 5.2.

From Equation (5.2)-(5.5), the expressions of Ar(n), AL(—n), and ALp can be

derived as
1 MZiTAR n MZiTAR _ MnSTAR _ MZS;TAR
Ap (77) = Pl Z MnSTAR ) (57)
1 MnSTAR _ M,,]STAZR _; M,,]STAR _ M,,]STAR
AL(_n) = P2 L +Z JM77ST,;13Jr — ) (58)
STAR ;'TAR STAR STAR
ALL(|7]’> = P1P2 Z M,,]STAR 9 (59>

which are consistent with the definitions in Equation (5.1) and (5.6).

In Section 4.3, the Barrel and Endcap regions are divided into 5 n bins, denoted
as 1, 2, 3, 4, and 7 respectively. From the W yields in each bin, A; for two
different pseudorapidity values 7 and —n with respect to the blue or yellow beams
respectively can be extracted. For bins in Barrel region, e.g. 7 bin 1 and 7 bin
4, they are symmetric with 7 = 0. In physical view, Ar(n) and Ar(—n) measured

in 7 bin 1 are theoretically same with A;(—n) and Ay (n) independently measured
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in 17 bin 4. The Ay results can be calculated by combining these two independent

measurements for same physical observable. It is similar for 7 bin 2 and 7 bin 3.

5.2 Background correction

The spin asymmetry formulas discussed in Section 5.1 are based on the assump-
tion that the detected W yields are pure W — ev signal. In practice, the correction
of background contamination is needed to get the AY. From the discussion in Sec-
tion 4.4, it has been known that there are various residual backgrounds in the W
raw signal spectrum, including electroweak and QCD backgrounds. Considering all
these contributions, the A, extracted from the spin sorted raw yields should be the

linear combination of them:

A = fwAL + fwr AP ™7 + fooncAT™MC + f2A7 + foepAFYP (5.10)
= (fw + fwor)AY + feEnc AP + f2A7 + focpATCP (5.11)
= (1— fepmc — fz — focp)AL + feemcAL™MC + f2A]

+focpAZCP, (5.12)

where the f; is the fraction of each component as introduced in Section 4.4.5, and
the A? is the corresponding single-spin asymmetry. From Equation (5.10)-(5.12),
AW can be extracted,

Ap — (fEEMCAfEMC + f2AZ + fQCDA%CD) AL —«

wo_ _
A = 1— feemc — fz — focp B (5.13)

where [ is the background dilution factor described in Section 4.4.5, « is the con-
tribution from the polarized backgrounds. The QCD events (e.g. di-jet events) are
expected to be parity conserved, so the A; of QCD events should be zero. For
the Second Endcap backgrounds (denoted as EEMC), it is expected to be same as
QCD background with AFEMC = ( since the double-counted Z component has been
excluded. The AZ can be estimated using the RHICBOS program [37] based on the
DSSV polarized PDFs and found to be about -0.06 in barrel region. Combining
with the fraction fz which is fairly small in order of 1%, the contribution from o,

the polarized background, is negligible comparing with the statistical uncertainty.
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5.3 Relative Luminosity

In Equation (5.1)-(5.5), the relative luminosity corrections for each spin states
are required. The relative luminosity correction factor is defined as [; = 4L;/3;L;,
where L; is the integral luminosity for spin state i (i = ++,4+—, —+, ——). They
are determined from a QCD events sample which is expected to be parity-conserved
and has no physical asymmetry. Since only the ratio of luminosities is needed, it is
not necessary to know the absolute luminosity of each spin state. The QCD events
sample with much larger statistics than W sample is expected to well reflect the
relative luminosity. The [; can be obtained from the spin sorted yields of the QCD
events, [; = AN2“P /5, N9P.

The QCD events used for the relative luminosity monitoring are selected by

the following cuts:
o fired the L2BW trigger,
e a high pr track pointing to the BEMC,
e isolation ratio E2?/E1** < 0.95, very effectively exclude W,
e EZ? < 20GeV, away from W Jacobian peak region.

Figure 5.1 shows the relative luminosity correction factors [; for 2011, 2012, and
2013 period I and period II respectively. The corresponding numerical numbers are
listed in Table 5.1.

Spin State ++ +— —+ ——
2011 1.0184+0.007 | 0.98940.007 | 0.993+0.007 | 1.00040.007
2012 0.994+0.003 | 1.00740.003 | 0.99240.003 | 1.003+0.003

2013 Period I || 0.99240.002 | 0.998+0.002 | 1.000£0.002 | 1.01040.002
2013 Period II || 1.007£0.003 | 0.99240.003 | 0.997+0.003 | 1.004£0.003

Table 5.1: Normalized relative luminosities for the four spin states corresponding
to Figure 5.1.

In order to estimate the systematic uncertainty caused by the relative lumi-
nosity and also as a cross-check, an independent high-pr QCD background sample
is selected using the reversed isolation and signed pr-balance cuts (same as cuts for

selecting the relative luminosity QCD events sample expect for the Er cut), but
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Figure 5.1: Normalized relative luminosity for the four spin states, for 2011, 2012,

2013 period I and period II.

same Fp range as W signal, 25 < Fr < 50GeV. The A extracted from such a QCD

sample provides a test that how well we know the events used in the relative lumi-

nosity correction are parity-conserved. The A%CD results for 2011+2012 and 2013

are listed in Table 5.2, where can be seen that the

AgCD

are consistent with zero

as expected. The systematic uncertainties from relative luminosity are determined

as half of the statistical errors of AY“” which are 0.007 and 0.004 for 2011+2012

and 2013 measurements respectively.

Year || 2011 + 2012 2013
A9CPT 1120003 + 0.011 | 0.003 + 0.007
ARCPT 11 20.009 £ 0.013 | 0.004 =+ 0.008

Table 5.2: Asymmetries measured for high pr QCD background events (charge

separated).
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5.4 Spin Sorted IV Yields

After removing the candidates with ambiguous charge sign, the raw W yields
are counted in the Ep range [25,50] GeV for W+ and W~ and for 4 spin states (++,
+—, —+, ——) respectively. The spin-sorted W+ and W~ yields in each n bin are
listed in Table 5.3- 5.6.

As discussed in Section 3.1.2, the longitudinally polarized proton-proton col-
lisions only lasted for only one week in 2011 due to the RHIC budget limitation.
In Table 5.3, it can be found that W yields from 2011 are relatively small. Espe-
cially for W~ and Endcap region, there are only a few (even one) counts after being
sorted in different spin states. By itself, 2011 statistic is not large enough to provide
valuable 1 dependent Ay results since the uncertainties will be very large. In order
to make good use of the data, a profile likelihood method has been developed to
combine 2011 and 2012 W sample. Details can be found in Section 5.5.

Charge W+ W=
Spin State || sum | ++ | +— | =+ | —— || sum | ++ | +— | —+ | ——
Eta bin 1 60 8 17 | 15 | 20 26 11 4 10 1
Eta bin 2 90 18 | 24 | 27 | 21 26 11 6 8 1
Etabin3 || 114 | 25 | 14 | 33 | 42 20 8 4 4 4
Etabin4 || 68 | 14 | 14 | 18 | 22 22 5 8 6 3
Eta bin 7 10 2 1 ) 2 9 3 2 1 3

Table 5.3: W yields of STAR 2011 dataset.

Charge W+ W=

Spin State || sum | ++ | +— | =+ | —— |[sum | ++ | +— | —F | ——

Etabin 1 || 487 | 75 | 132 | 104 | 176 || 185 | 67 | 41 | 41 | 36
Eta bin 2 || 663 | 87 | 186 | 160 | 230 || 152 | 47 | 44 | 36 | 25
Eta bin 3 || 746 | 103 | 188 | 184 | 271 || 171 | 44 | 46 | 47 | 34
Etabin4 | 464 | 82 | 94 | 125 | 163 || 169 | 54 | 46 | 38 | 31
Eta bin 7 57 | 10 | 10 | 17 | 20 57 | 16 | 15 | 16 | 10

Table 5.4: W yields of STAR 2012 dataset.
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Charge W+ W=
Spin State || sum | ++ | +— | —+ | —— |[sum | ++ | +— | —F+ | ——
Etabin 1 || 763 | 117 | 227 | 156 | 261 || 270 | 96 | 56 | 76 | 43
Eta bin 2 || 1054 | 161 | 266 | 265 | 360 || 265 | 84 | 62 | 66 | 53
Eta bin 3 || 1092 | 164 | 274 | 269 | 383 || 237 | 74 | 52 | 63 | 49
Eta bin 4 || 818 | 133 | 179 | 230 | 274 || 351 | 103 | 98 | 83 | 67
Eta bin 7 67 9 21 15 22 81 26 20 17 18

Table 5.5: W yields of STAR 2013 Period I dataset.

Charge W+ W=
Spin State || sum | ++ | +— | —+ | —— ||sum | ++ | +— | —F | ——
Eta bin 1 570 | 81 | 168 | 109 | 211 || 222 | 71 50 59 | 42
Eta bin 2 || 705 | 112 | 179 | 150 | 263 || 161 | 57 | 37 | 33 | 34
Eta bin 3 || 831 | 133 | 189 | 217 | 292 || 192 | 55 | 49 | 50 | 38
Eta bin 4 || 689 | 124 | 143 | 164 | 257 || 267 | 68 | 81 | 69 | 50
Etabin 7 || 34 5 5 13 | 11 25 6 3 6 10

Table 5.6: W yields of STAR 2013 Period II dataset.
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5.5 Profile Likelihood Method

As mentioned earlier, run 2011 at STAR is a relatively small dataset. It doesn’t
make sense to have a single measurement with 2011 dataset alone. A profile like-
lihood method has been developed and used to combine 2011 and 2012 datasets
to treat the low statistics of the 2011 dataset [73]. More details about the profile
likelihood method are given in Appendix A.

For a given data sample, a model for the expected, spin-sorted W¥ yields in
a given positive STAR detector n range, labeled as a can be defined for each spin
state with similar format of Equation (5.2)-(5.5),

fiy = l++N [+ PiBAL(+n) + PaBAL(—n) + PiPaBALL] (5.14)
p = N[1+4 P SAL(4+n) — PBAL(—n) — PLPBALL], (5.15)
pt, = 1 yN[1—=PBAL(+n) + PSAL(—n) — PIPBALL], (5.16)
pt o = I__N[l = PBAL(+n) — PBAL(—n) + PLP2BALL], (5.17)

where the variables have the same meaning as in Equation (5.2)-(5.5) and the
background dilution factor 3 is also included. A similar set of these four equations
can be written for the symmetric negative pseudorapidity range of STAR detector,
labeled as b, by interchange Ap(+n) with Ap(—n). These eight spin-dependent
yields for the pair of symmetric pseudorapidity regions in the STAR detector (a

and b) are used to define a likelihood function,

L= HP(Mf|u?>P<M;’|u?>g<5“>g<ﬁb>, (5.18)

which consists of a product of Poisson probabilities P(M;|u;) for measuring M;
events in a helicity configuration ¢ given the expected value w; from Equation (5.14)-
(5.17) and a Gaussian probability g(3) for the estimated background dilution. The
spin asymmetries Ay (+1n), AL(—n), and Ay of this likelihood function are bounded
to be within their physically allowed range of [-1,1], N® and %* are treated as nui-
sance parameters, and the remaining parameters (P and /1) are known constants.

Separate likelihood functions are computed for the 2011 and 2012 datasets,
and their product is used in a profile likelihood analysis to obtain the central values

and confidence intervals for the asymmetries.
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5.6 Results and Discussions

5.6.1 AV Results from 2011 and 2012 Data

From 2011 and 2012 datasets, the combined longitudinal single-spin asymmetry
results, A?/i, are extracted using the profile likelihood method described in Section
5.5. Figure 5.2 shows the szi results as a function of the lepton pseudorapidity.
The vertical black error bars show the 68% confidence intervals, which include the
statistical uncertainty, as well as systematic uncertainty due to the unpolarized
background dilution. The magnitude of the confidence intervals are dominated
by the statistical precision of the data. The systematic uncertainty caused by
relative luminosity is indicated by the gray band in Fig. 5.2, and the single-spin
asymmetry has a common 3.4% normalization uncertainty due to the uncertainty

in the measured beam polarization.

A L = +
L p+p - W — e +v
B Vs=510 GeV 25 < ES < 50 GeV

]’ (R

Rel lumi
syst

______

-0.5 [ [ S—

- i - STAR Data CL=68%
_— DSSV08 RHICBOS
--- —.—.-DSSV08 CHE NLO
 ---- - LSS10 CHE NLO
DSSVO08 L0 Ay2%/y2= 2% error
3.4% beam pol scale uncertainty not shown
T T TR T T T T EN T SN T R NN N B B
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Figure 5.2: Longitudinal single-spin asymmetry A for W productions as a func-
tion of lepton pseudorapidity from STAR 2011+2012 data set in comparison to
theoretical predictions [73].
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Figure 5.3: NNPDFpolz1.1 [32]: comparison between x dependent Aw (upper) and
Ad (lower) before and after including the impact of STAR 201142012 AW™ results,
at % = 1GeV?. The absolute PDF uncertainty is also shown (right).

The measured Ay, results are compared to the theoretical predictions described
in Section 1.2, Figure 1.13. The A,‘—iw is negative, consistent with the theoretical
predictions. AEW is sensitive to the polarization distributions of d and u quark re-
spectively at forward and backward lepton pseudorapidity regions. The agreement
between AY" and the theoretical predictions indicates that polarized PDFs Ad and
Au determined in polarized SIDIS and W production in polarized pp collisions give
consistent results. For A}, however, the measured asymmetries are in general
larger than the theoretical predictions for negative pseudorapidity. This region is

most sensitive to the u quark polarization which is not currently well constrained
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from SIDIS as can be seen from the large uncertainty band of the theoretical pred-
ications. This is an indication of a sizable and positive Aw in the range 0.05 < z <

0.2, where current STAR W data provide sensitivity (see Equation (1.18)). AWV~
for positive pseudorapidity which is mostly sensitive to Ad well agree with the the-

oretical predications which reflects the consistent results from W and from SIDIS.
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(a) x? profiles for Adi(left) and Ad(right) with the impact of the preliminary 2012 STAR szi

result (blue dashed-dotted curves) and the projection W data (blue curve)

Figure 5.4: DSSV++: x? profiles for Awu(left) and Ad(right) with the impact of
the preliminary 2012 STAR szi result and the projected W data of run 2013

[75](down).
AW results from 2011 and 2012 data have been published [73] and included by

NNPDF [32] and DSSV++ [75] (DSSV++ used STAR preliminary results) groups
into their global analyses shown in Figure 5.3 and 5.4 respectively. NNPDF group
implements a Bayesian reweighting method to include the contribution from STAR
2011 and 2012 AV results [32]. The NNPDF methodology consists of updating the
representation of the probability distribution in the space of PDFs provided by an
available PDF set by means of Bayes’ theorem in such a way that the information
contained in the new data sets is included. Based on the existing PDFs set, a set
of experimental pseudo-observables with uncertainties inflating with a factor from
the PDF uncertainties are sampled. In the left panel of Figure 5.3, the change in
shapes of A% and Ad compared with the prior (whose shape is determined by the
shape of the DSSV08 best-fit PDFs and uncertainty is inflated from corresponding
PDF uncertainty by a factor 4) is significant, especially for Au. It indicates that
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the STAR 2011 and 2012 A‘ivi results pull in a different direction for Au than
the polarized semi-inclusive DIS data used in DSSV08 PDFs. In the right panel
of Figure 5.3, the respective absolute uncertainties are shown. The reduction in
uncertainty is very visible, ~ 20% in the peak region. STAR Ag/i results have
provided significant constraints on both A% and Ad. In Figure 5.4, the x? profiles for
Ati(left) and Ad(right) in DSSV global fitting are shown. The blue dashed-dotted
curves are for global fits including STAR preliminary results of 2012 A‘ivi (2012
data dominates the 2011 and 2012 combination). Compared to the green dashed
curves which are from global fit before including STAR A?/i results (DSSV08), the
best-fit values for A and Ad of blue dashed-dotted curves show remarkable shift.
Especially for Au, the sign has changed from negative to positive. The widths
are also significantly reduced with constraints provided by STAR data. Global fits
from both groups give consistent results on STAR Az‘/i impact. In Figure 5.4,
DSSV group also provides the results with the projected RHIC 2013 W data (blue

curves), where the widths are further shrinked.

5.6.2 AV Results from 2013 Data

STAR 2013 data sample is about 3 times larger than previous years in lumi-
nosity (see Section 3.1.2). The szi for each 7 bin is independently calculated for
period I and period II using Equation (5.7)-(5.9). After combining two periods,
Figure 5.5 shows the AI}JVi results for STAR run 2013 as a function of the lepton
pseudorapidity. They are compared to the theoretical predictions and STAR 2011
and 2012 results. The vertical error bars contain both the statistical uncertainty
from W yields and the systematic uncertainty introduced by the background esti-
mation procedure. In general, AEVi measured from 2013 dataset are consistent with
the published 2011 and 2012 A%Vi results, and the uncertainties are significantly
reduced by about 40% from 2011,2012. For AEW, 2013 result are consistent with
the theoretical productions. For A" the measurements in 7, < 0 region where
is mostly sensitive to u polarization are systematically larger than the theoretical
predictions. Considering the impact of 2011, 2012 A%Vi results, the Au distribution
will be further constrained with a positive central value after including 2013 results.

The quantitative impact will be manifested after being included in global analysis.
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Figure 5.5: Longitudinal single-spin asymmetry A; for W+ productions as a func-
tion of lepton pseudorapidity of STAR 2013 in comparison to 201142012 results
and theory predictions.

5.6.3 A7 and AV’

As discussed in Section 4.2, the Z/v* — eTe™ events are also reconstructed
from STAR 2011, 2012, and 2013 datasets along with W reconstruction. The Z/~*
yields are counted within invariant mass window 70 < mg+.- < 110GeV /c? where
the e* are within —1.1 < < 1.1 and Er > 14GeV. The spin sorted yields of Z/~*
are listed in Table 5.7 for 2011, 2012, and 2013. Due to the limited cross section at
RHIC energies, the statistics of Z/~* production are relatively low.

There is a unique advantage that the e™e™ final states can be fully recon-

structed. Thus, the initial state kinematics can be determined,

Me*e*
T = =7 (5.19)

where yZ is the rapidity of Z.
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The longitudinal single-spin asymmetry of Z/~v*, Af/ 7" is sensitive to the com-
bination of polarizations of up and down quarks and antiquarks. It is slightly
complicated by the fact that both left- and right-handed quarks can couple to Z

boson [74],
_ S A [AGp(x1)gp(2) — Agy(e1)qs(22)]

AL g (s (@1)gs(2) + g5 (21)q5 (22)]

(5.20)

where f =u,d, Ay is a measure of vector coupling [74].
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Figure 5.6: Longitudinal single-spin asymmetry Ay, for Z/v* productions as a func-
tion of Bjorken scaling,x;.

For 2011 and 2012 data sets, the Af/ " is extracted via the profile likelihood
method, to be —0.07+0.14. This result has been reported together with 201142012
W spin asymmetry results [73]. For 2013, the period I and period II combined
AZIT pesult is also measured, AZ7 = 0.08 + 0.09. The results of 201142012 and
2013 are shown in Figure 5.6 with comparison to theoretical predictions. Within

uncertainties, the two results are consistent with each other and also with theoretical

prediction.
Data sets sum | ++ | +— | =+ | ——
2011 11 2 3 3 4
2012 7r 1020 | 16 | 19 | 22

2013 Period 1 86 15 | 29 | 31 | 11
2013 Period II || 72 19 | 18 | 19 | 16

Table 5.7: Spin sorted Z/~* yields for STAR 2011, 2012, and 2013.

The longitudinal double-spin asymmetry of W production, AEVLi, which is de-
fined as Equation (5.6) is also extracted along with AW extraction from profile
likelihood method for 2011 and 2012 data and from Equation (5.7)-(5.9) for 2013
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data. AKVLi is also sensitive to the flavor decomposition of polarized quark and

antiquark distributions,

AuAd o AdAw

+
AE/L ~ 7 L ~ T (5.21)

Also, it has been proposed by Kang [76] to test positivity constraints using a com-

bination of A" and AW [76].
14 AVO) S AW () £ AV ()| (5.22)

where yy is the rapidity of W boson.
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Figure 5.7: Longitudinal double spin asymmetry Ay, for W= productions as a
function of lepton pseudorapidity of STAR 201142012 in comparison to theory
predictions |73].

Figure 5.7 [73| shows A‘ﬁi results extracted from 2011 and 2012 datasets using
the profile likelihood method (see Section 5.5). There is a common 6.5% normal-
ization uncertainty due to the uncertainty in the measured beam polarization. The
results as a function of lepton 7 are consistent with the theoretical predictions and
in conjunction with szi satisfy the positivity bounds within the current uncer-
tainties. In Figure 5.8, NNPDF [32] reported an examination of positivity bounds
by combination of RHIC AW* and A%," which are bounded to be non-negative.

Figure 5.9 shows the A" results calculated from STAR 2013 data. The com-
parison to 2011 and 2012 is also included. The 2013 A%f results are consistent
with that of 2011 and 2012 with reduced uncertainty.
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Figure 5.9: Longitudinal double spin asymmetry Az; for W* productions as a
function of lepton pseudorapidity of STAR 2013 in comparison to 2011+2012 results
and theory predictions.
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Chapter 6
Conclusions and Outlook

As a fundamental challenge, understanding the nucleon spin structure has at-
tracted many physicists in both experimental and theoretical aspects in the last few
decades. For longitudinal spin structure, large amount of data have been accumu-
lated by various experiments. Initiated by the EMC collaboration, the total contri-
bution of quarks and antiquarks spin to the proton spin has been well constrained
by the data obtained in polarized DIS experiments at CERN, DESY, SLAC, and
JLab. The polarized semi-inclusive DIS experiments have provided flavor decom-
position of the quark and antiquark polarization via identifying the hadrons in the
final state relying on the understanding of parton fragmentation processes. Limited
by the precision of the fragmentation functions, there are still large uncertainties
on the flavor separated anti-quark polarized distributions. RHIC, taking advan-
tage of the polarized proton-proton collisions, provides wonderful complementary
information to the DIS experiments. Among RHIC spin program, the measurement
of the parity-violating longitudinal single-spin asymmetry of W boson production
provides an unique probe to the sea quark polarization. Due to V' — A structure
of weak interaction, W boson naturally selects the left-handed quarks and right-
handed anti-quarks in its production in pp collisions. This provides an direct probe
of the polarized PDFs and doesn’t rely on fragmentation functions.

At RHIC, the W boson production is detected via its leptonic decay which
has theoretically calculable kinematics. The candidate W events are selected out
based on the kinematic and topological features that an isolated charged lepton
and a large miss energy caused by the undetected neutrino. In this thesis, the
measurements of longitudinal single-spin asymmetry of W boson at STAR are re-
ported. The measurements are based on the data collected in 2011, 2012, and 2013
by STAR experiment at 1/s= 500(510) GeV longitudinally polarized proton-proton
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collisions at RHIC. From 2011 (9.4 pb™!) and 2012 (77.4 pb~!) data, the lepton n
dependent W Ay is measured for the first time, which has provided the first valu-
able input from W to the global analysis of the polarized PDFs. The A%VJr results
are consistent with the theoretical predictions which are based on the semi-inclusive
DIS experiments. However, the AY" is larger than the theoretical predictions at
negative lepton 7 region where the A} is mostly sensitive to the A distribution.
This enhancement of A}~ suggests a positive % polarization. From 2013 (246.2
pb~1) data, the precision of A%’i measurement is significantly increased. With the
uncertainty reduced, A" is consistent with that of 2011 and 2012, and further
enhances the positive preference of Au in the range 0.05 < x < 0.2. According
to an earlier estimation by DSSV group [77], the uncertainties for the Aw and Ad
distributions for x above 0.05 are expected to reach 1% and 2% respectively with
including all the statistics of RHIC AEVi data in 2011, 2012, and 2013.

In the upcoming decade, the Electron Ion Collider [78] in planning is expected
to play a key role in nuclear physics. It will be a new milestone for the investigation
of the nuclear spin structure taking the advantage of the unprecedented luminosity.
From the semi-inclusive scattering, the light-flavor helicity distributions of Au, Ad
and their antiquark distributions can be probed in a wide kinematic range with a
remarkably increased precision from current SIDIS measurements. With dedicated
studies of kaon production, strange sea quark will also be accessible. The proton
spin structure function g, (x, @?) can be precisely measured including its scaling vi-
olation. With an EIC machine, the range of z and Q? will be dramatically extended
from the current spin related experiments of DIS and pp as shown in Figure 6.1.
Definitely, it will provide very precise probe for gluon and sea quarks polarization
when reaching much smaller z region. Among these rich opportunities, the flavor
decomposition of the quark and antiquark spin can be accessed in the electroweak
deep inelastic scattering by the exchange of Z and W* bosons which will provide

unique insights into the spin flavor structure of proton [79].
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Figure 6.1: Regions in x, Q? covered by previous spin experiments and anticipated
to be accessible at an EIC. [78]
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Appendix A

Profile Likelihood Method

A.1 Introduction

This work has been motivated by the desire to combine the 2011 and 2102
STAR data sets to extract the W-boson spin asymmetry Ap(n). Due to the low
statistics in the 2011 dataset we could not justify the use of Gaussian error propaga-
tion. Instead we have used a multi-dimensional likelihood, constructed from many
Poisson distributions. For consistency, the same method will be used for extraction
of the double spin asymmetry Ay, .

The essence of the problem which we need to address is finding the most
probable value (MPV) and the confidence interval (CI) of an unknown parameter
A, given a pair of measured yields N, N_ obeying a Poisson distribution, and

knowing that the true relation between those quantities are
N.=N(14+ A-P) (A1)

where N° > 0 is a free parameter of no interest to us and P is a known constant,
|P| < 1.
In the limit of large statistics the p.d.f. of measured yields Ny are well approx-

imated by the Gaussian distribution. One can then solve Eqn. A.1 for A

1N, — N_

“PN. AN (4.2)

and propagate the statistical errors of N into one standard deviation of A, o(A)

N,N_

2
A=\ NN

(A.3)
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In such a case the CI [A — g, A + o] corresponds to CL=0.683.

Let’s further assume we repeated the experiment K-times, measuring K pairs
of yields Ny . However, each time the constant P, was different. We want to again
extract a single, common value of A based on the combined data from these K
experiments.

In the limit of large statistics we can compute Ay, o) for each dataset k, then

compute weighted average

K

k=1

K
wy = 0, °/ Z o (A.5)
k=1

The procedure described above fails in the low statistic limit, say for Ny of
few, when the Poisson p.d.f. is not symmetric around the central value any more.
Consequently, the 1-0 CI for A is not centered around the MPV. For a given CL
we have CI [Al°] Al such that Ay, — Ale # AW — A;. This means Eqn. A.5 can’t be
applied to compute the relative weights needed in Eqn. A .4.

The alternative approach to finding the MPV of A from many, low
statistics experiments is to apply the likelihood method (LM). Knowing
the p.d.f. for each measurement, /Ny ;, obeys the Poisson distribution, we construct
the likelihood of measuring each pair N. j, given A, assuming a physics justified
model. Then, multiply the likelihoods from all experiments. Finally, find the global
maximum and CI of A by marginalization of nuisance parameters.

Section A.2 describes the application of the profile likelihood method (PLM)
for a simple 2-yield experiment. Section A.3 will expand the PLM for a more real-
istic case of a series 8-yield measurements and simultaneous extraction of multiple

parameters of interest.

A.2 PLM for 2 spin states and one-observable

Let’s start with a very simple case of the profile likelihood method applied
to extract the single-spin asymmetry (SSA) from an experiment using a polarized

beam hitting an unpolarized target and involving one detector.
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A.2.1 Model

Let N1 be the measured yields of W-boson events in our experiment for two
opposite polarizations of the beam (+£). Let u+ be the expected values of the yields
from our model of the experiment, discussed below.

The W-boson reconstruction algorithm accepts a small fraction of non-W
events (i.e. background) - this impacts the value of the measured SSA and needs
to be corrected for. We have identified 3 dominant background sources indexed by
the subscript i=72,E,Q, and W:

'7’ labels Z — eTe™ events accepted if one of leptons misses the BEMC or EEMC,
'E’ labels QCD — jet-jet events for which one jet heads toward the non-existent
East EMC endcap,

'Q’ labels other subset of QCD events which sometimes hadronize in such a way that
they pass the W reconstruction algorithm. For completeness, "W’ labels W-boson
events of interest.

Let f; denote the fraction of reconstructed event yield, n;, of a given type :

g?;. EDIFES (A.6)

7

fi=

In general, the SSA for each background process, A;, may be different and non-zero
which leads to the following model of spin dependent yields, j., for all events

accepted by the W algorithm:

Ni — pae = pw+ + iz + pps + o+ (A7)
Nzy — Mz+ = liNofz(l + AZP)
NE:I: — Up+ = liNofE(l + AEP)
NQi — U+ = liNon(l + AQP>
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Eqn. A.7 implies the full model for the spin dependent yields, u., is the sum of all

possible processes

pe = LN°[fw+fz+fe+fot

P(fwAY 4 fzAZ + [ AP 4 foA9) (A.9)
= LN’ [1£P(BAY +a)] (A.10)
where
_ fw
F = fw+ fz+ fe + fo (A1)
o = fZAZ+fEAE+fQAQ (A12)

fw+ fz+ fe+ fo

In practice the a-term is much smaller than the statistical uncertainty of the exper-
iment so we will ignore it in this paper. The final model of spin dependent yields

is
pre =1+ N°(1 4+ PRAY) (A.13)

The beam polarization, P, is a constant. The relative luminosities [ are also
assumed to be constants. [, depend on the (very large) number of events recorded

by the luminosity monitor for both spin states Nyyas+-

2Ny M+ 1
L= S+l =1 A4
* Nrvm+ + Noom- 2 (L ) ( )
g, = 1/\/NLUM+ +NLUM— are small (A15)

A.2.2 Total likelihood function L

The total likelihood Lo (A%, N°, 3) is constructed as the joint probability using

all the information we gather from various sources:
La(A", N, ) = Lpuy (A") - Lspin (A", N°, 8) - Lpcx () (A.16)

where:

o AW is the SSA we want to extract from the experiment (i.e. the variable of
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interest),

o Lpgy(AY) = H(1—|AY]) : restricts the range of the physically allowed val-
ues of SSA, where H(x) is the step function,

e Ny and S are nuisance parameters describing the unpolarized expected yield

and unpolarized background, respectively,

o Lopin(AY, Ny, B) = [I7 f(Ni|us (A", N°, B) is product of Poisson distribu-
tions f(N|u), describing the probability of measuring N events given the

expected value was i from Eqn. A.13,

o Lpck(B)=g(B— B, op) is the probability distribution function for the unpo-
larized background magnitude, here parametrized as a Gaussian with a mean

B and standard deviation og.

The following additional parameters: [1, P , needed to compute the numerical
values of p (see Eqn. A.13), are assumed to be constant.
Note: for the practical reasons the ranges of all nuisance parameters are bracketed

to 100 around the respective central values.

A.2.3 Extracting parameter of interest from L,

The following inputs are required to extract the asymmetry of interest A"

e N. : spin sorted yields from STAR experiment,
e [, : relative luminosities from STAR experiment,

° B,ag . description of background p.d.f., based on embedding, simulations,

and theory,

e P : beam polarization from RHIC.

With these inputs we can build the 3-dimensional total likelihood function Lq(AY, N° 3).
To find the central value of the A" we need to remove the nuisance parameters (N°

and () from the problem. One method to accomplish this is to marginalize Lg (or
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integrate over) the nuisance parameters to produce the 1-dimensional likelihood vs.

the variable of interest, AV:

Lmarg(A") = /dNO/dB Lo(AY, N°. B). (A.17)

Another method to treat the nuisance parameters, described in the PDG statis-
tics review [3| (specifically Sec. 36.3.2.3) and a longer review from Cowan [80], is
the profile likelihood method which we will use and should yield the same central

value and confidence intervals as the marginalization method.

The profile likelihood method consists of two steps: (i) construction of the
profile likelihood L

interval for AW.

prof(AW) and (ii) extraction of the central value and confidence

Profile likelihood

Let’s group all nuisance parameters as a vector v = (N, 8). For each value
of AW there exist 7(A") which maximizes Lo(A"Y,7) defined by Eqn. A.16. The
profile likelihood Lprof(AW) is defined as

Lo oe(AY) = Lo (AY D) (A.18)

prof
It is a 1-dimensional likelihood, depending only on A". Often one conveniently nor-
malizes the profile likelihood by constructing the profile likelihood ratio defined

as

Lprof (A™)

A :
Loy

AV = (A.19)

prof (
where Lqy is the global maximum of the 3D likelihood in the [AY N9, 3] parameter
space.

The central value of A" is the one which maximizes the profile likelihood

L (A"), or equivalently minimizes the negative log-likelihood, —In L

prof prof-



A.2. PLM for 2 spin states and one-observable 103

Confidence interval

For a given confidence level (CL) the confidence interval of A" is computed as
the pair [A}Y

lo»

A satisfying the integral

AR

/ Lprof<A) dA=CL- / Lprof(A) dA (A.20)
AYX support

In the absence of constrain on A and for a non-symmetric p.d.f., as show in

fig. A.1a), we need to impose additionally

Lpof(Al) = Liof(Al) (A.21)

for unambiguous definition of CI.

The presence of the constrain on the support Lpgy(AY) | see Fig. A.1b),
complicates this picture slightly. For clarity, let’s assume that the lower bound is
closer to the maximum (as in the figure). In general two CI values divide the whole

area on 3 parts, labeled x,y,z.

/x + /y + / - /_ :1 Lprof(4) dA (A.22)

In particular, fx may be zero if chosen CL is too large. In such case we set A} = —1

(i.e. the lower boundary of the constrain) and A} is defined by the modified relation

Al +1
/ - Lprof(4) dA = CL- /  Lprofl4) A (A.23)

A.2.4 Numerical example

For numerical computation we will use the RooStats [81] (extension of CERN
root). For educational purposes we have prepared several ready to use macros
placed in the MIT disc at BNL.

The code used to produce Fig. A.1 is named
spin2Asy_constrain.C . Since the original RooStast did not properly handle the

constraint on the asymmetry to be within the physically allowed range, we developed
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Figure A.1: Definition of confidence interval for the case w/o constrain on support
(a) and with additional constrain (b).

our own after-burner macro

getIntervGivenConstrSimple.C, used in all sections of this paper.

A.3 PLM for 4 spin states and two-observables

In section A.2 we have applied the profile likelihood method to a simplified
case of extracting one parameter of interest (A"') out of a pair of measurements
(N, N_), using a model (Eqn. A.13) with two additional nuisance parameters
(N°,3) and 3 fixed parameters (I, P). The complexity of the real world prob-
lem discussed in this section, extraction of Ay (n) for W-boson measured at STAR,

is much larger.
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A.3.1 Model

In the following we will retain the naming convection of physical quantities,
however we will add additional indexing. The indexes s,n, k denote the following:
s spin state of colliding beams, s = [4++, +—, =+, ——],

n pseudorapidity of 2 detector regions, n = [n1,m2] ,
k labels the datasets, k=[1,2,..,K].

Let’s review the previously defined quantities with extended indexing:

N1, are yields measured by STAR for spin state (s), detector (n), dataset (k),
Lsnr are yields predicted by the model defined below.

For clarity let’s ignore, for the moment, the dataset index k. The generic

formula for the model p, depends on similar parameters as Eqn. A.13:
Hsn = ZSNS []- @s PIBWAZ‘I/ @s PQBnA:;"{ @s P1P2577ALL] (A24)

where @, means the sign switch depending on the spin state ’s’. The index of A"
depends on the angle between polarized beam and detector n-bin. The definitions

of the parameters used in Eqn. A.24 are below:

L, are the relative luminosity corrections,

normalization: ) I, =4, do not depend on the detector,

NS are the predicted spin-average yields, nuisance params, change with the detec-

tor
Py, P, are the beam polarization magnitudes,

AY, AV, are the SSAs for a pair of symmetric 7-bins with respect to the polarized

beam; which are parameters of interest,

B, are the unpolarized corrections to A,‘;V , depend on detector angle, nuisance pa-

rameter,

AL is the DSA nuisance param, which has no £n detector dependence.
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Model for 8 yields

In total there are 8 different possibilities for the index sn defined in the full
model (Eqn. A.24). Below we will write them explicitly

firyn =L NJ[1 + PBiAY + PBiAY + PPapiAY (A.25)
Hy—1 = l+—N?[ I+ PIBIA}/V - P251A5V — PP, AR
figa =Ly NY[1 — PBAY + P AY — PPyS AR

H
t
po—g =1 N[1 = PBAY — PpiAY + PPyf A"
L
L
L

]
it =L N1 + PiBoAY + PoBoAl + PiPyBy A
pi—o =1 NY[1 4+ PBAY — Py Al — PPy AN
pto =1 NY[1 — PiBoAY + Py Al — PPy AN
fo—p =L NY[1 = PioAY — PofeAl + PiPySAMY ]

From the mathematical perspective, the model of p, defined by Eqns. A.25
does not need any justification. However, if you are a curious physicist, Fig. A.2
defines directions of both beams and signs of the angles of the detector with respect

to polarized beam.

Figure A.2: Definition of beam direction and signs of the angles in the detector

with respect to polarized beam needed to define dependence of polarized yields on
SSA & DSA in eqgs. A.25.
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Model for 4 yields

In certain cases we only have a single detector 1. Then, we need only 4 equa-

tions for the model:
s =N [1 &, PIBAY @&, PBAY &, PLPSAM] (A.26)
and,

11 + PBAY + PBAY + P P,BAM
[1 + P BAY — PBAY — P PBAM
pioy =1L N1 = PIBAY + PSAY — PLP,SAM ]
[1 — PBAY — PBAY + P PBAM ]

(A.27)

A.3.2 Total likelihood

The total likelihood for one dataset consisting of 8 measured yields N, is a

product of all p.d.f.s, in analogy to Eqn. A.16,

Los(AY, AY [1g) =
2

8 2 A28
Hf(Nsnlﬂsn)Hg(Bn)HH(l_ ’A?’/D H(1—[ALLl) ( )

where g represent 5 nuisance parameters vy = [Ng, By, AFE]. The functions f(...), g(...

were previously defined in the Sec. A.2.2. Fig. A.3 illustrates the impact of the con-

strains, H(x), on the allowed parameter space of the total likelihood function.
Finally, lets allow for multiple datasets and restore the index ’k’. For 2 datasets,

k=1,2, we measure a total of 16 yields Ny, and need to almost double the number

of nuisance parameters for the total likelihood. This is the final formula:
Lme(A?,AZV,Vm) =

H f snk ,Usnk: Hg ﬁnk H 1 - ’Awl) (1 - |ALLD

s,n,k

(A.29)

: 0 LL
where 114 represent 9 nuisance parameters [Nnk, Bk, A%
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Similarly, for the two dataset consisting of only 4 measured yields N, for one

pseudorapidity bin of the detector the total likelihood is:

Log(AY, AY [ 1g) =

8 2 : W (A.30)
| | S (Nak|prsk) | | 9(Br) HH(l — AWy H(1 — |ALz))
s,k 3 i

Likeihood 14 Likelinood J, = [, * [,

ST4R Total  piys  STAR

Figure A.3: Illustration of applying the physics constrain, Lpgy, on the support of
the total likelihood for Eqn. A.16 . a) no constrains, b) after constrains are applied
the support has been reduced.

A.3.3 RooStats implementation

In section A.2.4 RooStats [81] was mentioned. It is a powerful tool to deal with
the profile likelihood of multiple parameters, among many other things. If we define
all the models and likelihood PDFs, RooStats will do all the rest of the work for us.
To call the RooStats package, 5.28.00 or higher version of ROOT is required. An
example of the solution to problem defined by Eqns. A.29 and A.30 is available at
[82].

RooWorkspace

The RooWorkspace is a persistent container for RooFit projects. A workspace

can contain and own variables, p.d.f.s, functions and datasets. All objects that
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live in the workspace are owned by the workspace. The import() method enforces
consistency of objects upon insertion into the workspace (e.g. no duplicate object
with the same name are allowed) and makes sure all objects in the workspace are
connected to each other.

The code creatPDF.C is an example for how to define a RooWorkspace which

contains all the variables, p.d.f.s and datasets that will be used in our analysis.

> root -1 creatPDF.C

Executing this code will create the RooWorkspace and print it out.

ProfileLikelihoodCalculator

In the calculation, all the relative variables should be initialized with the ex-
perimental parameters. The function RooStats::ProfilelikelihoodCalculator will do

the main computation of the profile likelihood.

ProfileLikelihoodCalculator plC(x*datay,
*modelConfig) ;

where the dataY is RooDataSet which contains all the observables (namely, the spin
sorted yields for the W A, analysis), and modelCofig is a RooStats::ModelConfig
which contains the full likelihood function (e.g. Eqn. A.29 and Eqn. A.30) and the

definition of parameters of interest (A") for the model (u).

Confidence Interval

We can’t use the output ProfilelikelihoodCalculator directly since it does not
account correctly for the reduced support due to constraints. We instead call our
"after-burner" code, discussed in section A.2.3. Taking out the profile likelihood ra-
tio from the ProfileLikelihoodCalculator, we can get the central value and the confi-
dence interval with given confidence level. The code getIntervalGivenConstrain.C
is an example to get the result from a profile likelihood ratio that comes from Pro-
filelikelihoodCalculator.
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A.3.4 Numerical results

To allow a cross check by the reader we will report a few results for synthetic

data.

AW for 2x8-yields

Lets assume the following 16 yields, N,q, for the pair of 2 detectors, for 2
years:
Nyp11=18, Ny _11=24, N_,,,=27, N__;;=21
Niy21=25, Ni_p1=14, N_;21=33, N__;=43
Nyt19=87, Ny_19=184, N_41,=161, N__ ;=226
Nyt 00=104, Ni_52=186, N_1 99=182, N__55=269
Other parameters are:
L= { 1.0180, 0.9891, 0.9926, 1.0002 }
Ls o= {0.9950, 1.0077, 0.9933, 1.0040 }
P 1=0.49, P,1=0.49; P, 2=0.55, P, 5=0.57
Bp1 = {0.976, 0.971 }; 5,2 = { 0.967,0.962 }

AV Profile likelihood, CL=68.3% Gaussian method*
mpv AW | A AV | AW | AW o AW
AV -0.345 | -0.391 | -0.299 | 0.046 || -0.345 0.046
AIQ/V -0.424 | -0.470 | -0.378 | 0.046 || -0.425 0.045

Table A.1: AW AW from RooStats and a comparison with the Gaussian method
for 16-yields, input discussed in Sec. A.3.4.

*Gaussian method: calculate A" for each detector eta bin of each year dataset and
then average them with error weight defined by Gaussian error propagation.

Implementation of the RooStats based code for the likelihood function of 16
yields (Eqn. A.29) was applied on this numerical example. The most probable val-
ues and confidence intervals for a 68% confidence level of A]" and A were obtained
simultaneously.

AV = -0.345, with confidence interval [-0.391,-0.299]
AW = -0.424, with confidence interval [-0.469,-0.378]

Table A.1 lists results of A]¥ AY and a comparison with the Gaussian method.

Results from both methods are consistent . To reproduce execute:
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> root -1 rdAprofF.C’(0,2,"AL")’

AV for 2x4-yields

To test the case of one detector we assumed:
N++,1:3, N+,71:2, N,+71:17 N,,71:3
N++72:16, N+,’2:15, N,+72:16, N7772:10

Other parameters as in section A.3.4, except

B1 = 0.991, 8, = 0.962 .

For CL of 68% we got:
A} = 0.167, with confidence interval [-0.065,0.399]
AY = 0.181, with confidence interval [-0.046,0.403]

AV || Profile likelihood , CL=68.3% || gauss method
mpv AW A}/g A SAW AV | o AW
AW 0.167 -0.065 | 0.399 | 0.232 || 0.169 | 0.234
AIQ/V 0.182 -0.046 | 0.403 | 0.224 || 0.179 | 0.224

Table A.2: Al AV from RooStats and comparison with the Gaussian method for
8-yields, input discussed in Sec. A.3.4.

Table A.2 lists results of A}V, A} and a comparison with the Gaussian method.
As expected, the result also compare well for this case. Due to the low statistics,

the difference between two methods is more significant. To reproduce execute:

> root -1 rdAprofF.C’(1,7,"AL")”

A.3.5 A" from single symmetry 7-bin

For the case of single symmetry n-bin, it is similar with the model for 4 yields
discribed in Sec. A.3.1. The only difference is Al;‘,/ = Ax[,/,, namely, the index 7 is
skipped. So, the parameters of interest are reduced to only one, AW. To test this

case we assumed:
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N++,1:64, N+,71:68, N7+,1:89, N7771:105
Nii2-339, N, =586, N_,,—559, N__,—8I8

Other parameters as in section A.3.4, except
B = 0.950, By = 0.990 .

For CL of 68% we got:
AW = -0.363, with confidence interval [-0.398,0.348|

We can reproduce the result by executing below line,

> root -1 rdAprofF.C’(0,8,"AL")’

For the Z A% calculation, we can also use this method by changing the input

yields.

A.3.6 ALl extraction

Previous subsections are focused on A", the single spin asymmetry. For AX",
the double spin asymmetry, the case is similar. By setting A"s as a nuisance
parameters and setting AL as the parameter of interest, we can extract the most
probable value and confidence interval of AX",

We used the sample yields from Sec. A.3.4 and A.3.4 to obtain the numerical re-
sults of ALY, The most probable value and confidence interval with 68% confidence

level for 2x8-yields and 2x4-yields respectively are shown below.

> root -1 rdAprofF.C’(0,2,"ALL")’

AEL = _0.050, with confidence interval | -0.134, 0.035].

> root -1 rdAprofF.C’>(1,7,"ALL")’

AFL — 0.155, with confidence interval | -0.556, 0.251]
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A.3.7 Conclusion

Based on the knowledge from previous section, this method can be applied to
extract W Ay from STAR data from multiple dataset. The Barrel part of STAR
detector can be divided into pairs of symmetric pseudorapidity bins, where Eqn
A.29 applies. Since there is only one endcap at STAR the Eqn. A.30 should be
applied for this case. Applying the model and likelihood described in Sec. A.3.1 and
A.3.2, we can obtain the W A pseudorapidity dependence in the full n range of
the STAR detector. The W Ar; and Z A; also can be extracted via this method.






Appendix B

115

Parameters in Jet Reconstruction

// Set analysis cuts for
StAnaPars* anaparsl2 = ne

anapars12->useTpc = true

anaparsl2->useBemc = true

anaparsl2->useEemc = true
anaparsl12->setTowerEnergy

St jTowerEnergyCorrection

// TPC cuts

anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new
anapars12->addTpcCut (new

// BEMC cuts
anapars12->addBemcCut (new
anapars12->addBemcCut (new

anapars12->addBemcCut (new

// EEMC cuts

anapars12->addEemcCut (new

12-point branch
w StAnaPars;
Correction(new\

ForTracksFraction(1.00));

StjTrackCutFlag(0));
StjTrackCutNHits(12));

St jTrackCutPossibleHitRatio(0.51));
StjTrackCutDca(3));
StjTrackCutTdcaPtDependent) ;
StjTrackCutPt(0.2,200));
StjTrackCutEta(-2.5,2.5));
StjTrackCutLastPoint (125));

St jTowerEnergyCutBemcStatus(1));
St jTowerEnergyCutAdc(4,3));
St jTowerEnergyCutEt(0.2));

StjTowerEnergyCutBemcStatus (1)) ;
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anapars12->addEemcCut (new StjTowerEnergyCutAdc(4,3));
anapars12->addEemcCut (new StjTowerEnergyCutEt(0.2));

// Jet cuts
anapars12->addJetCut (new StProtoJetCutPt(3.5,200));
anaparsl12->addJetCut (new StProtoJetCutEta(-100,100));

// Set anti-kt R=0.6 parameters

StFastJetPars* AntiKtRO60Pars = new StFastJetPars;
AntiKtRO60Pars->setJetAlgorithm(StFastJetPars: :antikt_algorithm) ;
AntiKtRO60Pars->setRparam(0.6) ;
AntiKtRO60Pars->setRecombinationScheme (StFastJetPars: :E_scheme) ;
AntiKtRO60Pars->setStrategy(StFastJetPars: :Best);
AntiKtRO60Pars->setPtMin(3.5);

jetmaker->addBranch ("AntiKtRO60NHits12",,anapars12,AntiKtRO60Pars) ;
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We report measurements of single- and double-spin asymmetries for W* and Z/y* boson production
in longitudinally polarized p + p collisions at /s = 510 GeV by the STAR experiment at RHIC. The
asymmetries for W* were measured as a function of the decay lepton pseudorapidity, which provides a
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theoretically clean probe of the proton’s polarized quark distributions at the scale of the W mass. The results
are compared to theoretical predictions, constrained by polarized deep inelastic scattering measurements,
and show a preference for a sizable, positive up antiquark polarization in the range 0.05 < x < 0.2.

DOI: 10.1103/PhysRevLett.113.072301

In high-energy proton-proton collisions, weak boson and
Drell-Yan production are dominated by quark-antiquark
annihilations. Because of the valence quark structure of
the proton, these interactions primarily involve the lightest
two quark flavors, up (1) and down (d). In unpolarized
collisions, measurements of these processes are used to
constrain the helicity-independent parton distribution func-
tions (PDFs) of the quarks (e.g., Refs. [1,2]). In particular,
Drell-Yan measurements [3,4] and earlier deep inelastic
scattering (DIS) results [5,6] have reported a large enhance-
ment in d over & quarks for a wide range of partonic
momentum fractions x. Calculations have shown that
perturbative QCD does not produce such a flavor asym-
metry in the proton’s light antiquark distributions, indicat-
ing another, likely nonperturbative, mechanism is needed
[7,8]. This generated significant theoretical interest, with
many nonperturbative models able to qualitatively describe
the data [9-12].

In the case of longitudinally polarized proton collisions
at RHIC, the coupling of W bosons to left-handed quarks
and right-handed antiquarks (1, dgx — W and d, iig — W)
determines the helicity of the incident quarks. This pro-
vides a direct probe of the helicity-dependent PDFs through
a parity-violating longitudinal single-spin asymmetry,
which is defined as A; = (6, —o6_)/(6,. + 06_), where
04 (-) is the cross section when the polarized proton beam
has positive (negative) helicity. Analogous to the unpolar-
ized case, measurements of this asymmetry can be used to
constrain the helicity-dependent quark PDFs Ag=¢g" —¢~,
where g™ (¢7) is the distribution of quarks with spin parallel
(antiparallel) to the proton spin. Of particular interest is a
possible flavor asymmetry in the polarized case, given by
A#i — Ad, which some nonperturbative models predict to
be similar to, or even larger than, the unpolarized flavor
asymmetry [11,12].

Semi-inclusive DIS measurements with polarized beams
and targets also constrain the helicity-dependent PDFs,
although they require the use of fragmentation functions to
relate the measured final-state hadrons to the flavor-separated
quark and antiquark distributions [13—15]. Both inclusive
and semi-inclusive DIS measurements have been included
in global QCD analyses to determine the helicity-dependent
PDFs of the proton [16,17]. The extracted polarized flavor
asymmetry A — Ad is positive within the sizable uncer-
tainty afforded by the current measurements.

In this Letter, we report measurements of single- and
double-spin asymmetries for weak boson production in
longitudinally polarized p + p collisions from 2011 and
2012 by the STAR collaboration at RHIC for /s = 500

PACS numbers: 24.85.+p, 13.38.Be, 13.38.Dg, 14.20.Dh

and 510 GeV, respectively. The beam polarization and
luminosity of this data set correspond to an order of
magnitude reduction in the statistical variance for single-
spin asymmetry measurements, in comparison to results
reported previously by STAR [18] and PHENIX [19].
These measurements place new constraints on the helicity-
dependent antiquark PDFs, and prefer a larger value for the
up antiquark polarization A than previously expected by
global QCD analyses [16,17].

The polarizations of the two beams were each measured
using Coulomb-nuclear interference proton-carbon polar-
imeters, which were calibrated with a polarized hydrogen
gas-jet target [20]. The average luminosity-weighted beam
polarization during 2011 (2012) was 0.49 (0.56), with a
relative scale uncertainty of 3.4% for the single beam
polarization and 6.5% for the product of the polarizations
from two beams. The integrated luminosities of the data
sets from 2011 and 2012 are 9 and 77 pb~', respectively.

The subsystems of the STAR detector [21] used in
this measurement are the Time Projection Chamber [22]
(TPC), providing charged particle tracking for pseudora-
pidity |n| < 1.3, and the Barrel [23] and Endcap [24]
Electromagnetic Calorimeters (BEMC, EEMC). These
lead-sampling calorimeters cover the full azimuthal angle
¢ for || < 1 and 1.1 <5 < 2, respectively.

In this analysis, W= bosons were detected via their
W* — e*v, decay channels, and were recorded using a
calorimeter trigger requirement of 12 (10) GeV of trans-
verse energy E; in a Ap X A¢ region of ~0.1 x 0.1 of the
BEMC (EEMC). Primary vertices were reconstructed along
the beam axis of the TPC within 2100 cm of the center of
the STAR interaction region. The vertex distribution was
approximately Gaussian with an rms of 49 cm. The spread
of the vertex distribution allows the detector n coverage to
be extended by ~0.1.

The selection criteria for electrons and positrons detected
in the BEMC, with e* pseudorapidity |57,| < 1.1, are des-
cribed in previously reported measurements of the W+ and
Z/y* cross sections [25], and will only be summarized here.
At mid-rapidity, W* — e*v, events are characterized by an
isolated e* with a transverse energy E¢% measured in the
BEMC that peaks near half the W boson mass. Leptonic
W= decays also produce a neutrino, close to opposite in
azimuth of the decay e®. The neutrino is undetected and
leads to a large missing transverse energy. As a result, there
is a large imbalance in the vector transverse momentum
(p7) sum of all reconstructed final-state objects for W+
events, in contrast to Z/y* — e*e™ and QCD dijet events.

We define a p;-balance variable pb¥, which is the vector
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sum of the e* candidate p¢ and the p; vectors of all
reconstructed jets outside an isolation cone around the e*
candidate track with a radius of AR = \/Ay> +A¢*> =0.7.
Jets were reconstructed from charged tracks in the TPC and
energy deposits in the BEMC and EEMC using an anti-ky
algorithm [26]. The scalar variable signed pz-balance =
(P2 p%)/|p%| is required to be larger than 14 GeV/c.

W# candidates were charge separated based on e* track
curvature measured in the TPC. The charge separated yields
are shown in Fig. 1, along with the estimated contributions
from electroweak processes and QCD backgrounds, as a
function of E%. The W* — z%u_and Z/y* — eTe™ electro-
weak contributions were determined from Monte Carlo
(MC) samples simulated using PYTHIA 6.422 [27] with the
Perugia O tune [28]. The generated events were passed
through a GEANT [29] model of the STAR detector response,
embedded in real STAR zero-bias triggered events [25],
and reconstructed using the same selection criteria as the
data. In the W* — 7%, sample the TAUOLA package was
used for the polarized 7+ decay [30]. Background yields
from QCD processes were estimated independently for each
n, bin through two contributions described in Ref. [25],
referred to as the second EEMC and data-driven QCD.
These background contributions originate primarily from
events that satisfy the W= selection criteria but contain jets
escaping detection due to the missing calorimeter coverage
forn < —1 and 5 > 2.

The EEMC was used to reconstruct the energy of the
decay e* candidates at forward rapidity (5, > 1). Charged
track reconstruction was provided by the TPC, limiting the
pseudorapidity acceptance to 7, < 1.3. Similar to the mid-
rapidity event selection, isolation and signed pr-balance
requirements were used to select W* — e*v, candidates.
Additionally, the EEMC Shower Maximum Detector

Electron [ |<0.5 Electron 0.5<n_|<1.1
> 1501 — STAR Data L [ Second EEMC
O ---- W—evMC B W -1tvMC
Q [] Data-driven QCD Il zZ->eeMC
% 100 -
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FIG. 1 (color online). E$ distribution of W~ (top) and W+
(bottom) candidate events (black), background contributions, and
sum of backgrounds and W* — e*v, MC signal (red dashed).

(ESMD) [24], consisting of two orthogonal planes of
scintillating strips at a depth of ~5 radiation lengths,
provided a measurement of the electromagnetic shower’s
profile transverse to its propagation direction. A single
electromagnetic shower from a W* — e*v, decay should
be isolated with a narrow transverse profile (Moliere radius
of ~1.5 cm in lead [31]), while QCD background candi-
dates typically contain a z° or other additional energy
deposits in proximity to the candidate track leading to a
wider reconstructed shower. In addition, the location of the
extrapolated TPC track and the shower reconstructed in the
ESMD should be well correlated for Wt — e*v, events.
To further suppress QCD background events, a ratio of
the energy deposited in the ESMD strips within +1.5 cm
of the candidate TPC track to the energy deposited in the
strips within +10 cm was computed. This ratio, denoted
Resvp, was required to be greater than 0.6 to select
isolated, narrow e* showers.

The charge-summed candidate yield as a function of
signed py-balance for forward rapidity e is shown in
Fig. 2(a), where the electroweak contributions were esti-
mated using the same MC samples described for the mid-
rapidity case. The QCD background was estimated from
the shape of the signed py-balance distribution for e*
candidates with Rggyp < 0.5. This shape was determined
for each charge sign independently and was normalized to
the measured yield in the QCD background dominated
region —8 < signed pr-balance < 8 GeV/c. Forward rap-
idity W= candidates were selected by requiring signed p;-
balance > 20 GeV/c. The difference between the data and
W+ — e*y, MC distributions for signed pr-balance >
20 GeV/c is within the MC normalization uncertainty,
and this uncertainty provides a negligible contribution to
the measured spin asymmetries.

Figure 2(b) shows the reconstructed charge sign multi-
plied by the ratio of Ef (measured by the EEMC) to p%
(measured by the TPC) for forward rapidity candidates.
Because of their forward angle, these tracks have a reduced
number of points along their trajectory measured by the
TPC compared to the mid-rapidity case, which leads to a
degraded p; resolution. Despite that, a clear charge
sign separation is observed. The data were fit to two

+ STAR Data (a)
501 — Data-driven QCD
---W-oevMC
40 Bw-ortvMC
30 B Z—eeMC

1.0
20} "e”

10 '1" f
20 0 20 40 270 0 1 2
signed P, balance (GeV/c) Lepton charge sign x ET/pT

+ STAR Data — Electron (b)
-+ Positron

[ Excluded

Events / 4 (GeV/c)
Events

FIG. 2 (color online). (a) Signed p;-balance distribution for e*
candidates reconstructed in the EEMC and (b) distribution of the
product of the TPC reconstructed charge sign and E;/pr.

072301-4



PRL 113, 072301 (2014)

PHYSICAL REVIEW

week ending

LETTERS 15 AUGUST 2014

double-Gaussian template shapes generated from W+ MC
samples to estimate the reconstructed charge sign purity.
The shaded regions were excluded from the analysis to
remove tracks with poorly reconstructed p; and reduce the
opposite charge sign contamination. The residual charge
sign contamination is estimated to be 6.5%, which is small
relative to the statistical uncertainties of the measured spin
asymmetries.

Measurements of Z/y* production at RHIC energies are
limited by a small production cross section. However, one
unique advantage of this channel is the fully reconstructed

e~ final state, allowing the initial state kinematics to
be determined event by event at leading order. A sample of
88 Z/y* — eTe™ events was identified by selecting a pair
of isolated, oppositely charged e* candidates, as described
in Ref. [25]. The resulting invariant mass distribution of
ete™ pairs is shown in Fig. 3, superimposed with the
MC expectation.

The measured spin asymmetries were obtained from the
2011 and 2012 data samples using a likelihood method to
treat the low statistics of the 2011 sample. For a given data
sample, a model for the expected, spin-dependent W+ event
yield u in a given positive pseudorapidity range, labeled a,
of the STAR detector can be defined for each of the four
RHIC helicity states of the two polarized proton beams

Ul = l++N (14 PiSAL"™ + PLpAL™ + PiPoSALL),
pe_ =1, N1+ P BAS" — P,PA"™ — P\PySALL),
ue, = _+N”(1 P BAL™ + PoBAL™ — PiPySALL),
pe_ = 1__N%(1 = P,pA," = P,PAL™ + P PoBALL), (1)

where P, (P,) is the absolute value of the polarization of
beam 1 (2), A;"™ (A;™) is the single-spin asymmetry
measured at positive (negative) 5, with respect to beam
1, A, is the parity-conserving double-spin asymmetry
[32], which is symmetric with respect to #,, N“ is the spin
averaged yield, and /., are the respective relative lumi-
nosities determined from an independent sample of QCD

o

§ 20~ 4 STARData

8 151 B zZ/iy* > e*e MC
: gl <1.1

~

]

[

QO

>

w

80
m,.. (GeV/c?)

FIG. 3 (color online). Distributions of the invariant mass of
Z/y* — e'e candidate events. The Z/y* — eTe™ MC distri-
bution (filled histogram) is shown for comparison.

events, which required a nonisolated lepton candidate with
E5 <20 GeV as described in Ref. [18].

A similar set of four equations can be written for the
symmetric negative pseudorapidity range of the STAR
detector, labeled b, by interchanging AZ"Z with A}
The dilution of the asymmetries due to unpolarized back-
ground contributions to the W+ candidate yield is repre-
sented by # = S/(S + B), where S and B are the number of
signal and background events as shown in Figs. 1 and 2,
and were measured separately for regions a and b. The
estimated W* — 7%v, yield is not a background for the
asymmetry measurement as it is produced in the same
partonic processes as the primary signal, W* — e*u,.

The eight spin-dependent yields for the pair of sym-
metric pseudorapidity regions in the STAR detector (a and
b) are used to define a likelihood function

L= [[Pazluty P2 ld)g ()9 (6”)  (2)

consisting of a product of Poisson probabilities P(M;|u;)
for measuring M, events in a helicity configuration i given
the expected value u; from Eq. (1) and a Gaussian
probability g() for the estimated background dilution.
The spin asymmetry parameters (A;", A;", and A;;)
of this likelihood function were bounded to be within
their physically allowed range of [—1,1], N** and p**
were treated as nuisance parameters, and the remaining
parameters (P and /) are known constants.

Separate likelihood functions were computed for the
2011 and 2012 data sets, consisting of 2759 W+ and 837
W~ candidates in total. The product of these two likelihood
functions was used in a profile likelihood analysis [31] to
obtain the central values and confidence intervals for the
asymmetries. The W* asymmetries were measured for e*
with 25 < E% < 50 GeV and are shown in Figs. 4 and 5 as
a function of e* pseudorapidity for the single- and double-
spin asymmetries, respectively. These results are consistent
with our previous measurements of A; [18]. The data
points are located at the average 7, within each bin, and
the horizontal error bars represent the rms of the 7,
distribution within that bin. The vertical error bars show
the 68% confidence intervals, which include the statistical
uncertainty, as well as systematic uncertainties due to the
unpolarized background dilutions. The magnitude of the
confidence intervals is dominated by the statistical preci-
sion of the data. The relative luminosity systematic uncer-
tainty is £0.007 as indicated by the gray band in Fig. 4.
The single- (double-)spin asymmetries have a common
3.4% (6.5%) normalization uncertainty due to the uncer-
tainty in the measured beam polarization.

The measured single-spin asymmetries are compared
to theoretical predictions using both next-to-leading order
(CHE) [33] and fully resummed (RHICBOS) [34] calculations
in Fig. 4. The RHICBOS calculations are shown for the
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FIG. 4 (color online). Longitudinal single-spin asymmetry A,
for W* production as a function of lepton pseudorapidity #, in
comparison to theory predictions (see text for details).

DSSVO08 [16] helicity-dependent PDF set, and the CHE
calculations are shown for DSSVO0S8 [16] and LSS10 [17].
The DSSVOS8 uncertainties were determined using a
Lagrange multiplier method to map out the y* profile
of the global fit [16], and the Ay?/y* = 2% error band
in Fig. 4 represents the estimated PDF uncertainty for
AY [35].

The measured A}i"+ is negative, consistent with the
theoretical predictions. For A{V_, however, the measured
asymmetry is larger than the central value of the theoretical
predictions for #,- < 0. This region is most sensitive to the

A > > +
'3-5; p+p oW —set+v
[ Vs=510 GeVv 25 < E; <50 GeV
ol
L v
05 B @~ O~ STAR Data CL=68%
o — ---- DSSV08 CHE NLO
B 6.5%‘beam pol scale uncertain}y not shown

o

0.5 1 lepton n|

FIG. 5 (color online). Longitudinal double-spin asymmetry A, ;
for W* production as a function of lepton pseudorapidity |7, | in
comparison to theory predictions (see text for details).

up antiquark polarization A, which is not currently well
constrained [16,17] as can be seen by the large uncertainty
in the theoretical prediction there. While consistent within
the theoretical uncertainty, the large positive values for A}~
indicate a preference for a sizable, positive Au in the range
0.05 < x < 0.2 relative to the central values of the DSSV08
and LSS10 fits. Global analyses from both DSSV + + [36]
and neural network PDF [37] have extracted the antiquark
polarizations, using our preliminary measurement from
the 2012 data set. These analyses quantitatively confirm
the enhancement of Az and the expected reduction in the
uncertainties of the helicity-dependent PDFs compared to
previous fits without our data.

The W* double-spin asymmetry, shown in Fig. 5, is
sensitive to the product of quark and antiquark polar-
izations, and has also been proposed to test positivity
constraints using a combination of A; and A;; [38]. The
measured double-spin asymmetries are consistent with the
theoretical predictions and in conjunction with AZVi satisfy
the positivity bounds within the current uncertainties.

A similar profile likelihood procedure is used to deter-
mine the single-spin asymmetry A " for Z /v* production
with || <1.1, E%>14GeV, and 70<me+e- <110GeV/c>.

AZ/ " is sensitive to the combination of u, i, d, and d

polarizations. The measured asymmetry A7/7 = —0.07+314
is consistent, within the large uncertainty, with theoretical
predictions using the different hehc1ty dependent PDFs

AZ7 (DSSV08) = —0.07 and AZ/" (LSS10) = —0.02.

In summary, we report new measurements of the parity-
violating single-spin asymmetry A; and parity-conserving
double-spin asymmetry A;; for W* production as well
as a first measurement of A; for Z/y* production in
longitudinally polarized proton collisions by the STAR
experiment at RHIC. The dependence of AZVi on the decay
lepton pseudorapidity probes the flavor-separated quark
and antiquark helicity-dependent PDFs at the W mass scale.
A comparison to theoretical predictions based on different
helicity-dependent PDFs suggests a positive up antiquark
polarization in the range 0.05 < x < 0.2. The inclusion
of this measurement in global analyses of RHIC and DIS
data should significantly improve the determination of the
polarization of up and down antiquarks in the proton and
provide new input on the flavor symmetry of the proton’s
antiquark distributions.
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The production of W bosons in longitudinally polarized p + p collisions is a powerful
tool to study the spin-flavor structure of the proton. We report measurements of single-
and double-spin asymmetries for W and Z/~* production in longitudinally polarized
proton-proton collisions at /s = 510 GeV at RHIC. The single-spin asymmetry results
for W* from data sets collected by STAR experiment in 2011 and 2012 provided new
constraints on proton’s polarized sea quark distributions and prefer a sizable value for u
polarization. The status for the analysis of a much larger data set collected by STAR in
2013 will also be given.

Keywords: Weak boson; quark polarization.

1. Introduction

Understanding the spin structure of proton is a fundamental and longstanding chal-
lenge in nuclear physics. The total quark contribution has been well measured from
polarized inclusive deep-inelastic scattering (DIS) experiments, and was found to
contribute only ~30% of the proton spin.! The flavor separated contribution can be
accessed through semi-inclusive DIS experiments, but they have to rely on the use
of fragmentation functions to relate the measurements of the final state hadrons to
the quark and anti-quark distributions. The extracted anti-quark helicity-dependent
parton distribution functions (PDFs) have relatively large uncertainty?:.3

The production of W= bosons in polarized proton-proton collisions at RHIC, the
Relativistic Heavy-Ion Collider, is a powerful tool to study the spin-flavor structure
of the proton. The coupling of W= bosons to left-handed quarks and right-handed

This is an Open Access article published by World Scientific Publishing Company. It is distributed
under the terms of the Creative Commons Attribution 3.0 (CC-BY) License. Further distribution
of this work is permitted, provided the original work is properly cited.
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anti-quarks determines the helicity of the incident quarks. This provides a the-
oretically clean probe of the helicity-dependent PDF's through a parity-violating
longitudinal single-spin asymmetry, which is defined as A;, = (64 —0_) /(04 +0_),
where o, (_) is the cross section when the polarized beam has positive (negative)
helicity. At leading order, the A7 of W* can be directly sensitive to A% and Ad,
the helicity-dependent PDFs of @ and d quarks, expressed by:

A?ﬂ_ —AU( )_d( 2) +_ACZ(.CC1)U($2)’ (1)

u(zy)d(ze) + d(x1)u(zs)

—Ad(z1)u(rs) + Au(zr)d(z2)
d(x1)u(xs) + u(zy)d(xz)

AV

, (2)

where 1 and x5 are the momentum fractions carried by the incident partons. We
can directly measure the flavor separated quark and anti-quark polarizations, by
identifying the rapidity of W, yw. The AW " (AW ") approaches Au/u (Ad/d) in
the very forward region (yy > 0), or —Ad/d (—Au/%) in the very backward region
(yw < 0).*

First measurements of the single-spin asymmetry, Ay, for W production at RHIC
were reported by the STAR® and PHENIXS® collaborations from a data set collected
in 2009, the successful commission run at 1/s=500GeV. In this contribution, we
report the results for the single- and double-spin asymmetries for W+ and Z/~*
production measured from data sets collected in 2011 and 2012 by STAR experi-
ment, with integrated luminosity of 9 and 77 pb~!, and average beam polarization
of 49% and 56%, respectively.

2. Analysis

At STAR, W¥ bosons are detected via their W+ — ety decay channels. The
charge separation and pp of the lepton tracks are measured by the Time Projection
Chamber (TPC), and the lepton energy is measured by the Barrel and Endcap
Electromagnetic Calorimeters (BEMC, EEMC). The candidate W* — ev events
are characterized by an isolated e* with a ET | transverse energy, that peaks near
half the W* mass. Due to the large missing energy in the opposite azimuth of the

et

candidates caused by the undetected neutrinos decayed from W=+, there should
be a large imbalance in the vector pr sum of all reconstructed final-state objects for
W= events in contrast to Z/v* — eTe™ and QCD di-jet background events. The
main W selection cuts used to suppress the background and enhance the W signals
are based on the isolation and pr imbalance requirements.

Firstly, we match reconstructed TPC tracks with pr > 10 GeV with the 2x2
EMC tower clusters with E7 > 14 GeV. The Er fraction of the 2 x 2 EMC cluster
over the 4 x 4 EMC cluster in which it is centered is required to be greater than

95%. Additionally, in the near-cone around the candidate lepton with a radius of
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0.7 in n — ¢ space, the excess Er fraction is required to be less than 12%. To
implement the pr imbalance requirement, we reconstruct a ppr-balance variable ﬁﬂ“l
by summing the p7. vector of candidate et and all jets, reconstructed using an
anti-k7 algorithm,® outside the near-cone mentioned above. Finally, we require the
scaler variable signed pr-balance, (P4 - 5%.)/|p%|, to be larger than 14 GeV.

The charge separated W= yields from 2011 and 2012 data sets as a function
of ET" in different n-bins are shown at Fig. 1, along with the estimated residual
background contributions from W+ — 7%v,, Z/y* — eTe™ electroweak processes
and QCD processes. The electroweak backgrounds were estimated from Monte-
Carlo (MC) simulation, with PYTHIA events passing the STAR GEANT model
and embedding into STAR zero-bias triggered events. The QCD backgrounds were
estimated through two procedures, referred to “Second EEMC” and “Data-driven
QCD”, to account for QCD events which passed the W selection criteria due to
missing detected jets in range —2 < n < —1.09, the mirror range of EEMC?, and
range |n| > 2, respectively.

At forward rapidity (n. > 1), in addition to the isolation and signed pp-balance
requirement described above, the EEMC Shower Maximum Detector (ESMD) is
used to suppress the backgrounds. More details are described in Ref. 9.

> -
8 Electron n_|<0.5 Electron 0.5<[n_|<1.1
o 150 —+ STAR Data B [ Second EEMC
; ---- W —>ev MC B W-tvMC
] (] Data-driven QCD i Il Z->eeMC
o 100 -
>
w
50 -
> 300, . T . )
o Positron |ne|<0.5 m Positron O.5<h~|e|<1 A
N .
~
£ 200
c
()]
>
w
100
7] : |
50 6010 20 30 40 50 60
E7 (GeV) E7 (GeV)

Fig. 1. E¢ distribution of W~ (top) and W (bottom) candidate events (black), background
contributions, and sum of backgrounds and W — ev MC signal (red-dashed).?

2STAR detector has only one Endcap EMC in the west side, covering 1.09 < n < 2.
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3. Results

A likelihood method was used to extract the spin asymmetry results with 2011 and
2012 data sets, to treat the low statistics of 2011 sample. We defined the likelihood
function Lyeq, for 2011 and 2012 data sets independently, year=2011, 2012,

4
Lyear = [ [ P(MZ115YP (07 1179 (8*)g (8”). (3)

It is the product of two Poisson probabilities, P (M;|u;), for measuring M; events
in an expected value p; and two Gaussian probabilities g(/3) for the estimated
background dilution. The superscripts a and b respectively stand for the positive
side and negative side of a pair of symmetric detector 7 regions. The expected
value p; is the function of spin asymmetries, collision helicity configuration, beam
polarization, and spin average yield.  is the unpolarized background dilution factor
defined as g = S/(S+ B), where S and B are the numbers of signal and background
events as shown in Fig. 1. The asymmetry results, central values and confidence
intervals, are extracted from the product of likelihood functions, Lag11 X Lag12. The
W+ single-spin asymmetry results measured for e* with 25 < E% < 50 GeV are
shown in Fig. 2, as the function of decayed e* pseudorapidity, with comparison to
the theoretical predictions based on DSSV082 and LSS10? helicity-dependent PDF

A >
L p+p > W et +v
- Vs=510GeV 25 < E; < 50 GeV —

0.55 qu ------------------- .......

Rel lumi
syst

..........
-eemesoes

-0.5- ww T T Eee—=

~ i+ I~ STAR Data CL=68%
—_ DSSV08 RHICBOS
--- -.-..DSSV08 CHE NLO
I ---es .. LSS10 CHE NLO
o DSSV08 LO Ay*/x%= 2% error
3.4% beam pol scale uncertainty not shown

-2 -1 0 1 2
lepton 1

Fig. 2. Longitudinal single-spin asymmetries for W= production as a function of lepton pseudo-
rapidity magnitude, |ne|, in comparison with theory predictions. ?
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Fig. 3. Longitudinal double-spin asymmetries for W* production as a function of lepton pseu-
dorapidity magnitude, |ne|, in comparison with theory predictions.”

sets, using both CHE!?(next-to-leading order) and RHICBOS!! (fully resummed),
as indicated by the Legends.

In Fig. 2, the measured AEVJF is negative, consistent with the theoretical predic-
tions. For AEV_ however, the measured asymmetry is larger than the central value
of the theoretical predictions for 7.~ < 0. This region is most sensitive to the up
antiquark polarization Awu, which is not currently well constrained as can be seen by
the large uncertainty in the theoretical prediction there. The large, positive values
for AW indicate a preference for a sizable, positive Az in the range z > 0.05.

The double-spin asymmetry, Az for W+ was also measured and is shown in
Fig. 3, which is sensitive to the product of quark and antiquark polarizations, and
has also been proposed to test positivity constraints using a combination of Ay and
Apr.*2 The measured double-spin asymmetries are consistent with the theoretical
predictions and in conjunction with AE/i satisfy the positivity bounds within the
current uncertainties.

The sample of Z/v* — ete™ was also reconstructed from a pair of isolated and
oppositely charged e® candidates from the 2011 and 2012 data sets. The single-
spin asymmetry Af/v* for Z/v* production with |n| < 1.1, ES. > 14 GeV, and

70 < Mete- < 110 GeV/c? was extracted through a similar likelihood method
described above. The measured asymmetry is Af/ 7 = —0.07701%, which is con-
sistent with theoretical predictions using the different helicity-dependent PDFs,

AZ/7(DSSV08) = —0.07 and A%/7 (LSS10) = —0.02.

4. Outlook

In 2013, the STAR experiment collected a much larger p 4+ p data sample, with
an integrated luminosity of ~300 pb~! at /s = 510 GeV with an average beam
polarization of ~54%, which is more than 3 times larger than the total integrated
luminosity of previous years. And, with the Forward Gem Tracker (FGT) installed
for 2013 running, the acceptance can be enlarged by a factor of 2 in pseudorapidity.
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Fig. 4. Projected uncertainties for the longitudinal single-spin asymmetries as a function of lepton
pseudorapidity for W+ production measurements from 2013 data set.

This will enhance the sensitivity to @ and d quark polarization. Currently, the
analysis on 2013 data set is ongoing and the expected precision for W+ A are
shown in Fig. 4. The new measurements are expected to provide further important

constraints on the sea quarks helicity-dependent PDF's.
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