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CHAPTER 1. Historical Review

1.1 From matter to particles

“What is matter made of?” This fundamental question has puzzled people for thousands
of years and was not well answered until the 20th century.

About 400 B.C., ancient Greek philosophers, such as Democritus, hypothesized that all
matter is composed of tiny indestructible units, called “atoms”. But the concept “atom” from
ancient Greek philosophers is different from the modern concept of the atom that was first
introduced by English natural philosopher John Dalton in chemistry in the early 19th century.
In 1897 J.J.Thomson discovered the electrons and built a “plum pudding” model to describe
the structure of atoms, which unveiled a new world of elementary particle physics. However,
the “plum pudding” model was later proved incorrect by Ernest Rutherford by the famous
a-particle scattering experiments that showed positive charge, and most of the mass of the
atom, is concentrated in a tiny core, or nucleus, at the center of the atom. Rutherford gave the
name “proton” to the nucleus of the lightest atom(Hydrogen). The discovery of neutrons by
James Chadwick in 1932 made physicists realize that nucleus is made of protons and neutrons
which is given a collective name “nucleons”.

Now people seem to know the answer to the question above. However new questions quickly
arose, “Are nucleons the most elementary partices? Are they point-like particles in a physics

sense?”



1.2 The nucleon structure

1.2.1 The history of discovery

In 1931 Stern and collaborators measured the anomalous magnetic moment of the proton,
which provided the first evidence that nucleons were more than mere point-like Dirac particles.
Physicists began to study the structure of proton and neutron. In 1955, Hofstadter and
McAllister made the first measurements of the RMS radius for the charge and magnetic moment
of the proton and neutron which is clear evidence that protons and neutrons are not point-like
particles. Then a question naturally came out “what kinds of more elementary particles are
nucleons composed of 7”

In 1961 Gell-Mann[43] and Ne’eman[45] developed a particle classification system known
as the Eightfold Way which is also called SU(3) flavor symmetry. In 1964, a quark model was
independently proposed by Gell-Mann and Zweig [44] which says all hadrons (baryons, such as
the proton and neutron, and mesons, such as the pions) were composed of three types of quarks
(q), defined as up (u), down (d) and strange (s). The theory was verified by experiments soon.

In 1968, a deep inelastic scattering (DIS) experiment at the Stanford Linear Accelerator
Center (SLAC) led by Friedman, Kendall and Taylor showed that the proton contained much
smaller point-like objects and was therefore not an elementary particle[46][47]. Physicists were
reluctant to identify these objects with quarks at the time, instead calling them “partons” - a
term coined by Richard Feynman[48]. With the experimental observation of Bjorken scaling,
the validation of the quark model, and the confirmation of asymptotic freedom in quantum
chromodynamics(QCD), the partons that were observed at the SLAC would later be identified
as up and down quarks as the other flavors were discovered. Nevertheless, “parton” remains
in use as a collective term for the constituents of hadrons (quarks, anti-quarks, and gluons).

All the theoretical and experimental work in 1960’s and 1970’s about the structure of
hadrons and involved interaction (known as strong force) led to the development of the theory
of Quantum Chromodynamics (QCD). QCD is a quantum field theory of a special kind called

a non-abelian gauge theory. It is an important part of the Standard Model of particle physics.



QCD has two peculiar properties - asymptotic freedom and confinement, which make quarks
behave as though strongly bound at a certain scale (about 107! m) and behave as free (very
tiny interaction with each other) at shorter distances. Because the content of the theory
is complicated, today various techniques have been developed to work with QCD such as
perturbative QCD, lattice QCD, effective field theories and so on.

Bjorken realized that the probability of finding a parton inside a proton depended primarily
on the fraction of the proton’s momentum carried by the struck parton, which was called
“X” in large Q? (Q is the momentum transfered from lepton to parton) inelastic scattering
experiment [49]. These 1-D functions are called parton distribution functions (PDFs). Because
of the inherent non-perturbative effect in a Quantum Chromodynamics (QCD) state, parton
distribution functions cannot be obtained by perturbative QCD. Due to the limitations in
present lattice QCD calculations, the known parton distribution functions are instead obtained
by using experimental data. Several sets of PDFs are worked out by different collaborations.
They are obtained by means of a global fit to experimental data for one or more physical
processes which can be calculated using perturbative QCD, such as deep inelastic scattering,
the Drell-Yan process and others. The commonly used sets includes CTEQ, GRV, MRST and
NNPDF[64, 65, 66]. So far the PDFs of unpolarized proton have been determined very well.

However polarized protons are still not fully understood by physicists. More details about

the structure of polarized protons are talked about in chapter 2.

1.2.2 Structure functions and PDFs of unpolarized protons

In an inelastic scattering experiment, the structure of the proton and neutron is described
by the nucleon structure functions. The differential cross section for a typical electron-proton

(ep) inelastic scattering as shown in Figure 1.1 can be written as in Eq. 1.1,

do B 402 E"?
dE'dQY ¢

0 0
(Wa(v, ¢*) cos® 3 + 2W1 (v, ¢°) sin®

2 (L1)

where W7 and W5y are the proton structure functions, q is the four-momentum transfer in the

scattering, « is the fine structure constant, 6 is the electron scattering angle in the laboratory



4

= EK)
k=Ek)

e o y 4= k- k'
=l : (off massshell)

L -

Partons :
[quarks,

' = gluons,
_ : virtual
3 ol quark arti-

p=(M00 .D:l_‘, ' quark pairs)

etp —>et+X

|‘|

Figure 1.1 The semi-inclusive DIS process.

frame, £’ is the scattered electron energy, and the energy loss of scattered electron v = &1 in

which p is the initial nucleon four-momentum and M is is the invariant proton mass.
In 1969, Bjorken proposed that the structure functions Wi and Wy measured in deep

inelastic scattering may exhibit scaling behavior in infinite momentum frame as shown in

Eq. 1.2.

Fi(z) = M-Wi(v,Q?

Fy(z) = v-Wy(v,Q?) (1.2)
where Q2 = —¢? and the dimensionless variable z = %.

The Eq. 1.2 essentially says that there is no Q2 dependence for a given value of x in proton
structure functions at large Q2. This led to the idea that inelastic electron-proton scattering
at large Q2 could be viewed as elastic scattering of an electron off of a hard, point-like particle
within the proton. However, Bjorken scaling violations have been observed at low x and low
Q? due to gluon radiation emitted by the parton prior to the hard scattering.

In 1969, Callan and Gross revealed the relation [42] between scaling structure functions

Fi(z) and Fy(z) for spin-3 charged components in the nucleon, as shown in Eq. 1.3. ng,fég)




measures the ratio of magnetic to electric scattering from partons. The ratio is unity for a Dirac
parton (spin—%) and zero for spin 0 partons. They discovered that by measuring the ratio R =

oL (where oy, (01) is the cross section for the scattering of longitudinal (transverse) polarized

virtual photons), one could determine the spin of the charged constituents of the nucleon[50]. In

the naive parton model with spin-% partons, the relation in Eq. 1.4 was expected. If asymptotic

scaling holds, R = ¢?/v? in the limit of large ¢? so that we have 2?,5(13) = 1. In late 1970s the

SLAC experiments verified the prediction by Callan and Gross as shown in Figure 1.2, which

provided strong evidence that quarks are spin—% particles.

20 F(z) = Fa(x) (1.3)

1+ R . FQ(ZL‘)
1+¢2/v?2  2zF(x) (14)

With the development and accomplishments of the Standard Model, six flavors of quarks
are defined as up(u), down(d), strange(s), charm(c), bottom(b) and top(t). The existance
of these six types of quarks have also been confirmed by experiments. The scaling structure
functions can be expressed in terms of the parton distribution functions (PDFs) for different

flavors as shown in Eq. 1.5.

F() = 52 )
Fy(x) = Ze?:cfz(:c) (1.5)

where e; indicates the electromagnetic charge of the quark of flavor i, and f;(z) is just the
parton distribution function of the quark of flavor i. The PDF's essentially give the probability
of finding a certain parton with momentum fraction x. Gluons don’t carry electromagnetic
charge but the distribution of gluons inside nucleons can still be described by using a PDF,
which is just not directly accessible in DIS.

Parton distribution functions are known in several sets worked out by different collabora-
tions. They are obtained by means of a global fit to experimental data for one or more physical

processes which can be calculated using perturbative QCD, such as deep inelastic scattering,
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the Drell-Yan process and others. The commonly used sets includes CTEQ, GRV, MRST and
NNPDEF. An Example of PDFs from MRST is shown in Figure 1.3[54]. For the PDFs from

other collaborations, please see [55, 56].
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CHAPTER 2. The structure of the polarized proton

2.1 The Longitudinal Spin Structure of the proton

2.1.1 Spin Crisis

Protons are Spin—% fermions and are composed of three valence quarks which also carry spin
% in units of Planck’s constant /. A naive model was used to describe the spin of the proton
in terms of the valence quarks inside the proton by the direct sum of two aligned quark spins
and one anti-aligned. However, in the late 1980’s the European Muon Collaboration (EMC)
published their polarized deep inelastic measurement of the proton’s spin dependent structure
function which suggested that the quarks’ intrinsic spin contributes little of the proton’s spin.
At that time relativistic constituent quark models of the proton generally predict that about
60% of the proton’s spin should be carried by the spin of its three valence quarks with the
rest carried by orbital angular momentum. The most accurate polarization experiments have
taught us that the contribution from the spin or helicity of the quarks inside is small, 30% at
most, challenging our understanding about the structure of the proton[67].

A complete spin sum rule can be described as shown in Eq. 2.1, where Ag (Agq) is spin

contribution of quark (anti-quark), Ag is gluon spin, Ly(Lg) is the angular momentum of

quarks (anti-quarks), and L is the angular momentum of gluon.
1 1 B

2.1.2 The pDIS experiment

The rest of proton spin can be from sea quarks, gluons and the angular momentum of

quarks, anti-quarks besides from quarks. Our present knowledge about the spin structure



of the proton at the quark level comes from polarized deep inelastic scattering experiments
(pDIS) which use high-energy polarized electrons or muons to probe the structure of a polarized
proton. The spin experiments at CERN, DESY, JLab and SLAC involve firing high-energy
charged leptons (electrons or muons) at a polarized proton target. The electron exchanges a
deeply-virtual spin-one photon which acts as a high resolution probe of the quark structure of
the target. The photon can be absorbed by a spin—% quark polarized in the opposite direction
to the photon but not by one polarized in the same direction as the photon (quarks have no
spin—% state). This allows us to extract information about the spin of the quarks when one
controls the polarization of both the beam and the proton target.

The pDIS experiments have provided very good constraints on helicity parton distribution
function of u (Au) and d (Ad). However, pDIS expriments are not directly sensitive the gluon
due to the fact that the photon and the gluon can not be coupled directly. In addition, the
helicity distribution of sea quarks are not well-known for the same reason. They need more
study by using polarized p + p scattering.

Polarized PDFs are also investigated by many groups such as AACI[57, 58], GRSV[59],
DSSV[51], and so forth. A recent NLO global fit to the world data for the PDF's of polarized

quarks, antiquarks and gluon from DSSV group is shown in the Figure 2.1 [60].

2.1.3 Polarized p + p Scattering at RHIC

The inconsistency between theoretical predictions and experimental results for the proton
spin caused a well-known “Proton Spin Crisis”. The challenge to understand the spin structure
of the proton has inspired new experiments at RHIC to figure out the gluon spin and parton
angular momentum contributions to the proton’s spin.

In polarized p + p collisions, we take advantage of the leading-order coupling of quarks and
gluons due to strong interaction and can directly access the Ag. Since the 2003 polarized p+p
run at RHIC, the PHENIX experiment has made measurements of the logitudinal double-spin
asymmetry (Arr) of neutral poins (7%) at mid-rapidity. Pion production dominated by gluon-

gluon and gluon-quark interaction. Thus, the measurements are sensitive to the polarized
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Figure 2.1 DSSV polarized PDFs of the proton at Q?> = 10GeV? along
with their uncertainty bands.

gluon distribution function. The current PHENIX result as shown in Figure 2.2 [18] as well as
the recent global analysis[51] as shown in Figure 2.3 indicate Ag could be very small (nearly

7Z€ero).

2.2 The Transverse Spin Structure of the Proton

The transverse spin structure of the proton is different from the longitudinal spin structure
because the operations of Lorentz boosts and spatial rotations can not commute. The difference
between the transverse and longitudinal polarization structure of the proton can lead us to

understand the relativistic nature of partons bound within the proton. A detailed description
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x? profile as a function of 5G[(2£§’33]. The x? distribution of

the measured data plotted versus the value of the first moment
of the polarized gluon distribution (solid line) in the z, range
from 0.02 to 0.3 corresponding to our 7° data in pT bins from 2
to 9 GeV/c. Dashed and dotted lines correspond to —9.4% and
+9.4% variation in A, normalization related to the beam po-
larization uncertainty, the dominant systematical uncertainty
of our data. Only statistical uncertainties were used for each
curve. Arrows indicate AG corresponding to the different po-
larized gluon distributions.

of the relationship between transverse spin structure and longitudinal spin structure of the
proton can be found in [19].

Similarly with the longitudinal spin sum rule, the transverse spin sum rule can be expressed
in Eq. 2.2, where dq (§g) is transversity of quark (anti-quark), L,(Lg) is the transverse com-
ponent of angular momentum of quarks (anti-quarks), and L, is the transverse component
of angular momentum of gluon. Note that there is no transversity distribution for gluons
at leading twist because there is no mechanism to flip the helicity of (spin-1) gluons in the

scattering.

1 1

The Soffer bound [52] shown in Eq. 2.3 gives the relation between transversity, helicity, and
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unpolarized quark distributions of the proton, where q(x) is unpolarized quark distribution

function and Agq(x) is quark helicity distribution function.

[20g(z)| < q(z) + Aq(x) (2.3)

2.2.1 The Transverse Single Spin Asymmetry

Measuring the transverse single spin asymmetry (SSA) is a very important method to probe
the spin structure of transversely polarized protons. The transverse single spin asymmetry is
defined as Eq. 2.4, where o' (o) is cross section of measured hadrons fragmented from the
parton in the proton carrying spin 1 ({). ol — ot represents the spin difference cross section,
while o' 4 o} indicates the spin average cross section which is essentially unpolarized cross
section.

ol — ot

Ay =

=y (2:4)

In the early 1970s, a leading-twist pQCD calculation predicted that the transverse SSA

should be propotional to as% [20], where a; is the strong coupling constant, mg is the mass
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of quark and +/s is the center of mass energy of the collision. The mass of light quarks u and
d is much smaller than typical /s and «ay can be treated as 1. Thus, the expected transverse

SSA is quite small, roughly in order of 10~4. However, the E704 experiment at FNAL initially

0

observed surprisingly large asymmetries for 7, 7~ and even 7¥ as shown in Figure 2.4 [21].

06 | [ | |

E704: Left—right
04  asymmetries
A,, for pions:

06 | | | |
0 0.2 04 0.6 08 1

Xg

Figure 2.4 The measurement of single transverse spin asymmetries for pi-
ons from E704 experiment at FNAL.

In 1989, Dennis Sivers proposed that these large asymmetries could be generated by a
transverse-momentum-dependent partonic distribution (TMD), in which the transverse mo-
mentum of the partons is correlated with the spin of the proton [23]. This work is known as
the “Sivers effect”. In 1991, Qiu and Sterman [24] consistently evaluated such asymmetries in

terms of generalized factorization theorems in perturbative QCD based on the point of view
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by Efremov and Teryaev [25] that a non-vanishing SSA can be obtained in perturbative QCD
if one goes beyond the leading power. This work is also called Efremov-Teryaev-Qiu-Sterman
(ETQS) mechanism, or twist-3 approach to the SSAs.

Another common explanation suggests that the SSAs may be related to the transversity
distribution of the quarks in the proton convoluted with a transverse momentum dependent
fragmentation function, known as the Collins function[26]. The Collins function, which gives
the distributions for a transversely polarized quark to fragment into an unpolarized hadron with
non-zero transverse momentum, has aroused great interest recently since a chiral-odd struc-
ture function can be accessible together with another chiral-odd distribution/fragmentation
function. The Collins effect has been measured at BELLE[53].

Thus, a possible expansion of transverse SSA is described schematically in Eq. 2.5, where
Ay is the single spin asymmetry, flLT is the Sivers function, D; is fragmentation function of

unpolarized parton, dq is the transversity and Hi- is the Collins function.

Ay o« fiz ® D1+ 6q® Hi" + ... (2.5)

2.2.2 The Sivers Effect

The Sivers effect is a correlation between the direction of the transverse spin of the proton
and the transverse momentum direction of an unpolarized parton inside the proton. Being
different from the PDFs of an unpolarized proton, Sivers introduces a small intrinsic transverse
momentum k* which changes the PDFs of transversely polarized proton to be decribed as

shown in Eq. 2.6.

s ol oa 1 Sp- (7 x kL)
fa, k5, Sr) = fa, kh) + AN fo, k) ———=— (2.6)
2 Sl
where k1 is the partons’ intrinsic transverse momentum with k- = k1|, f(z, kL) is the

unpolarized parton distribution, AV f(z, k) denotes the Sivers function and Sr is the trans-
verse polarization of the proton, p’is the three-momentum of the proton. As we can see, the

correlation proposed by Sivers corresponds to a time-reversal odd triple product Sp- (7 % l;:l)
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In experiment, the Sivers effect has been observed in semi-inclusive deeply-inelastic scat-
tering (SIDIS)[68]. In order to investigate the Sivers effect in polarized p + p collision, W.
Vogelsang et al. proposed that this effect may be observed from jets correlation[27, 69] in a
leading power. Two outgoing jets are approximately back-to-back in azimuthal angle in the
plane perpendicular to the direction of the incoming proton beams at unpolarized p + p colli-
sion, which is A¢ = ¢jo — ¢j1 = 7. In the polarized p + p collision, a left-right imbalance in
kL of the parton will then affect the A¢ distribution of jets nearly opposite to the leading jet

and give the cross section an asymmetric piece around A¢ = 7 as shown in Figure 2.5.

Figure 2.5 Asymmetric jet correlation. The proton beams run perpendic-
ular to the drawing.

In the PHENIX experiment, because the central arms only cover half of the azimuthal
angle and don’t have full 27 azimuthal acceptance, it is very difficult to fully reconstruct the
jets. Therefore, we are using di-hadron correlation instead of di-jet correlation in this thesis.

In PHENIX, a lot of jet properties from di-hadron correlation in p 4+ p collisions have been
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studied[61]. The sum of transverse momentum of two leading hadrons from two jets statistically
(may not be in event-by-event basis) carries the information of I;:l, which is defined as ¢; as

shown in Figure 2.6.

Run6 “Radial” Spin (along x), “qty”
have a Maximum Asymmetry Y

<
-

Run8 “Vertical” Spin (along y), “qtx”
have a Maximum Asymmetry

H qt = pt1+pt2
I Z (beam direction)

-

Awayside Leading Hadron
pt2

pt2y'
atyp = pt2y’
qtxp = |pt1] + pt2x’
I
JET Coord. System

X

Figure 2.6 Variable definitions in di-hadron correlation.

The PHENIX coordinate X , 17', Z is defined in Figure 2.6. In Run6, the transverse spin
direction S7 in the transverse running is radial (along X direction). The incoming protons
momentum p’ is along Z direction. So in Run6 case, the Sivers function in Eq. 2.6 can be
rewritten as
X (ZxkbY

Lo o 1
fla, K+, Sp) = f(x,kL)jLiANf(x,kL) ey

L

1 k
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where kyl is y-component of kL. By replacing e by ¢r in Eq. 2.7, we can know that g7, the

y-component of g, should be similar with k:j which is sensitive to the asymmetry.

2.2.3 The Collins Effect

The Collins effect describes a parton spin dependent azimuthal asymmetry in the distribu-
tion of hadrons within a jet. In theory, this effect can be described by the Collins fragmentation
function (FF) which was proposed in the early 1990’s by Collins, Heppelmann, and Ladinsky
[28, 29, 30]. The Collins FF represents the correlation between the transverse polarization of
the fragmenting quark and the orientation of the hadron production plane, given by S. (/2 X Dh),
where S is the transverse polarization scattered quark, k is its three-momentum, and p}, is the
three-momentum of the final-state hadron.

In measurement of SSA of the polarized p+ p collision, the Collins FF is always convoluted
with transversity as shown in Eq. 2.5. It is not possible to separate the transversity and the
Collins FF in both SIDIS and polarized p + p collision. In 2005, a transverse momentum
dependent Collins fragmentation function (FF) measured in eTe™ annihilation was published
by the BELLE experiment [53]. The availability of the Collins FF makes it possible to extract
the transversity distribution from asymmetry measurements in p+ p collisions since the Collins
FF is regarded as a universal function. As constraints start to be provided on transversity and
the various transverse-momentum-dependent distribution and fragmentation functions, more

can in turn be learned from hadronic collision data.
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CHAPTER 3. RHIC

3.1 Introduction

The Relativistic Heavy Ion Collider (RHIC) is located at and operated by Brookhaven
National Laboratory in Upton, New York. It is the first heavy-ion collider, and the first and
only polarized-proton collider in the world. RHIC is hexagonal in shape, 3.83km long circum-
ference and has six interaction points (IPs), four of which are/were used by PHENIX, STAR,
BRAHMS and PHOBOS experiments and the other two are used for the radio frequency system
(RF) and polarimetry. As an intersecting storage ring particle accelerator, two independent,
super-conducting rings (named as “blue” and “yellow” rings) allow collisions between species
of ions such as proton(p), deutron(d), copper(Cu), gold(Au) and so on with a maximum energy
of 100GeV per nucleon for heavy ions and a maximum energy of 250GeV for protons. Each
ring has an independent source of ions, which permits the collisions of unlike ion species. The
main types of ion collions started at RHIC so far are p + p, d + Au, Cu 4+ Cu and Au + Au.

Before ions are injected into RHIC, they are pre-accelarated to 9GeV per nucleon by sev-
eral stages of boosters such as Tandem Van de Graaff accelerator, Booster Synchrotron and
Alternating Gradient Synchrotron(AGS). In RHIC, ions continue to be accelerated to make
center-of-mass energy (/s) of 62.4GeV, 200GeV and 500GeV collions. The collions in RHIC
are made bunch by bunch. Each beam has maximum 120 bunches positions for ions storage,
up to 112 bunches are actually filled, the other 8 bunches keep empty for beam alignment
and safe beam abort. Each bunch can contain roughly 1 x 10° gold ions or 2 x 10" protons.
Typical collider operation at /s = 200GeV p+p has a luminosity 2 x 1032¢m~=2s~!. The design
polarization for proton beams is 70%, and the current polarization performance is roughly 60%

for 200GeV runs. This is being improved for future running at /s = 500GeV for the polarized
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proton program.

In the four major experiments mentioned above, PHENIX and STAR are two large exper-
iments and still active so far, BRAHMS and PHOBOS are relatively small experiments and
have finished their goals and ended their physics program. PHENIX, STAR and BRAHMS all
have a spin-physics program. They provide overlap and complementary measurements with
each other, which not only keep respectively specific research area but also is able to make

cross-check on results.

3.2 RHIC as a Polarized p + p Collider

As the first and only polarized p 4+ p collider in the world, RHIC has installed a lot of
equipment relevant for polarized proton beams as shown in Figure 3.1. More details about

RHIC as a polarized-proton collider are introduced in [1].

3.2.1 Polarized Proton Source and Boosters

The optically pumped polarized H~ source (OPPIS) technique is applied for polarized
H~ ion beam production at RHIC, which was developed in the early 1980’s at KEK (Japan),
INR Moscow (Russia), LAMPF (USA) and TRIUMF (Canada) citepolsource. This technique
is based on spin-transfer collisions between a proton or atomic hydrogen beam of a few keV
beam energy and optically-pumped alkali metal vapors, which can produce protons with 85%
polarization. Polarzied protons are then accelerated to 200MeV by the Linac and injected into
the Booster. Proton bunches are injected into the AGS ring from the booster ring with energy
of 2GeV per proton. The bunches are then accelerated to approximately 23GeV, and then
injected into RHIC ring. Since there are many depolarizing resonances in AGS and RHIC that
cause great polarization loss, Siberian snakes are used to remove those depolarizing resonances

and greatly reduce polarization loss of protons.
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Figure 3.1 The RHIC polarized proton facility.

3.2.2 Siberian Snakes

Accelerating polarized beams requires an understanding of both the orbital motion and
spin motion. Whereas the effect of the spin on the orbit is negligible the effect of the orbit
on the spin is usually very strong. The evolution of the spin direction of a beam of polarized

protons in external magnetic fields such as exist in a circular accelerator is governed by the

Thomas-BMT equation [4] (Eq. 3.1),

dp e - _

— =—(—)|GyB 1+G)By| x ¢ 3.1
= —CerBL+ (14 G) B x5 (3.1)
where the polarization vector p is expressed in the frame that moves with the particle, e is

the proton charge, m is the proton mass, v = % is the relativistic boost, G = 1.7928 is the

anomalous magnetic moment of the proton, B indicates the magnetic field perpendicular to
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the plane of proton motion, typically the vertical guide field, and By is the longitudinal field.
For very high energy proton beams, v is very large so that B, term dominates.
This simple precession equation is very similar to the Lorentz force equation which governs

the evolution of the orbital motion in an external magnetic field (Eq. 3.2):
‘C%’ _ —(Vim)Bl « 7 (3.2)

From comparing these two equations it can readily be seen that, in a pure vertical field,
the spin rotates G~ times faster than the orbital motion. In this case the factor G-y then gives
the number of full spin precession for every full revolution, which is also called the spin tune
vsp. At RHIC energy of 200GeV, vy, reaches about 400.

The acceleration of polarized beams in circular accelerators is complicated by the presence
of numerous depolarizing spin resonances. During acceleration, a spin resonance is crossed
whenever the spin precession frequency equals the frequency with which spin-perturbing mag-
netic fields are encountered. There are two main types of spin resonances corresponding to
the possible sources of such fields: imperfection resonances, which are driven by magnet er-
rors and misalignments, and intrinsic resonances, driven by the focusing fields. The resonance
conditions are usually expressed in terms of the spin tune vg,. The resonance condition for
imperfection depolarizing resonances arise when vs, = Gy = n, where n is an integer. Imper-
fection resonances are therefore separated by only 523MeV energy steps. The condition for
intrinsic resonances is vy, = Gy = kP £ v, where k is an integer, v, is the vertical betatron

tune and P is the super-periodicity. When a polarized beam is accelerated through an isolated

resonance, the final polarization can be calculated as shown in Eq. 3.3
P mlel?
?f =2 7 —1 (3.3)

where P; and Py are the polarizations before and after the resonance crossing, respectively,
and « is the change of the spin tune per radian of the orbit angle.

Siberian snakes are actually a series of spin-rotating dipoles, so named because of the
beam trajectory through the magnets and the fact that they were developed at Novosibirsk.

For polarized protons in RHIC, two full Siberian snakes per ring are 180° apart and with their
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axis of spin precession at 90° to each other[3]. At higher energies a full Siberian snake, which
is a 180° spin rotator of the spin about a horizontal axis, will keep the stable spin direction
unperturbed at all times as long as the spin rotation from the Siberian snake is much larger
than the spin rotation due to the resonance driving fields. Therefore the beam polarization is

preserved during acceleration|[5].

3.2.3 RHIC Polarimeters

The polarization of the proton beams at RHIC is measured by using two different sets
of polarimeters, the polarized hydrogen gas jet (H-Jet) polarimeter[9] and the proton-carbon
(pC) polarimeter[8]. These polarimeters are set up in 12 o’clock area (IP12) at the RHIC
ring. The H-Jet polarimeter is located at the collision point allowing measurements of both
beams. Two identical pC polarimeters are equipped in the yellow and blue rings, where
the rings are separated. The pC-polarimeter measures relative polarization to a few percent
statistical accuracy within 20 to 30 seconds using an ultra-thin (typically 6 —8ug/em?) carbon
ribbon target, providing fast feedback to beam operations and experiments. Sufficient statistics
also allows us to observe microscopic structures of the beam such as bunch by bunch basis
polarizations and a polarization profile. The absolute normalization is provided by the H-Jet
polarimeter, operated in parallel to pC polarimeters. It accumulates statistics less than pC
polarimeters, i.e. takes over 1 — 2 days to obtain approximately 5% statistical uncertainty.
The operation of pC polarimeters was thus focused on the better control of relative stability
between one measurement to another rather than the polarization measurement in an absolute

scale[10].

3.2.4 Spin Rotators

As discussed above, the stable spin direction in each ring is vertical with spin up between
snakes in one half of the ring and spin down in the other half. However, the collisions of
longitudinally polarized protons are required for measurements of Ay;, and W Physics. Thus,

four spin rotator dipole magnets for both PHENIX and STAR experiments have been commis-
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sioned in 2003 to achieve both longitudinal and radial spin. The spin direction is rotated away
from vertical immediately before the collision point and then back to vertical immediately

afterwards.

3.2.5 Polarization Performance

The performance for RHIC transverse polarized runs for single spin asymmetry can be

evaluated by the figure of merit (FOM) which is defined in Eq. 3.4,
FOM = (P)*. / Ldt (3.4)

where (P) is the average polarization over the run and [ Ldt is the integral luminosity of

the run. This equation clearly shows that polarization is the dominant effect on the RHIC

performance and doubling polarization is equivalent to a factor of 4 increase in luminosity.
The RHIC performance and center of energy for transversely polarized runs in past years

is listed in Table 3.1.

Table 3.1 The performance of RHIC Transversely polarized runs

Year Vs (GeV) | [Ldt pb~! | Polarization (%) | FOM (10~2pb~1)

2001 Run2 200 0.15 15 0.34
2005 Runbd 200 0.16 47 3.53
2006 Run6 200 2.7 o1 70.23
2006 Run6 62.4 0.02 48 0.46

2008 Run8 200 5.2 46 110.03
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CHAPTER 4. PHENIX Experimental Setup

4.1 Global Detectors

In PHENIX, two pairs of detectors, Beam-Beam Counters (BBCs) and Zero-Degree Calorime-
ters (ZDCs), at forward (North) and backward (South) pseudo-rapidity are used to determine

the necessary global event information as following:

e Determine if a collision has occurred.

Determine if a collision should be triggered on.

Determine the initial time of the collision for time-of-flight (TOF) measurements.

Determine the collision point (in the case of PHENIX, the vertex point along the beam

direction).

e Determine the collision centrality in heavy ion reactions.

4.1.1 The Beam-Beam Counters

In PHENIX the Beam-Beam Counters (BBCs) are used in all aspects of event characteri-
zation. The BBCs[13] are sets of 64 Cherenkov counters symmetrically placed 144cm along the
beam line and cover 27 azimuth and 3.0 < |n| < 3.9 units of pseudo-rapidity. The BBCs are
part of the Global Level-1 (GL1) trigger system which determines if a collisions has occurred.
A minimum-bias (MB) trigger occurs when there is a minimum of one photomultiplier tube
(PMT) fired in each of the two BBCs. The BBCs determine the event vertex from the average

time difference between leading particles reaching each BBC. In 200GeV p + p collisions, the
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BBCs see approximately 50% of the total inelastic p+p cross section and provide a online

vertex resolution of approximately 5cm.

4.1.2 The Zero-Degree Calorimeters

Two compact hadronic Zero-Degree Calorimeters (ZDC) with tungsten absorber plates[12]
are installed close to the beam pipe at a distance of 18m north and south of the interaction
point, placing them at very forward (|n| > 6) pseudorapidities. Since the ZDC’s are located
behind the dipole magnets, the bending of charged particles away from the ZDC allows for a
determination of the deposited energy of spectator neutrons with a resolution of 20%. The
ZDCs are primarily used in p 4 p collisions as local polarimetry and to do a systematic study
on the relative luminosity between bunch crossings with different spin configurations. ZDCs
are also provide information on the collision vertex with relatively poorer online resolution

approximately 30cm.

4.2 Central Arm Detectors

The detector subsystems in the two central arm spectrometers are stacked in layers (see
Figure 4.1). For the analysis presented here, two wire chambers,the Drift Chamber (DC) and
the first Pad Chamber plane (PC1) provided the primary charged particle tracking. Tracks
were also linked to the third and outermost Pad Chamber plane (PC3) to reject background
from conversions and decays. The Ring Imaging Cherenkov (RICH) detector is mainly used
for electron detection. For our analysis, we used the RICH to reject electron contributions
to charged tracks. The energy deposit by photons and charged particles can be measured
by electromagnetic calorimetry (EMcal), which covers the full central arm acceptance and is

divided into four sections per arm.

4.2.1 The Drift Chamber

Two identical Drift Chamber cylinders with a longitudinal extent of 2m are located in a

residual magnetic field at 2 — 2.4m referenced to the beam-axis. The gas volume is filled with
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Figure 4.1 A view along the beam pipe for PHENIX central arm detectors
in Run8.

a 50% by 50% mixture of argon and ethane. The DC contains two groups of wire planes.
The first group of twelve wire planes (X wires) measure trajectories of charged particles in the
r — ¢ direction with a track finding efficiency of greater than 99% and a two-track resolution
of 2mm|[14]. The second group of eight stereowire planes (U,V wires) provide a measurement
of the z-coordinate. Due to the low stereo angle and the small number of wires, this measure-
ment does not give the optimal resolution. To obtain the most accurate measurement of the
longitudinal track component, the DC stereo wires, the Pad Chamber and the BBC z-vertex
position information are combined. Wire planes in front of the drift chamber reference radius
(R = 2.2m) are labeled X1, Ul, V1 and those beyond the reference radius are denoted X2, U2

and V2.
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4.2.2 The Pad Chambers

The Pad Chambers are multiwire proportional chambers and are installed outside of the
magnetic field region. They consist of a wire plane, enclosed in a gas volume by two cathode
walls. One of the cathode planes is sub-structured into pixels with pad readout, the other
consists of an etched copper layer. The cathode panels have a sandwich structure that provides
sufficient strength so that no additional frame support is needed. This design results in a greatly
reduced radiation thickness, keeping the creation of conversion electrons to a minimum. The
operating gas for the Pad Chamber is as same as the DC, which is also a 50% by 50% mixture
of argon and ethane.

Three separate Pad Chamber planes, covering a total area of 88m?, are used to determine
three dimensional hit information for charged particle tracks. The first plane (PC1) at radial
distance of 2.5m is mounted to the Drift Chamber. The third Pad Chamber plane (PC3) is
located 4.9m away from the beam pipe between the RICH and EmCal detectors (see Figure 4.1).
Track projection from the DC to PC3 plays an important role in background rejection. The
PC1 and PC3 planes are present in both arms, while the second plane (PC2) is only installed
in the west arm at a radial distance of 4.2m behind the RICH detector. The PC2 is not used

in this analysis.

4.2.3 The Ring Imaging Cherenkov Detector

In each central arm, a Ring Imaging Cherenkov (RICH) detector is mounted after the
PC1 and used for electron identification. If an electron traverses the COs filled RICH volume
with a velocity greater than the speed of light in the medium, Cherenkov light is radiated
and reflected by two intersecting spherical mirrors onto two detectors with 40 modules of 32
photomultiplier tubes each. With COq as operating gas, the heavier pions start to fire the
RICH above pr =~ 4.65GeV /c and therefore good electron/pion separation is achieved below
this value. A more detailed description of the RICH detector layout and performance can be
found in [14]. In this analysis the RICH detector is only used to reject electron contributions

to the charged tracks.
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4.2.4 The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (EmCal) consists of two subsystems. Six sectors of lead-
scintillator (PbSc) detectors and two sectors of lead-glass (PbGl) detectors cover the full central
arm acceptance of PHENIX. Both set of detectors have been designed to measure electrons and
photons with excellent timing and good position and energy resolution. They also provide a
very good measurement of the hadronic energy. The hadronic response of the PbSc detector is
well understood. The hadronic response of the PbGlI is not. For this reason, and also because
of the better timing resolution, the PbSc is the calorimeter of choice for hadron identification
in this work. The design and performance of the EmCal is reported in [15]. In what follows,
we will therefore only focus on the most important features of the PbSc detector. The PbSc is
a sampling calorimeter made of a large number of “towers”. A total of 66 sampling scintillator
cells and lead tiles are combined in an alternating pattern to form such a tower. Light is
collected via wavelength shifting fibers that are directly connected to the cells and read out
by a photo-tube. An illustration of a typical PbSc module layout is given in Figure 4.2.
Four towers form a module and 36 modules form a supermodule. Each sector consists of 18
supermodules. Electromagnetic and hadronic particles deposit energy differently in a module

and the shower shape can be used to distinguish between them [15].

4.3 Muon Arm Detectors

The PHENIX Muons Arms (as shown in Figure 4.3) consist of two independent spec-
trometers at both forward and backward directions of the interaction point, corresponding to
1.2 < |n| < 2.4 for the North arm and 1.2 < |n| < 2.2 for the South arm. Each spectrometer
is designed with sufficient geometric acceptance (one steradian), momentum resolution, and
muon identification capabilities to permit the study of vector meson production, the Drell-Yan
process (via muon pairs), and heavy quark production (through both muon pairs and single
muons). The muon arms, augmented with anticipated upgrades, will also play an important
role in the RHIC spin program through the detection of single high pr muons (pr > 20GeV/c)

resulting from Z° and W+ decays produced in the collision of polarized protons.
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Figure 4.2 The layout of a PbSc module.

4.3.1 The Muon Magnets

The two PHENIX muon magnets house both the north and south Muon Tracker subsystems
and use solenoid coils to produce radial magnetic fields. The muon magnets were designed in
order to enclose the entire tracking chambers to maximize muon acceptance (full azimuth and
approximately 25° in 6) while simultaneously minimizing the effect on the RHIC circulating
beams. The magnetic field is reasonably uniform and is mapped to a precision of 1%. The
radial magnetic field’s integral is approximately proportional to the polar angle . Charged
particles follow helical trajectories, moving in ¢ with approximately constant #. The north
muon magnet’s position is fixed and covers the full length between the PHENIX central arm
and the front of the Muon Identifier. The south muon magnet is 1.5m shorter and can be moved
to allow access to the PHENIX central arm detectors. Both arms have similar [ B - dl, but
the additional length and flatter piston angle give the north muon magnet better theoretical

acceptance. The muon magnet backplates, also referred to as magnet yokes, serve as the first
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ZDC South
B
Mull»

absorber layer of the Muon Identifier and have a thickness of 30cm in the north arm and 20cm
in the south arm. The front z locations of the north and south magnet backplates are 630cm
and —480cm respectively.

Magnetic field maps for both the PHENIX central and muon magnets are conducted using
a surface mapping method that provides a calculation of the magnetic field based on measure-
ments performed at points on the surface of the magnet. Hall probes are used to measure
several points along radial lines on the magnet’s interior surface. The integral magnetic field
strength [ B - dl along a line at 15° is 0.75 Tesla-meters in the south magnet and 0.72 Tesla-
meters in the north magnet. In both arms the average transverse momentum kick from the

magnets is 0.2GeV/c.

4.3.2 The Muon Tracker

The basic layout of the muon tracker is represented in Figure 4.4. Both the north and south

muon tracking chambers consist of three stations of cathode strip chambers for measuring the
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trajectory of particles in a magnetic field. The strength of the magnetic field is sufficient to
permit momentum and charge sign determination. The MuTr stations are in the shape of
octants, as seen in Figure 4.4, with the station number (1, 2 or 3) and diameter increasing
with distance from the interaction point. The largest tracking station is station-3 with octant
chambers about 2.4m wide and long.

The MuTr determines the momentum of charged particles in a standard fashion by com-
bining the bend of a charged particle in a magnetic field and precise trajectory information
using the basic principle provided in the Lorentz force law. The magnetic field in the MuTr
volume is essentially radial and the particles traverse the volume at relatively low angles rel-
ative to the beam line of about 20°. For a charged particle entering, the magnetic field the
component of the velocity parallel to the magnetic field is unaffected, while the component of
the velocity perpendicular to the magnetic field will cause the particles motion to bend in the
perpendicular direction. For this perpendicular component, the momentum of the particle is
given by Eq. 4.1,

p=q-B-R (4.1)

where ¢ its charge, B the magnetic field strength, and R is the radius of the induced circular
motion. As a charged particle passes through the MuTr volume, each of the tracking stations
measures a position point along the particle’s arc as it bends. A particle’s momentum can be
determined to the extent that both B and R are known. The MuTr essentially measures R in
3-dimensions in a high particle multiplicity environment.

Tracking stations 1 and 2 each contain 3 chamber “gaps”, and station 3 contains 2 “gaps”.
Each chamber gap consists of two cathode planes on either side of an anode wire plane. The
anode wires are instrumented in each half-octant, each covering a segment of ¢ acceptance.
One plane of cathode strips runs radially (perpendicular to the anode wires), while the second
plane has cathode strips at stereo angles that range between 0 and £11.25° relative to the
perpendicular strips. The perpendicular cathode strips are capable of providing the highest
resolution ¢ measurements. Each strip is 1cm wide, and the distribution of charge is fit across

multiple strips, ultimately providing position resolution in the bend plane of about 100um.
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The stereo angle cathode strips provide crude two-dimensional resolution which aids in the
rejection of false cathode strip hits, generally referred to as “ghost” hits. For the purposes of
read out cathode strips serve as the most basic unit of the MuTr. The chambers are operated

with a gas mixture that is 50% Ar, 30% CO,, and 20% CF4 and at a typical voltage of 1850V.

Table 4.1 MuTr gap positions. Distances are to the front of the gap.

Arm | Station | Number of Gaps | z (cm) | Rad. Length % X
North 1 3 180 < 10
North 2 3 347 <0.1
North 3 2 612.5 <10
South 1 3 —180 < 10
South 2 3 —-300 < 0.1
South 3 2 —460 < 10

Except for the area lost due to the support structure, the MuTr stations have full azimuthal
acceptance (¢), and a € acceptance that ranges from 10° to 37°, which corresponds to 1.2 <
In| < 2.4. Table 4.1 lists the positions of the different MuTr chambers and their relative
radiation lengths. In order to measure the particle bend with maximum resolution, the amount
of material in station-2 is minimized, with < 0.1% radiation length. The amount of material
in all three MuTr stations amounts to about 0.2X( (radiation lengths).

The MuTr chambers must contend with secondaries from the collision that can degrade
the inherent 100um resolution capability or even cause incorrect momentum determination.
The impact of likely collision-related backgrounds on momentum determination has direct
bearing the measurement of single hadrons and is discussed further in Chapter 6. Additional
information and references concerning the design, construction, and electronics of the MuTr

can be found in [16].

4.3.3 The Muon Identifier

Once a charged particles passes through the station-3 of the MuTr, it reaches the muon
magnet backplate which serves as the first absorber layer of the MulD. Figure 4.3 shows the

basic design of the MulD which has five alternating steel absorber (gray) and instrumented
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sensitive (green) layers that permit the separation of muons from hadrons. The thickness of

each absorber MulD layer is different as showin in Table 4.2. The choice of the total amount

of steel absorber and the thickness of the absorber layers in the MulD was determined by two

primary designs goals that address (1) restricting hadron contamination in the muon sample,

and (2) the desire to measure low momentum muon pairs, for instance for meson detection.
Table 4.2 MulD gap positions. Front and back are defined relative to the

interaction point at (0,0,0). The absorber width is for the pre-
ceding absorber layer.

Arm | Gap | Front z (cm) | Back z (cm) | Absorber width (cm)
North | 0 686.96 704.24 30 (backplate)
North 1 728.46 745.74 10
North 2 768.76 786.04 10
North 3 815.86 833.14 20
North 4 861.36 878.64 20
South | 0 —686.96 —704.24 20 (backplate)
South 1 —728.46 —745.74 10
South | 2 —T768.76 —786.04 10
South 3 —815.86 —833.14 20
South 4 —861.36 —878.64 20

Shortly after the first collisions were recorded in PHENIX, the occupancies observed in the
MulID where approximately twice that expected from Monte Carlo (GEANT 3) simulations
[17]. Investigation uncovered that the simulations were missing material. After this issue was
resolved, it was determined that the primary source of the backgrounds observed in the MulD
were particles emanating from the beam pipe at nearly perpendicular angles 7—9m downstream
from the collision vertex. In addition to this, another unexpected source of backgrounds was
determined to be due to the beam “scraping” on the steering magnets inside the tunnel before
entering the interaction region. This phenomenon deposits energy not from the direction of
the collision vertex but from behind the detector. Improved beam steering and collimation,
as well as the addition of steel shielding in the MulD square-hole (after RHIC Run2) and in
the beam tunnel (after RHIC Run3) have alleviated but not completely removed both of these

background sources.
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4.3.4 The Muon Piston Calorimeter

The Muon Piston Calorimeter (MPC) is a pair of electromagnetic calorimeters built from
PbW Oy scintillating crystals and read out using avalanche photodiodes (APD) which sit in
the north and south piston holes of the muon magnets of PHENIX. The acceptance in the
south (north) is approximately —3.7 < n < —3.1 (3.1 < n < 3.9). The difference is due to a
flange in bellows around the beam pipe in the south which is not present in the north. The
absence allows one extra ring of towers in the north at high rapidity. The Run-8 configuration
included 196 (220) towers in the South (North) MPC, and an improved gain monitoring system
based on LED’s and optical fibers. The MPC uses the similar electronics with the central-arm

electromagnetic calorimeter. A picture of the south MPC is shown in Figure 4.5.



35

Station 2

tation 1

Numbering Within One
Octant of One Stati:::n(

[
(S

e
From IP }‘I %?@‘%

Figure 4.4 MuTR chamber description. Each MuTr station octant is ac-
tually instrumented in half octants (not depicted).



"-:x
SRS

N

; :

-

- ; ’ -E I... £ -. I...I w - I.

4
\
E

—
¥

Figure 4.5 MPC South Mechanical Design and Tower Layout.
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CHAPTER 5. Measurement Requirements

5.1 Measuring Single Spin Asymmetry Ay

As was written in Chapter 2, the single spin asymmetry can be defined as

AN_O'T—O"L

=T 1ot (5.1)

In experiment, a cross section ¢ can be written as

___ N
o= €reco€bias€acc (52)

L

where N is the measured yield which needs to be corrected for the efficiencies in reconstruction
(€reco), trigger bias (epqs) and detector acceptance (€4c.) and L is the luminosity.

Therefore, Ay can be written as

T _ gt
g g
o' +o
NT Nt
Erecoeziaseacc _ Erecoetiaseacc
— LT L
_ Lt L (5.4)

67'eco€Z- €acc Erecoet- €acc
patees e
The efficiencies in the measurement, €' and €', can be treated as spin independent quantities
because RHIC polarized proton beams have alternate spin 1 and | patterns and PHENIX
detectors collect the outgoing particles from spin 1 and | proton collisions in almost the same
time (approximately 106ns crossing). In addition, it is impossible to reach 100% polarization
for proton beams in the experiment and the measured asymmetries have to be scaled by the

polarization of proton beams to obtain the real physical asymmetries. Thus, the Eq. 5.4 can

be rewritten in a simpler form

NT N
Ay =L Lo (5.5)
PaaT

where P is the polarization of the proton beam at RHIC.



38

5.2 Relative Luminosity

Luminosity measured with a detector can be written as

=N (5.6)

O detector
where NN is the number of p+ p collisions measured by the detector and o getector is the inelastic

p + p cross section seen by the detector, which is defined as

—>X
Odetector = O-ipgclisive “Ceff (5.7)
where quf;l;i) . is the total inelastic p + p cross section, and €.y is the efficiency of the detector.

As discussed above, it can be treated as spin independent and needs to be checked.
If we assume the polarized cross section measured by the luminosity detector are also spin
independent, the ratio of luminosities from spin 1 and | states, called relative luminosity (R),

can be written as

L' N
— = Zllumi (58)
4 N‘L

lumsi

and N}

lumi

where N

iy are the number of spin 1T and | proton collisions measured by the

luminosity detectors. In this case, the Eq. 5.5 can be rewritten as

1 NT—R.-Nt

Ay==——— "
N7 PNT+R-NY

(5.9)

Besides relative luminsity formula, an alternative asymmetry calculation formula called
“square root formula” is often used as shown in Eq. 5.10. It combines yields from spin 1 and
J polarized bunches and from the left and right halves of the detector such that systematic
errors are reduced. In particular, the acceptance and luminosity asymmetries cancel out to

several orders.

1 \/NiNi - \/NiNI_
[cos(O)) \/NTNY + \/NENT

At PHENIX, the two main detectors, the BBCs and the ZDCs, can be used for luminosity

(5.10)

Av =5

measurements because they have high statistics, low background and sample between the

+35cm z-vertex region which our asymmetry data sample is mainly from. The resolution of
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the BBC is about 5¢m, while the ZDC resolution is about 30cm. Therefore, the z-vertex region
sampled by the BBCs much more accurately matches the actual offline z-vertex region used in
the analysis (+35cm). In addition the level 1 trigger of BBC (BBCLL1) records about 40 times
more events than ZDCLLI trigger. Thus, the BBCs are used for measurements of luminosity,

and the events from the ZDCs are used for systematic check.

5.2.1 Run8 Relative Luminosity

In order to study the systematic uncertainties in the assumption that ocppc is spin inde-
pendent used to get Eq. 5.8, we need to compare the ZDC values of Relative Luminosity with
those of the BBCs. Figure 5.1 shows the Relative Luminosity from BBCLL1 and ZDCLL1
triggered events by using only non-empty even, odd and all bunches respectively in Run8.
Data for BBCLL1 and ZDCLL1 come from the GL1 boards that record the total number of
triggers per beam crossing when the DAQ was live (able to take data) for up to four different
triggers. The Global Level-1 trigger (GL1) is the part of the PHENIX online system that is
responsible for generating triggers from the Local Level-1 (LL1) reduced bit data, coordinating

busies, and managing partitioned running of the PHENIX detector.

5.2.2 Systematics of Ay from Relative Luminosity

Using standard error propagation on Eq. 5.9, the uncertainty in Ayx due to the uncertainty

in Relative Luminosity is found to be

1 INTNY

OAN(R) = 5 (NT+ R- N)2

SR (5.11)

If the asymmetries are very small, where NT ~ RNV, the Eq. 5.11 can be approximately

simplified as
1 2R - (N+)? 10R

VAN~ 5o N = pag

(5.12)

Due to the high statistics of BBCs, the statistical uncertainties of ‘%R for an average fill is es-
sentially very small (= 107%), which can be negligible. The two largest systematic sources of un-

certainty are a possible asymmetry in the measured cross sections for different spin orientations
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Figure 5.1 Relative Luminosity vs. fill number as measured by the BBCs
and ZDCs in RunS8.

and inaccurately measuring the total luminosity. As discussed above, luminosities measured
by the ZDCLL1 trigger can be used to estimate the systematics. The systematic asymmetries
of Ay from Relative Luminosities for both blue and yellow beams are 0.2% =£0.015% in Run8,

however the signs of the asymmetries for blue and yellow beams happen to be opposite.

5.3 Polarization and Local Polarimetry

In order to calculate the real physical asymmetries, the polarizations of proton beams need
to be measured. At RHIC, two separate polarimeters, the pC polarimeters and a polarized

HJet polarimeter, are used to measure the magnitude of polarization. Both measurements
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are made with vertically polarized protons, and exploit asymmetries in elastic scattering in
the Coulomb-Nuclear Interference (CNI) region. The CNI region is defined as the energy
range in elastic scattering in which the Coulomb and Nuclear forces are of the same strength,
and therefore can interfere with each other, inducing a spin flip, observable as an asymmetry.
Since both detectors were briefly described Chapter 3, here we only give results of polarizations
measured fill by fill in Run6 and Runs.

For transversely polarized p + p collisions in Run8, the spin direction for both blue and
yellow beams was vertical. However, current MPC single clusters Ay analysis shows that the
spin direction of blue beam is rotated about 18° from the vertical direction that the spin should
be along. It may cause a significant underestimate of the measured asymmetries if this effect
is not well corrected. Therefore, it is very important to check that the polarization direction
is correct at PHENIX. A set of “local” polarimeters, composed of the ZDCs and SMDs, are
used towards the objective. The official results of transverse polarization direction in Run8
measured by local polarimeter is shown in Table 5.1.

Table 5.1 Polarization directions from the Run8 transverse polarization
running periods.

Beam | Polarization Direction (radian)
Blue | 0.242 £ 0.030 (stat.) £ 0.111 (sys.)
Yellow | 0.031 + 0.048 (stat.) £ 0.114 (sys.)
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CHAPTER 6. Single Transverse Spin Asymmetry of Forward Hadrons

6.1 Run Selection

The data acquisition system (DAQ) of PHENIX is limited to take up to 1 hour data
although it can run as long as we like if no errors occur. This data-taking duration is call a
“Run”. In PHENIX, the name “Run” has two different meaning: (1) if it is followed by the
calendar year number such as “Run2008” or “Run8”, it means the whole year running. (2) if it
is followed by the six digits ID such as “Run1974507, it means the data-set taken in a certain
time-duration (less than one hour). In the later chapters, this word “Run” always means the
one-hour-run unless followed by the calendar year number.

One run is always manually started by the DAQ operator on shift, and it can be stopped
automatically when one hour data-collecting is done or stopped manually in any abnormal
situation.

It is very important to ensure that data used in analysis has a good quality. Thus a quality
assurance (QA) study for each run is needed. Some real-time experiment parameters, such
as magnetic field configuration, beam luminosity, level-one trigger rates, spin configuration,
have important effects on the quality of data are recorded to an electronic log book. These
parameters are measured between physical runs, using specific detector configurations, some-
times running exclusively and/or based on existing most recent physics data. Then they are
used during the physical run by DAQ operator to maintain a uniform performance of detec-
tors. This is called “online” calibration, contrary to the “offline” calibration later done to the
reconstructed data. Each sub-system has a separate selection of runs of its own dataset. The
“offline” run-by-run QA analysis in Run8 for MuTr and MulD was done by experts, see [62]

for details.
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In this analysis, the data samples are collected in PHENIX Run8 (2008) transverse polarized
p+p collision at /s = 200GeV run256450 (2008/02/15) to run259576 (03/09/2009). According
to the Run8 log book and the corresponding QA analysis[62], some runs are rejected by QA

study as following reasons:

e Radial spin runs (because the spin orientation for most of runs in run8 are vertical)
e Spin Patterns are missing in Spin Database

e Remove the fill 9947 whose polarization for blue beam is not available

e Remove zero field runs

e Remove run without GL1p Scaler Counts

e Remove runs due to MuTr south station-2/3 octant-7/8 low voltage problem

e Remove runs due to run by run recalibration failed

e Remove low statistics fill

e Remove less than 8 minutes short-time runs

e MuTr FEM or HV bad channels

After removing those bad runs, the remaining good runs are shown in the list in Appendix

6.2 FEvent Selection

There are two requirements for any event used in the analysis as following:

e Trigger requirement: The event at the north (south) muon arm must be triggered by a
coincidence between the MUIDLL1_N1H (MUIDLL1_S1H) trigger and a BBCLL1 trigger.

The MUIDLL1_N1H and MUIDLL1_S1H triggers will be introduced below.
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e z-vertex requirement: Offline reconstructed BBC z-vertex must be within +35cm of the
nominal interaction point (denoted as |zppc| < 35cm). The events |zppc| > 35cm are
not used because (1) The collision vertices for them are too close to the magnetic pole
tips sit at £41cm; (2) The statistics is quite few. A lot of the central-arm analyses use
|zBBCc| < 30cm because events within 30 < |zppc| < 35cm see a limited central-arm
acceptance and have higher background. However, events within 30 < |zppc| < 35cm

are still good from muon arms.

6.2.1 MUIDLL1 1H(One Hadron) triggers

Because the luminosity is always limited and the interesting physical events are usually
rare, a number of triggers have been used to enhance the fraction of interesting events to be
recorded. In PHENIX, there are two types of triggers: event triggers such as BBCLL1 and
particle triggers such as MUIDLL1_N1H and MUIDLL1_S1H.

Data taken in muon arms is almost always triggered by the Level-1 muon triggers (denoted
as MUIDLL1). There are three types of MUIDLLI triggers: 1D (One Deep) trigger, 1S (One
Shallow) trigger and 1H (One Hadron) trigger. Each of these triggers have two independent
sets in north and south muon arms. Therefore the 1D trigger associated with north(south)
arm is also called N1D(S1D) trigger, and they are similar for 1S and 1H triggers. The 1D
triggers provide a data set of of events containing an enriched sample of tracks penetrating
to gap 4 of the MulD, in which muons are dominant. The 1S trigger data set contains an
enhanced sample of shallow penetrating tracks, defined to be gaps 2 and 3 in the MulD, in
which hadrons should be dominant. Study of the flux of stopped hadrons in these shallow gaps
allows for the estimation of the number of punch-through hadrons contaminating the sample of
muon candidates in gap 4. However, it is very difficult to isolate hadrons from 1S trigger data
sample. Therefore, newly designed 1H triggers were used since Run8 to replace 1S triggers,
which provide cleaner hadrons data sample.

These MUIDLL1 triggers use combinations of hits in MulD layers, called symsets, to de-

termine whether a trigger condition has been met. A symset as shown in Figure 6.1 is defined
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for every (logical) MulD tube at gap 0 by projecting from a z-vertex of (0,0,0) through the
gap 0 tube position to the gap 4 position. The corresponding symset is then those tubes that
lie along the ray from gap 0 to gap 4 (corresponding to tubes 0-4B in the Figure 6.1). Due
primarily to likely multiple scattering in absorber material and to a lesser extent z-vertices
differing from z=0, the symset definition includes those tubes adjacent to the central symset

tube row (rows A and C in the Figure 6.1).

[1A>— [2a>— [3a)— [4A
« Eithergap O orgap 1
| 0B (1B [2B (3B (4B + Either gap 2 or gap 3
« NOhitingap 4
‘ 1C | 2C | 3C | 4aC + Three or more hit gaps

Figure 6.1 Local Level 1 Muon 1 Hadron trigger logic.

6.3 Track Reconstruction at Muon Arms

The current PHENIX muon arm software framework was developed in 2003 after the first
two years of PHENIX operation. The tracking algorithm is written entirely in C++ and has
been developed to cope with large hit multiplicity environments found in heavy ion collisions.
With the reduced particle multiplicity and the corresponding detector occupancy in p + p
collisions, the same tracking algorithm is essentially applied in the p + p case. The MulD and
MuTr combine to form a “reconstructed” track in the muon arms, with composite information
on: momentum, spatial position, penetration depth in the MulD steel, and collision vertex

position (which also uses BBC information). This combination of hit information from two
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separate subsystem detectors begins in the MulD.

6.3.1 MulD Road Reconstruction

For a given event the basic unit of the MulD detector readout used in the track reconstruc-
tion algorithm can be be either on or off which depends on having hit or not. Adjacent hits in
the MulD are combined to form a cluster, and these clusters from MulD gaps can be combined
for each tube orientation (horizontal or vertical) into a linear “roads” that can be projected
back toward the collision vertex region. The algorithm starts from hits at Gap 1 and tries to
form roads from hits that extend in both forward and backward directions in the MulD. There
is no magnetic field in the MulD, and if ignoring the effects of multiple scattering, the path
through the MulD steel layers is most likely a straight line. The one-dimensional roads are
fit by using a straight line and then paired with roads of opposite orientation to form a two-
dimensional MulD road. The two-dimensional MulD road contains the position and direction
information from the MulD, which is included in the track reconstruction process.

Various conditions must be satisfied when pairing one-dimensional roads. To form a two-
dimensional MulD road, the depth of the one-dimensional roads in opposite orientations can
only differ less than one gap. Every one-dimensional road must contain hits in at least two gaps,
and paired one-dimensional roads cannot differ in total hits by more than 2. The minimum
depth allowed by a full MulD road is Gap 2, and it is not permitted for more than two gaps
that lack hits preceding the last gap in the road. Under these various constraints, the gap
depth of a full MulD road is determined by the deepest hit from paired one-dimensional roads.
To reduce the combinatorial background in the next step of the muon arm reconstruction, the

MulD roads seed the track finding algorithm for the MuTr.

6.3.2 MuTr Track Reconstruction

A cathode strip is the most basic unit of the MuTr. It will “fire” if enough ionization charge
is deposited when a charged particle passes through the detector. A single particle usually fires

1 — 3 adjacent cathode strips, which are combined to be a MuTr cluster. For high occupancy
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events it is possible that two particles will fire cathode strips. In this case, it could lead to
overlapping clusters. MuTr gap coordinates are derived from sets of fired cathode strips from
a particular MuTr gap. Since the cathode strips are oriented at stereo angles to one another,
two cathode strips within a gap can provide a two-dimensional position information. As we
discussed in Chapter 4, MuTr station 1 and 2 have three gaps, and Mutr station 3 contains
two gaps. These gaps are separated by just a few centimeters. Coordinates from each gap
within a MuTr station corresponding to the two or three space points over the few centimeters
of thickness of a particular MuTr station. Once these space points are fit with a straight line,
they are called as MuTr stubs.

The MuTr track finding algorithm begins by attempting to match MuTr Station 3 stubs
with all potential roads at the MulD Gap 0. If a match between a MulD road and MuTr station
3 stub is made, the algorithm will try to proceed to MuTr stations 2 and 1. Once the track has
been formed from stubs of the three stations, the matched MuTr track and MulD road now
possess all available information from the muon arm. Finally, the MuTr tracks are projected
through the absorber to obtain the position and momentum information of the particle at
the collision point. Figure 6.2 shows an example of muon arm reconstruction event display.
The individual gaps within a particular MuTr station are too close together to be properly

displayed in this figure.

6.4 Single Hadron Track Selection

As Figure 6.3 shows, the initial flux of hadrons are largest source of particles that are
produced during collision and fly toward muon arms. The types of hadrons include but are
not limited to 7+, K+, K9, Kg, p and p, in which 7+ are dominant (=~ 99%). Due to the
significant amount of absorber material, more than 99% of the light hadrons reach the first
absorber without decaying and are absorbed since the decay lengths (¢7) of 7’s ( 780 cm)
and K’s ( 371 cm) very long compared to the flight path from the collision vertex to the first
absorber material in the muon arm at z = 41 cm. And then first three layers of MulD absorber

plates also stop many hadrons, so that only roughly 0.1% hardrons survive and hit MulD Gap
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Figure 6.2 An event display for a single MuTr octant showing fired cath-

ode strips (blue lines), MuTr stubs (pink circles), and a recon-
structed MuTr track (red line). Each octant is instrumented as
two half-octants.

2 and 3.

In general, there are three ways for a hadron to result in a track measured in muon arms.

e Decay into a muon before absorber, then the muon is measured in muon tracker, it is

called hadron-decay-muon.

e Have only energy loss (Bethe-Bloch dE/dx) all the way through absorber, then measured

in muon tracker, this is called a punch-through hadron or primary hadron.

e Produce hadronic showers in absorber, then the secondary particle from the showers are

measured in muon tracker. This is called a secondary hadron.

Therefore, the hadron-decay-muons are taken as background. The secondary hadrons may
not carry correct momentum and charge information and are possible to cause the dilution of
asymmetries. In order to remove or suppress those types of hadrons, a Monte-Carlo simulation
was required to find out optimal cuts. We will talk about the detailed simulation in next

section.
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Figure 6.3 Schematic depiction of the relative flux of particles in the muon
arm as a function of distance from the collision point.

6.5 Simulation

There are two levels for the simulation in PHENIX, PHPythia and PISA. PHPythia
(PHENIX Pythia) is originated from Pythia which is a program for generation fo high-energy
nuclear/particle physics events, i.e. for the description of collisions at high energies between
elementary particles such as e®, p and p in various combinations. Pythia contains theory and
models from a number of physics aspects, including hard and soft interactions, parton distri-
butions, initial-state and final-state parton showers, multiple interactions, fragmentation and
decay. PHPythia generates events using Pythia within the friendly Fun4All framework. The
primary advantage of using PHPythia is that the output is a Fun4All file, so that you can
read the output phpythia.root file along with the simDST.root file. This makes it very easy to
associate the original Monte-Carlo information with the data in the simulated DST.

PISA (PHENIX Integrated Simulation Application) is the PHENIX simulation software
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package base on the GEANTS libraries. The GEANT program decribes the passage of elemen-
tary particles through matters. GEANTS3 is the third version of GEANT and the latest version
is GEANT4. The output of the PISA package is a so-called “hits file” which is processed by
software which runs in the Fun4All offline system. The first stage in the processing is the
detector response modules for all the detector subsystems. In the detector response module
software information obtained from the GEANT particle tracking through each detector sub-
system is converted into simulated detector signals. The simulated signals are much like the
real detector signals which appears on the real data PRDF’s obtained by the online system
which the PHENIX experiment is taking data. Thereafter, these simulated detector signals
are processed by the same software which reconstructs the real data files into useful physics

information suitable for analysis software.

6.5.1 PHPythia Simulation

The stardard code of PHPythia is available in the PHENIX CVS library. It can be checked
out and modified to generate events according to physical process we are interested in. The
PHPythia can fully simulate p + p events with the full complement of observed final states
particles. In this simulation, we only turn on the “2 — 2” semi-hard QCD process where the
“2” on the left side of “—” means two incoming partons and the “2” on the right side of “—”
menas two outgoing partons. In /s = 200GeV p + p collisions, the “2 — 2” semi-hard QCD
process include six sub-processes as shown in the Table 6.1. Obviously, the subprocesses of (4)
and (6) are dominant ones.

After running PHPythia code with appropriate configuration, a number of events are gen-
erated and written into output file. By reading the output file, we find that there are predom-
inantly three types of charged hadrons: 7% (~ 85%), K* (~ 10%) and proton/anti-proton
(=~ 5%) as Figure 6.4 shown. Those hadrons generated from PHPythia (before absorbers)

would be used as input hadrons for PISA simulation in next step.



o1

Table 6.1 The sub-processes are included in the “2 — 2” semi-hard QCD
process. ¢ (q) represents quark(anti-quark) and ¢ represents

gluon.
Subprocesses | Fractions in the “2 — 2” semi-hard QCD process (%)
Wa+d —aq+d ~ 6.4%
2)qg+q—¢+7q ~ 0.1%
B)g+qg—9g+yg ~0.1%
4a+tg—aqtyg ~ 43.5%
B)g+g—q+q ~ 13.2%
6)g+g—g+yg ~ 48.5%

6.5.2 PISA Simulation

The PISA package is also available in the PHENIX CVS library and is ready for users
to check out. Running PISA is the most time-consuming step in the whole simulation. The
configuration file “pisa.kumac” has almost all of the GEANT and PHENIX subsystem config-
uration options. Users can change which detectors are installed or turned on/off, the magnetic
field map and its strength or polarity, tracking options etc. In order to save time, only detec-
tors corresponding to the analysis should be turned on and other unused detectors need to be
turned off, but the material of those detectors is still present in the simulation.

There are two packages to describe the hadronic showers in matter which are available to
the users of GEANT3: GHEISHA and FLUKA. The GHEISHA code generates hadronic inter-
actions with the nuclei of the current tracking medium, evaluating cross-sections and sampling
the final state multiplicity and kinematics, while the GEANT philosophy is preserved for the
tracking. FLUKA is a standalone code which is developed by the INFN-CERN Collaboration.
Only a few parts of FLUKA have been included into GEANT3 which deal with hadronic elastic
and inelastic interactions. The results of simulation by using GHEISHA will be a little differ-
ent from those by using FLUKA in the treatment of positive and negative charged hadrons.
In order to find out which one is relatively closer to PHENIX measurements, we plotted the
ratio of positive and negative charged hadrons on momentum spectra for both GHEISHA and
FLUKA simulation and compare them with our real data as Figure 6.5 shown. From the figure,

it is easy to see that the momentum spectra from FLUKA simulation match the spectra from
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Figure 6.4 The particle ID of final-state charged hadron from Pythia
where positive PIDs represent positive charged hadrons such as
7T, KT and proton, negative PIDs represent negative charged
hadrons such as 7=, K~ and anti-proton.

real data better on both north and south muon arms. Therefore, FLUKA was chosen to be

used in our simulation.

6.5.3 Muon Background

Altough hadron triggers have been used to sample the events, lots of hadron-decay-muons
are still included in the data. These hadron-decay-muons are mainly from the decay of light
mesons such as pions and kaons before these mesons hit into absorbers. Due to their high
penetrating power, the muons that stopped at MulD Gap 2 or Gap 3 are assumed to be very
low momenta ones. In the simulation, we can easily isolate muons from hadron tracks and

plot their spectra as Figure 6.6 shown. It is clear that muons are dominant in low momentum
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Figure 6.5

region and can be removed by appropriate momentum cuts. We can use either momentum at
vertex (pyiz) cuts or momentum at MuTr station 1 (ps1) cuts. In this simulation, pgy cuts
are used because “good enough” purity can be achieved by removing a little less statistics.
Figure 6.6 shows the the spectra of pg; before cuts and after cuts. We can clearly see that

muon backgrounds have been removed effectively by the cuts.

6.5.4 Primary and Secondary Hadrons

Most muon background has been removed after applying momentum cuts, only primary and
secondary hadrons are left in the data sample. In the simulation, we can distinguish primary

hadrons from secondary hadrons, and know the location secondary hadrons are produced at,
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Figure 6.6 The pg distribution for all tracks, muon and hadrons before
(top 2 plots) and after (bottom 2 plots) pg cuts for north
(pst1 > 0) and south (ps;1 < 0) arms, gap2 (left 2 plots) and
gap3 (right 2 plots).

their parent and grandparent hadrons’ momenta information. Primary hadrons don’t have
parents and grandparents, so in the discussion that follows when we refer to the parent or
grandparent of a primary hadron it is understood that we are referring to the primary hadron
itself. Similarly, if secondary hadrons have parents but don’t have grandparents, we set their
grandparents to be same with their parents. Figure 6.7 shows that primary hadrons are all
produced at collision vertex around z = 0, while secondary hadrons are mostly produced in
absorber area 41 < |z| < 140cm. Figure 6.8 shows that some secondary hadrons’ parents are
generated from vertex but a lot of them are still not. In Figure 6.9, we can see that almost all
of hadrons’ grandparents are produced from vertex z = 0 which should originate from collision

and not from hadronic shower. Therefore, we only need to consider at most two generations in
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order to determine the origin of charged hadrons in the muon arms. By studying the difference
between secondary hadrons and their grandparents, we can analyze how much they affect the

real physical asymmetries when they can not fully removed.
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Figure 6.7 The origion location distribution for primary (in red) and sec-
ondary hadrons (in black) at both north (z > 0) and south
(z < 0) muon arms.

In order to remove the secondary hadron background, we need to consider hadrons’ in-
teraction with absorber. When hadrons punch through the absorber and suffer ionization
energy loss, the interaction between the hadrons and media is mainly elastic scattering on
electrons, the direction of the hadrons should change very little. On the other hand, when
hadrons scatter on a nucleus inelastically and cause hadronic showers, the direction of sec-
ondary hadrons (from the showers) can be very different from the primary hadrons (before the

showers). It potentially gives us some ideas on separating secondary hadrons from primary
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Figure 6.8 The origion location distribution for primary hadrons (in red)
and parents of secondary hadrons (in black) at both north
(z > 0) and south (z < 0) muon arms.

hadrons. Therefore, as Figure 6.10 shows, we can calculate the angle 6, between pi, and p.
If 0, is larger enough for a particular hadron track, the hadron is more likely to be secondary
hadron. However, in PHENIX there is no momentum measurement before absorber, py:; is
actually reconstructed by using the BBC collision vertex and measurement points in MuTr.
The smearing of collision vertex makes reconstructed pys not very accurate. And, there is
a momentum dependence on using 0, to separating secondary hadrons. Therefore, we use
plzp as the cut where p = W. Table 6.2 shows the comparison between before and after
the pb,, cut for percentage of secondary hadrons. We can see that the pf,, cut remove some

secondary hadron background but lots of secondary hadrons still exist in data.
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Figure 6.9 The origin location distribution for primary hadrons (in red)
and grandparents of secondary hadrons (in black) at both north
(z > 0) and south (z < 0) arms.

6.5.5 Asymmetry Mixing/Dilution Fractions

As discussed before, the secondary hadron can not fully removed by the pf,,, cut and there
is always a big smearing for the measured momentum comparing to the grandparent hadrons.
We have to study how these effects affect the measurement of physical asymmetries. The
polarization for both blue and yellow proton beams in Run 8 is along y direction in PHENIX
coordinate, so the x component of momentum p,, is sensitive to the left-right asymmetry. Since
we calculate the left-right asymmetry (the definition is given in next section) in the analysis,
there are several reasons which could cause a mixing of particles on our sample that will
either dilute the asymmetries that we measure, or mix the asymmetries of different hadrons as

following;:
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Pre-MuTR  Station 1
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Figure 6.10 The definition of 6,

. For particles that come from secondary interactions, the measured p, may change sign
when compared to their parents of grandparents. Thus, even if the polarization informa-

tion is retained, this effect could dilute the asymmetry.

. The charge of a secondary hadron changes sign when compared to its parent or grand-
parent when it is produced in an interaction in the absorber, i.e. in the hadronic shower
K™ produce a 7~ which is measured. This could mix the asymmetries for positive and

negative hadrons.

. The measured charge of a hadron is incorrectly assigned when the track is reconstructed
in the MuTr. This could mix the asymmetries for positive and negative hadrons, and

can affect both primary and secondary hadrons.

. The measured xg and pr of secondary hadrons may be different from their parents’ or
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Table 6.2 The percentage of primary hadrons existing in simulated data
sample before and after pf, cut in various xr and pr bins.

TR No Cut | pf,, < 0.2 || pr (GeV) | No Cut | pf,, < 0.2
< 0.06 34.8% 50.8% <2 40.0% 51.3%
0.06 — 0.1 40.8% 47.8% 2—-3 42.0% 47.3%
0.1 -0.15 40.8% 50.7% 3—14 43.9% 48.1%
0.15—-0.2 39.8% 53.3% 4—-6 39.5% 52.4%

grandparents’ original momentum. This could mix the asymmetries for different xr and

pr bins.

Table 6.3 The asymmetry mixing/dilution fractions from simulation in var-
ious z and pr bins. These fractions are relative to the full data
sample (both primary and secondary hadrons).

xp/pr (GeV) | p, change sign | Charge change sign | Charge misidentified
ht h~ ht h~ ht h~

xp < 0.06 3.1% | 3.1% 8.5% 9.1% 0.2% 0.6%
0.06 <xp<0.1] 24% | 2.1% 3.7% 4.8% 0.6% 1.7%
0.1 <zp<0.15 | 1.8% 1.9% 2.7% 6.1% 1.6% 4.5%
0.15<zp <02 3.1% 1.7% 5.3% 14.6% 4.2% 13.9%
pr < 2 31% | 3.1% 8.2% 8.8% 0.2% 0.7%
2<pr<3 1.9% 1.4% 3.2% 4.4% 0.7% 1.9%
3<pr<4 1.2% 1.5% 2.4% 71% 1.5% 6.4%
4<pr<6 2.3% | 2.5% 5.4% 16.2% 4.2% 14.9%

We can only estimate how big mixing or dilution effects (1), (2) and (3) are from simulation.
We may extract the real yields from measured yields by applying correction for the effect (4),
which will be discussed in the next subsection. Of the first three effects, (1) and (2) are
important for secondary hadrons, and (3) is a systematic effect for all hadrons. Assuming the
three mixing/dilution fractions are independent of each other, we can estimate the combined

asymmetry mixing/dilution fractions by
M combinea =1 — (1 - Ml) ’ (1 - M2) ’ (1 - M3) (61)

where M ompined means the combined asymmetry mixing/dilution fractions, Mj, My and M;

are asymmetry mixing/dilution fractions for above three reasons. The results for the combined



60

asymmetry mixing/dilution fractions are shown in Table 6.4.

Table 6.4 The estimation of combined asymmetry mixing factors in various
xr and pr bins.

xF/pT (GeV) ht h~

zr < 0.06 11.5% | 12.4%
0.06 <zp<0.1]| 6.6% | 8.4%
0.l<zp<0.15| 6.0% | 12.0%
015 <zrp <02 |121% | 27.7%
pr < 2 11.2% | 12.2%
2<pr<3 5.7% 7.5%
3<pr<4 5.0% | 14.3%
A<pr<6 | 11.5% | 30.5%

6.5.6 The Correction For Bin Sharing Effect

The measured hadron track momenta could be very different from the real track momenta.
A high momentum track can be recontructed to be low momentum and more often a low
momentum track can be reconstructed to be a fake high momentum track. Thus they can
cause bin sharing effects as shown in Figure 6.11— 6.18. In this simulation, we generate 50
times more statistics in high xr and pr regions than low xr and pr regions in order to save
time. In these Figures, the spikes on the right bottom plots are scaled events from low xp and
pT regions.

These bin sharing effects can be corrected by matrices since we can know the correlations
between measured spectra and real spectra for all charged hadrons from the simulation. We
are going to discuss this method in a general case as follows.

Define N (pr, zr) as the number of hadrons in certain py and xp by assuming that smearing
of pr and z g is independent of spin. Since measured pr and xr of hadrons are different from
real pr and zp of hadrons, N®(pr, 2p) # N™ (pr, zr) where the superscript R means “real”,
M means “measured”. We divide N%(pr, zp) into n pr(zr) bins N{t--- NE NM(pp, xr) into

the same bins N ... NM. Then we can have the correlation as



EEEEEER

plots are xp (p.) spectra for measured hadrons. The right
five plots are xp (p,) spectra for hadrons from collision. The
numbers on the right five plots are the fractions of measured
hadrons from the same zp (p,) bin with hadrons really from

collision.
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Figure 6.11 The zp (p,) smearing effects for positive charged hadrons at
the north arm from the Monte-Carlo simulation. The left five

(6.2)

where Cj; means the correlation between NF and N JM . In a certain (ie. ith) real pr(zp)

bin, we can get

NFE=>" N

For the asymmetries, we have

k=1

(6.3)
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Figure 6.12 The zp (p,) smearing effects for positive charged hadrons at

). We want to have the real yield Ni, Ni, NY and NI to calculate real Ay, but we can only

have measured yield. we can use Eq. 6.3 to convert measured yield to be real yield. For a

VNINE - /NENT

~ NN NI

where N , N ¥ , Ni, N* mean the numbers of hadrons measured in spin 1 or |, left(+) or right(-
+ 4Vt

certain (ie. ith) bin, we can have asymmetries as

Ay =

the south arm from the Monte-Carlo simulation. The left five
plots are xp (p.) spectra for measured hadrons. The right
five plots are xp (p,) spectra for hadrons from collision. The
numbers on the right five plots are the fractions of measured
hadrons from the same zp (p,) bin with hadrons really from

VEk CaNT(S, CaN P — (54 CaN I (54 GV

the error propagation depends on all measured bins that contribute.

\/(Zk Cir NV () Ny ) + \/(Zk Cir NI (Xk Co N2

The factors don’t cancel because the mixed bins may not have the same number of events, and
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Figure 6.13 The zp (p,) smearing effects for negative charged hadrons at
the north arm from the Monte-Carlo simulation. The left five

plots are xp (p.) spectra for measured hadrons. The right
five plots are xp (p,) spectra for hadrons from collision. The
numbers on the right five plots are the fractions of measured
hadrons from the same zpg (p,) bin with hadrons really from

collision.

784

The correlation matrix C' can be derived from the simulation. In the simulation, for a mea-

sured hadron we can know what its real p;r and xr are. We put each hadron in corresponding

2-dimensional histogram and normalized and then get a matrix as

NM D1y

NM D,

D1, Nf
Dy NE

where D;; means the probability of a hadron from jth real pr(zr) bin but measured in ith

pr(zr) bin. The matrix D is just the inverse matrix of C' or say C = D71,

The correlation matrices C for pr and zp bins in north and south arms are shown in
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Figure 6.14 The zp (p,) smearing effects for negative charged hadrons at
the south arm from the Monte-Carlo simulation. The left five
plots are xp (p.) spectra for measured hadrons. The right
five plots are xp (p,) spectra for hadrons from collision. The
numbers on the right five plots are the fractions of measured
hadrons from the same zpg (p,) bin with hadrons really from
collision.

Table 6.5, 6.6, 6.7 and 6.8.

However, it is found that the statistical uncertainties by using bin sharing correction matri-
ces become much larger with bigger bin sharing effects. In Figure 6.11 to 6.18, more than 50%
reconstructed hadrons for zr > 0.2 and pr > 6GeV/ ¢? are not in the same bin with hadrons
really from collision vertex. In these bins, the bin sharing effects are too large to be corrected.

Therefore, we did not use these data samples in this analysis.

6.5.7 Correction of (zr) and (pr)

We know that the (xp) and (pr) of measured hadrons are not as same as (xp) and (pr) of

the hadrons really from collisions. A correction need to be done to get real (zr) and (pr) for



irfside: 0.657800671

18 did
[T

EERREY]
T

ide: 0.601162393

AT f

PEEEREE

inkide: 0.61369525

i3 5 5 58
sesuEEss 5

T

.
' E

inside: 0.218285714|

Figure 6.15 The pr smearing effects for positive charged hadrons at the
north arm from the Monte-Carlo simulation. The left five plots
are pr spectra for measured hadrons. The right five plots are
pr spectra for hadrons from collision. The numbers on the
right five plots are the fractions of measured hadrons from the
same pp bin with hadrons really from collision.

each zr and pp bin.

Let us take correction of (xp) as an example to explain how to do the correction. In our
MC simulation, an n X n two dimensional histogram was created by setting x-axis to to be
reconstructed xp and y-axis to be the real xp of hadrons. The projection on x-axis of this
two-dimensional histogram is the distribution of reconstructed xr and projection on y-axis is
the distribution of real xr of hadrons from collision. Then we can extract weight for each
x-axis bin by matching the reconstructed xp distribution in simulation to the xp distribution
in real data. We use the weights to correct the two-dimensional histograms and project it to
y-axis in selected reconstructed zp range (ie. 0.06 < zp < 0.1). The mean of the projection
is just real (xp) of the selected reconstructed zr range(bin). Similar calculations can be done

for pr bins as well.



66

psi

NEEEREERN
T

Figure 6.16 The pr smearing effects for positive charged hadrons at the
south arm from the Monte-Carlo simulation. The left five plots
are pr spectra for measured hadrons. The right five plots are
pr spectra for hadrons from collision. The numbers on the
right five plots are the fractions of measured hadrons from the
same pp bin with hadrons really from collision.

In order to get (pr) in selected zp bin, just create a two dimensional histogram with x-axis
to to be reconstructed zp and y-axis to be the real pr of hadrons’ grandparents. Then do
same weighting calculation we discussed above. The projection on y-axis of the two dimensional
histograms is just real (pr) in the zp bin. Similar calculation can be applied on get (pr) in
selected pr bins.

6.5.8 Summary of Cuts Used In This Analysis

The optimal cuts found from the simulation are summarized below:

e lastGap == 2 or 3, where lastGap means the last MulD gap the particles stopped by.

e py1 > 1.4 GeV for tracks which lastGap==2, ps1 > 1.8 GeV for tracks which last-
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Figure 6.17 The pr smearing effects for negative charged hadrons at the
north arm from the Monte-Carlo simulation. The left five plots
are pr spectra for measured hadrons. The right five plots are
pr spectra for hadrons from collision. The numbers on the
right five plots are the fractions of measured hadrons from the
same pp bin with hadrons really from collision.

Gap==3 where pg is the reconstructed momentum of particles at MuTr Station 1.

1 <pr <6 GeV
2 . >20
Xmutr

Ip.| <20 GeV

1.2 < n < 2.4 for north arm, —2.2 < n < —1.2 for south arm.

plzp < 0.2, where p = W, Dotz 18 the reconstructed momentum of particles at

vertex, 0., is the angle between py,; and pg1 as Figure 6.10 shown.
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Figure 6.18 The pr smearing effects for negative charged hadrons at the
south arm from the Monte-Carlo simulation. The left five plots
are pr spectra for measured hadrons. The right five plots are
pr spectra for hadrons from collision. The numbers on the
right five plots are the fractions of measured hadrons from the
same pp bin with hadrons really from collision.

6.6 Calculation of Ay

Two approaches can be used to calculate the single transverse spin asymmetry: relative
luminosity formula and square root formula. Due to low statistics especially for high xr and
pr bins, relative luminosity formula is not good for this analysis. The details for the two

approaches are shown as following.

6.6.1 Square root formula

The advantages of using square root formula are that (1) no luminosity correction is needed
and the luminosity asymmetries will be canceled out; (2) it can be used in low statistics cases.

The square root formula weighted by (|cos(¢)|) and its uncertainty formula are shown as Eq. 6.7
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Table 6.5 The correlation matrices of xr bins for positive hadrons.

TF North Arm
< 0.06 0.06—-0.1]0.1-0.15]0.15-0.2
< 0.06 1.175 -0.3349 -0.1816 -0.2025
0.06 — 0.1 | -0.1824 1.404 -0.4139 -0.4737
0.1 —0.15 | 0.00857 | -0.07219 1.694 -0.8555
0.15—-0.2 | -0.0015 0.00343 -0.09849 2.532
Tp South Arm
<0.06 |0.06—0.1|01-0.15]0.15—-0.2
< 0.06 1.139 -0.501 -0.3792 -0.4337
0.06 — 0.1 | -0.1433 1.553 -0.463 -0.6108
0.1 —0.15 | 0.004737 | -0.05472 2.022 -1.134
0.15—-0.2 | -0.00021 | 0.002559 -0.18 3.178

Table 6.6 The correlation matrices of xr bins for negative hadrons.

TF North Arm
< 0.06 0.06—-0.1]0.1-0.15]0.15-0.2
< 0.06 1.198 -0.238 -0.1408 -0.2646
0.06 — 0.1 | -0.2061 1.304 -0.395 -0.5169
0.1 —0.15 | 0.009202 | -0.06676 1.649 -0.902
0.15—-0.2 | -0.001459 | 0.0002719 | -0.1136 2.684
TE South Arm
<0.06 |0.06—0.1|01-0.15|0.15—-0.2
< 0.06 1.14 -0.3463 -0.3244 -0.5432
0.06 — 0.1 | -0.1458 1.413 -0.5847 -0.6039
0.1 —-0.15 | 0.007117 | -0.07137 2.1 -1.385
0.15—-0.2 | -0.001715 | 0.004387 -0.1912 3.532

and 6.8, where P is the polarization, ¢ is the angle of hadrons in PHENIX coordinate and

NI,NLNI,N& mean the numbers of hadrons in spin 1 or |, left(+) or right(-) which are

12
(ON) , and similar definition for Ei,

corrected by using the bin sharing matrices, and EY = T
+
E! and E*.

P JNINE —/NENT 6
Plleos(@)l) \/NTNE + /NENT
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Table 6.7 The correlation matrices of pr bins for positive hadrons.

T North Arm
(GeV) <2 2—-3 3—-4 4-6

<2 1.068 -0.4716 | -0.3234 | -0.3907
2—-3 | -0.07523 1.667 | -0.4825 | -0.2683
3—4 | 0.009013 | -0.2153 2.05 | -0.5821
4—6 | -0.00128 | 0.01999 | -0.2444 | 2.241
(GeV) <2 2-3 3—-4 4—6

<2 1.08 -0.622 | -0.305 | -0.4512
2—-3 | -0.08854 1.821 | -0.4416 | -0.4451
3—4 | 0.01046 | -0.2332 | 2.163 | -0.693
4—6 |-0.001936 | 0.03419 | -0.4166 | 2.589

Table 6.8 The correlation matrices of pp bins for negative hadrons.

pr North Arm
(GeV) <2 2-3 3—4 4—-6
<2 1.074 -0.4485 | -0.2654 | -0.3953
2-3 -0.08337 1.659 | -0.5139 | -0.2605
3—-4 0.01003 -0.2244 | 2.086 | -0.5809
4—6 | -0.0008914 | 0.0143 | -0.3063 | 2.237
T South Arm
(GeV) <2 2-3 3—4 4—-6
<2 1.08 -0.435 | -0.4312 | -0.3396
2-3 -0.09076 1.68 -0.4895 | -0.1673
3—4 0.01379 -0.2739 | 2.312 -1.04
4-6 -0.00256 | 0.02905 | -0.3909 | 2.546

At art d It ard ot T ard A ot NN
N*NINTEL 4 NP NINEEY + NTNENYED + NINENT B
P2(jeos(®)])2(y/ NI N + /NF N )4

oP
(AN—

) (6.8)

AN =

The fill by fill asymmetry for each Pr and zp bin is calculated by using Eq. 6.7 and 6.8.
Then asymmetry for each fill will be put in a histogram which is fit by a constant as example
figure 6.19 shown. The fitting constant and uncertainty will be the average asymmetry and its
statistical error. The average asymmetries and uncertainties are shown in Figures 6.20, 6.21

and Tables 6.9, 6.10, 6.11, 6.12.
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Figure 6.19 The fill by fill asymmetries fitting by a constant for z bins of
< 0.06, 0.06—0.1, 0.1—0.15 and 0.15—0.2 from top to bottom
on the both forward (left) and backward (right) rapidity.

6.6.2 Systematics

The systematic uncertainties on the beam polarization has been estimated by CNI po-
larimetry group in Brookhaven National Lab, which = 4.2% for blue beam and ~ 7.2% for
yellow beam[63].

We have zr and pr dependent systematics uncertainties which come from asymmetry

mixing/dilution fractions in the Table 6.4.
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Figure 6.20 The Ay versus xp for both A" and h~ by using square root
formula.

Table 6.9 Fill by fill integral asymmetries, uncertainties and x? calculated
by square root formula for positive hadrons.

For h An(x1072) Uncertainty (x1072) x?/NDF
in zg bins Blue | Yellow | Combined | Blue | Yellow | Combined | Blue | Yellow
0<zp<0.06 -0.07 | -0.33 -0.18 0.34 0.42 0.27 1.39 1.64
0.06 <xr <0.1 2.46 2.16 2.40 1.07 2.13 0.96 0.69 | 0.67
0.1<zp<0.15 1.04 3.60 1.69 1.58 2.71 1.36 0.80 | 0.72
0.15 < zp < 0.2 9.82 9.39 9.77 4.74 | 12.91 4.45 1.15 | 0.76
—0.06 <xp <0 -0.41 | 0.08 -0.24 0.34 0.46 0.27 0.81 1.11
—0.1<axrp<—0.06| 4.05 1.15 1.38 3.59 1.07 1.02 1.40 1.02
015 <2xp<—01|-113 | -1.45 -1.32 2.28 1.88 1.45 0.77 0.60
—02<zp<-—015] 1.17 3.48 2.78 10.37 | 6.82 5.70 0.52 1.06
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Table 6.10 Fill by fill integral asymmetries, uncertainties and y? calculated

by square root formula for negative hadrons.

For h~ An(x1072) Uncertainty (x1072) x?/NDF
in zg bins Blue | Yellow | Combined | Blue | Yellow | Combined | Blue | Yellow
0 < xr < 0.06 0.10 -0.53 -0.15 0.47 0.57 0.36 1.21 1.01
0.06 < zp < 0.1 -3.88 -2.22 -3.53 1.69 3.29 1.50 0.67 1.06
0.1 <zxp <0.15 0.074 0.30 0.65 2.18 4.17 1.93 1.06 0.94
0.15<zp<0.2 -22.52 | -2.86 -21.24 7.51 28.55 7.26 1.02 0.62
—0.06 <xp <0 -0.09 0.27 0.05 0.47 0.60 0.37 1.29 1.22
—0.1l<zp<—0.06]| -4.41 -2.67 -2.71 10.04 | 1.55 1.53 0.65 0.76
—0.15<zp<—0.11] -2.75 -3.83 -3.39 3.28 2.71 2.09 1.05 1.05
—02<zp<-—0.151-24.82 | 14.22 8.17 22.80 | 9.76 8.97 0.44 0.84
A, for backward hadrons A, for forward hadrons
0.2 . 0.2 .
<L A Backward h 1 sy ¥ Forward h i
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Figure 6.21 The Ay versus pr

formula.

for both A and h~ by using square root
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Table 6.11 Fill by fill integral asymmetries, uncertainties and x? calculated

by square root formula for positive hadrons.

For h™ An(x1072) Uncertainty (x1072) x?/NDF
in pr (GeV) Blue | Yellow | Combined | Blue | Yellow | Combined | Blue | Yellow

pr < 2 0.18 | -0.46 -0.04 0.31 0.43 0.25 1.32 1.55
For- | 2<pr<3| 239 | 1.58 2.06 1.25 1.53 0.97 0.98 1.07
ward | 3<pr<4| 199 | 7.04 3.82 3.31 4.38 2.64 0.87 | 0.95
4 <pr<6| 537 4.54 5.05 5.16 6.54 4.05 1.07 1.15
pr < 2 -0.60 | 0.04 -0.31 0.35 0.38 0.26 0.82 0.97
Back- | 2<pr <3| 168 | 1.03 1.43 1.26 1.57 0.98 0.83 1.08
ward | 3<pr<4|-0.75| 1.66 1.15 3.62 4.08 2.711 0.83 1.10
4<pr<6|-1.06 | 0.26 -0.73 4.61 8.10 4.00 1.19 0.92

Table 6.12 Fill by fill integral asymmetries, uncertainties and y? calculated

by square root formula for negative hadrons.
For h~ An(x1072) Uncertainty (x1072) X?/NDF
in pr (GeV) Blue | Yellow | Combined | Blue | Yellow | Combined | Blue | Yellow

pr < 2 -0.02 | -1.44 -0.53 0.43 0.58 0.35 1.05 0.71
For- | 2<pr<3]-3.96| 5.02 -0.31 1.84 2.22 1.42 0.90 1.16
ward | 3 <pr <4 |-874| -5.17 =777 4.51 7.37 3.85 1.00 1.15
4<pr<6|233 | 115 1.83 8.40 9.75 6.36 1.32 1.05
pr <2 0.04 | 0.20 0.12 0.49 0.52 0.36 1.32 1.41
Back- | 2 <pr <3 |-1.81| -2.87 -2.23 1.84 2.27 1.43 0.90 1.13
ward | 3<pr <4 |-284 | -15.85 -8.14 5.19 6.27 4.00 0.82 0.91
4<pr<6| 402 | 14.82 7.76 7.76 10.67 6.28 1.21 1.02
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CHAPTER 7. Single Transverse Spin Asymmetry of Mid-Rapidity
Back-to-Back Di-Hadron Correlation

As we discussed in Charpter 2, it was proposed that the Sivers effect can be observed by
back-to-back di-jet correlation in transversely polarized p + p collision. PHENIX mid-rapidity
is only covered by two central arms with azimuthal coverage 7 and || < 0.35, which make
it very difficult to directly reconstruct full jets. In this analysis, we use di-hadron correlation
instead of di-jet correlation.

In the mid-rapidity back-to-back di-hadron correlation, di-hadron from di-jets respectively
means a triggered leading 7 and an away-side leading charged hadron. In this chapter, we

will discuss the di-hadron analysis in details.

7.1 Run Selection

This data sample was collected from transverse polarized p+p collision at /s = 200GeV
from run189579 (3/12/2006) through run197795 (4/25/2006) in Run6.

Some runs are excluded due to failing one or more of the following QA check:

e Remove runs whose sum of BBCLL1 scaler counts are not consistent with BBC Live

counts from Run Control Log Book
e Remove runs whose spin patterns not found in spin database

e Remove runs whose polarization information are not consistent between PDST and

CDEV

Remove low statistics runs
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e Remove runs whose time duration were less than 8 minutes

e Remove runs with missing beam polarization information

Remove runs during STAR magnet trip

e Remove runs which missing GL1P Log files

The survived good runs in QA check is listed in Appendix II.

7.2 Event and Particle Selection

7.2.1 Global Event Selection

There are two requirements for the global event selection:

e z-vertex requirement: As many of the central-arm analyses, we use |zppc| < 30cm in

this analysis.

e Trigger requirement: The event must be triggered by a coincidence between the ERT4x4c

trigger and a BBCLL1 trigger. The ERT triggers will be introduced below.

7.2.2 ERT triggers

Although BBCLLI trigger samples roughly 50% of all p + p events and roughly 80% of 7°
events in PHENIX acceptance, 7° has relatively small cross section in high py region which
we are really interested in. Thus, we require an additional ERT (Emcal RICH Trigger) trigger
in coincidence with the minimum bias trigger.

The ERT trigger is a particle based trigger which can trigger particles with a certain
deposited energy. If a particle in a particular event is qualified for the ERT trigger condition,
the event will be recorded. It means that not only candidate particles but particles in the event
which are not associated with an ERT trigger are recorded. Those non-associate particles are
called “random sample”. In order to ensure that a particle is associated with a trigger, the

size of the trigger region is limited.
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The EMCal towers are grouped in sets of 2 x 2 towers, which make up a basic trigger
tile. If a high energy particle splits its energy in neighboring tiles, the threshold might not
be met for any one individual tile. Therefore, 2 x 2 neighboring basic tiles are combined to
create 4 x 4 tower trigger. There are 3 types of ERT 4 x 4 trigger: 4 x 4a, 4 x 4b and 4 X 4c,
which can correspondingly trigger different threshold energy 2.1GeV, 2.8GeV and 1.4GeV. In
this analysis, ERT 4 x 4c¢ triggered data sample is used. Sets of 12 x 12 towers are grouped
into super-modules, which are used in the trigger logic for event triggering. Super-modules
are the smallest triggering unit written in the output data. The 7 is reconstructed from two
photons, in which the higher energy photon candidate are required to be fired by a triggered
super-module. This reduces random photons greatly and improve the signal background ratio

of reconstructed 7¥s.

7.2.3 Photon selection and 7y reconstruction

Since 7’s have a short life time(roughly 107!0s) and 99% of them decay in two photons
channel (7% — 7 4 ), we measure decay photon pairs to reconstruct 7’s.

The photons entering the EMCal will produce an electromagnetic shower, a spray of elec-
trons and photons. These electrons and photons will radiate light in the EMCal material and
be collected by EMCal towers.

Because the energy distribution among towers of the same cluster (photon/hadron) drops
sharply from center to edge, we use 21 towers (5 x 5 without 4 corners) to reconstruct one
particle. Photons usually need central 3 x 3 towers to collect almost all the energy, while
hadrons may need all 21 towers. Since we do not know whether it is a photon or hadron in the
first stage of data reconstruction, we will use two energies to mark each cluster: “e” assuming
it is a hadron (based the sum of energy of all towers), and “ecore” assuming it is a photon
(based on the sum of energy of central 9 towers).

When a cluster has very low energy, it is very difficult to say if it comes from a signal

or electronic noise. In order to reduce electronic noise, we usually exclude those low energy

clusters by placing a higher threshold. Due to the different nature of the two types of EMCal
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at PHENIX, two different minimum energy cuts are applied: E > 0.1GeV for PbSc and
E > 0.2GeV for PbGI.

The EMCal tower electronics sometimes does not work fully well. One tower may be too hot
or dead. If a photon comes of such tower, it is not to be trusted. So we make a dead/warn map
of EMCal towers, and require that any photon we used cannot be from this map. In PHENIX,
the general EMCal dead-warn map is included into recalibrators. These maps are calculated
by EMCal experts, written into database and later called by the recalibrators. Beyond that,
we need make extra warn-dead maps by checking hits from each tower in various pr range
because the towers could have pr dependent hot or dead behavior.

Hot (noisy) and dead towers, as well as towers with failing in energy calibration, are defined
as bad towers. To determine hot and dead towers, sector by sector distributions of the number
of hits per tower were plotted for energy bins 1GeV wide from 0 to 10GeV. For the lowest
energy bin (0 — 1GeV), clusters with energy below 0.1GeV (0.2GeV) in PbSc (PbGl) were not
used. For each energy bin, towers in which the number of hits was 10 times RMS(Root of
Mean Square) value larger than the mean were declared hot. Any tower that was declared
hot in any energy bin was declared hot for the full data sample. Dead towers were defined as
towers with hit less than the mean by more than 10 times RMS value. Edge towers are not
able to be calibrated and are thus declared bad. A 3 x 3 block of towers around any bad tower
is excluded, and any cluster centered on an excluded tower is excluded from the analysis. In
Run6, the masked and edge towers for each sector is shown in Figure 7.1, and the statistics of
bad towers for all sectors is listed in Table 7.1.

Photons, electrons and hadrons all will shower in an infinite calorimeter. However, hadrons
interact with the material via the strong force, while photons and electrons interact electromag-
netically. Therefore, due to the much shorter range of the strong force, hadrons will typically
travel farther in the material before interacting. Similarly, due to the different forces involved,
the average shape of the shower is different in the two cases. Here, we will use this difference
to exclude showers that have a low probability to be electromagnetic.

Using a test beam of E = 1GeV photons [33], the shower shape in towers similar to
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Figure 7.1 Dead—Warn Map for each sector in both west and east central
Emcal detectors in Run6. All colorful towers are masked as
dead—hot towers and excluded from the analysis.

those in the EMCal was measured. The fractional energy per tower was calculated for each
electromagnetic cluster, and an average distribution was determined. By fitting the fractional
energy per tower for each candidate cluster in PHENIX, the probability (calculated from the
x? of the fit that the cluster fits the expected distribution for an electromagnetic shower
is determined. In the 7¥ analysis, all clusters that have a less than 2% probability (called
photon_prob) of being electromagnetic are usually excluded.

Once we measure at least two good photons by Emcal detectors in each event, we can use
them to reconstruct the momentum and energy of 7° by momentum and energy conservation
laws and then calculate the invariant mass for 7%. Because the east arm has two different types

of Emcal detectors: PbSc and PbGl, the energy measured by them may not be consistent. Thus
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Table 7.1 The statistics of bad/edge towers for all sectors in Run6.

Sector Masked Bad Towers | Edge Towers | Total towers
WO (PbSc) 469 (18.1%) 416 (16.0%) 2592
W1 (PbSc) 469 (18.1%) 416 (16.0%) 2592
W2 (PbSc) 476 (18.3%) 416 (16.0%) 2592
W3 (PbSc) 665 (25.7%) 416 (16.0%) 2592
E0 (PbGl) 1247 (27.1%) 560 (12.2%) 4608
E1 (PbGl) 1213 (26.3%) 560 (12.2%) 4608
E2 (PbSc) 687 (26.5%) 416 (16.0%) 2592
E3 (PbSc) 662 (25.5%) 416 (16.0%) 2592

PbSc 3428 (22.0%) 2496 (16.0%) 15552
PbGl 2460 (26.7%) 1120 (12.2%) 9216
Total 5888 (23.8%) 3616 (14.6%) 24768

we avoid using one photon from the PbSc and the other photon from the PbGI to reconstruct
the 7°. The distribution of the invariant mass of photon pairs for PbSc at both west and east
arms and PbGI at east arm in various pp range is shown in Figure 7.2, 7.3 and 7.4.

In the high pr region, most “fake” 70 come from the random combination of a high pr
photon (may come from a real high py 7%) and a low energy photon from unknown source. In
order to remove these “fake” 7¥s, an asymmetry between the energy of two photons is defined

in Eq. 7.1. In this analysis, we apply an Asymmetry < 0.7 cut to all 7s.

El -5

1 2 1
El + EJ (7-1)

Asymmetry =

In order to estimate the signal background ratio, we usually use a Gaussian function plus
a 3rd order polynomial to fit the photon pair spectra. An example is shown in the Figure 7.5.
The Gaussian is taken as real 7° signal and the 3rd order polynomial is taken as combinatorial
background. We usually take Gaussian peak +2.50 as the effective 7¥ signal region, which is
roughly 0.115 < Masso < 0.165GeV/c?. The signal background ratio varies with py and is
shown in 7.5.

The cuts used for 7° reconstruction are summarized below:

e All photon clusters must not include the masked hot or dead towers;
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Figure 7.2 Photon pair invariant mass spectra of PbSc at west arm with
pr in various range in the order of left to right and top to
bottom. Black lines indicate the spectra by applying minimum
photon energy cut in all reconstructed 7°. Red lines indicate the
spectra by applying additional photon_prob cut based on black
lines. Green lines indicates the spectra by applying additional
di-photon energy asymmetry cut based on red lines.

e Both photon are from the same type of Emcal at the same arm, and at least one of the
pair of photons must be from the same EMCal module that fires the ERT trigger in that

event;
e £, > 0.1GeV for PbSc and E, > 0.2GeV for PbGl;
e photon_prob > 0.02;

e Asymmetry of two photon energies is less than 0.7;
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Figure 7.3 Photon pair invariant mass spectra of PbSc at east arm with
pr in various range in the order of left to right and top to
bottom. Black lines indicate the spectra by applying minimum
photon energy cut in all reconstructed 7°. Red lines indicate the
spectra by applying additional photon_prob cut based on black
lines. Green lines indicates the spectra by applying additional
di-photon energy asymmetry cut based on red lines.

e 0.115 < M0 < 0.165 GeV/c?

7.2.4 Charged Hadron Selection

Charged hadrons are reconstructed by using tracks from the drift chambers(DCs) and pad
chambers(PCs). The drift chambers are used to measure the momentum of charged tracks,
and the pad chambers are used as matching. Because conversions and fake tracks (ghost) exist,
we need make a quality cut on each single charged track. First we need use DC and PC1 (first

layer of PC). DC has 3 set of planes: X1 and X2 for ¢ resolution, and UV for z resolution.



83

IalE_parlz g1 istl_partd_| CialD_pariz gz 1] hisD_pari2_pt— IalE_paarlz_pd 4]
1 il I Eniries 1312857
(Mann LREF 000 (Mann LAERES
100 - [mMs  poeins 18000 Lt ]
F 16000
- 14000
E 12000
s 10000 i
wl 2000 i
F 100
E mf 4000
E [ 2000
B | i s B | L 21 B B e Y
i | TR ] ]
[Entnies 223537 [Enines taie | [Ent TIEEA
4000 F 0
fhaan 01516 om0 - Masn 01417 faan 01424
=00 B s r [MMS DOl 00 [MMS o
100 a0 - ’ 250
=0 a0 - 0 r
000 C J
F 150 ’
1500 } P
L 100
1000 [
el
a0 F Y
. [ T o F i i
s T s v LEs w3 oS T LAt s s (=3 TS LA s v s T3
iall_partz_pei-| [histl_partZ_pi&5] fialD_purtz_pea-3) [ hisid_pariz_gi#-15_| rare_sarci_grens
. EARD Enl T Enl L
Mo na514 F Mo oismm & Miaan  p1ses
120 LR - CEERT o) mus  pos0s
E 5
100 wb
F 4
1 F
wl
&) F u
nf |
“ L4 E ! N
| \ g % 1
ot Sootusmnti o e sl i i
B N = B = a2 a1 L L 't A & e B L = Bt e =

Figure 7.4 Photon pair invariant mass spectra of PbGI at east arm with
pr in various range in the order of left to right and top to
bottom. Black lines indicate the spectra by applying minimum
photon energy cut in all reconstructed 7°. Red lines indicate the
spectra by applying additional photon_prob cut based on black
lines. Green lines indicates the spectra by applying additional
di-photon energy asymmetry cut based on red lines.

Each track will be assigned a 6 bit word to represent its basic quality. From low to high, each

bit means:

e bit 0: This track has sufficient X1 hits;

bit 1: This track has sufficient X2 hits;

bit 2: This track has UV information;

bit 3: This track has a unique set of UV hits;
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Figure 7.5 Photon pair invariant mass spectra is fit by a Gaussian function
plus a 3rd order polynomial in various pr region.

e bit 4: This track has matched PC1 hits (falling within the window of the DC track’s

projectionto PC1)
e bit 5: This track has a uniquely matched PC1 hits.

In this analysis, a track with quality being equal to 63 (all bits fired) or 31 (only bit 5 not
fired) is considered as a good track.

Also, it is possible that a track hits the edge of DC detector and cross out the side boundary,
and thus is reconstructed inaccurately. This can also bring unexpected error to our charged
efficiency calculation. To avoid this case, we required a fiducial cut zpc < 70cm, so that tracks

hitting the edge of the DC and PC will not be included in my analysis.
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When a track passes the quality cut at first step, it could be a real charged particle instead
of “ghost” track, such as the random combination of DC and PC1 hits. However, it is still
not sufficient. For example, conversion or decay tracks may be reconstructed with an incorrect
momentum information, because the current reconstruction assumes all charged tracks come
from collision vertex. This usually cause a much higher reconstructed momentum than the
real momentum.

In order to reduce such tracks, we need use hits from outer layers of PC and EMCal to
match the track reconstructed by DC and PC1. Since PC2 is only installed at the west arm,
PC3 matching is used in our analysis. We calculate how the reconstructed charged track from
DC and PC1 propagate in the magnetic field remnant, and then project this track to PC3
panels. If a real PC3 hit is found within the certain range of the projection, this track would
be a good track. Otherwise, the track could still be a good track if it missed PC3 matching
because it happened to hit PC3 dead area. Thus this track will be projected to Emcal to see
if a EMCal hit could match the track. The track will be kept when Emcal matching works,
otherwise it will be abandoned. The difference between projection and hits will then be plotted
in both ¢ (pc3dphi/emcdphi) and z (pc3dz/emedphi) direction and fitted in Gaussian. The o
of Gaussian for both pc3dphi and pe3dz are written into data and called pc3sdphi/emcsdphi
and pc3sdz/emcsdz. Naturally, such distribution should be a normal Gaussian, centered at 0
and ¢ = 1. In practice, these distributions are double Gaussian instead of single Gaussian, in
which the narrow Gaussian is the signal and the wide Gaussian is the background. The narrow
Gaussian could have a little shift away from the center 0 and the ¢ may not be exactly equal
to 1. It was also found that the distribution of pc3dphi/emcsdphi and emcsdz/pc3dz can be
charge and pr dependent as shown in Figure 7.6— 7.13. Table 7.2 shows that the average mean
and o of narrow Gaussian for pc3dphi, pc3dz, emcdphi and emcdphi. In this analysis, we used
30 (o is from the narrow Gaussian) matching cut for all these PC3 and Emcal matching.

Since we need charged hadrons only, electrons should be excluded from data sample. Thus,
we need project charged tracks to RICH radiation rings. Charged hadrons with pr < 4.7GeV

will not radiate Cherenkov light in the PHENIX RICH detectors and thus should have zero
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Table 7.2 The averaged means and widths (o) are used for PC3/EMC
matching.

h™ h~
Mean | Width | Mean | Width
pc3sdphi | -0.12 1.05 -0.12 1.05
pc3sdz -0.37 1.00 -0.35 1.00
emcsdphi | -0.05 1.06 -0.09 1.05
emcsdz -0.10 1.17 -0.08 1.19

coincidence with RICH radiation rings which indicate n0 < 0. Figure 7.14 shows that this cut
does remove electrons since EMCal energy deposit (e) of an electron over its momentum is
usually near 1. We did not include pr > 4.7GeV charged tracks in our analysis. Due to large
background for the charged tracks at pr < 1.4GeV, we did not use them either.

All cuts used for charged hadron selection are listed as following:

quality = 31]|63;

|zpc| < 70cm;

Matching pc3sdphi, pcdsdz in 3o;

Matching emcsdphi, emcsdz in 30 when PC3 matching is not associate with the track;

1.4 < pr < 4.7GeV

e n0 <0

7.2.5 Pair Cut

A particular event may have more than one trigger 7% and associated charged hadrons
survived in all track quality cuts. We only choose the largest pr triggered 7° and associated
charged hadron as leading hadrons, and then make correlation. Since we are interested in
back-to-back di-hadron, we also require the angle between pr of triggered 7 and associated

charged hadron to be larger than 7.
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Figure 7.6 The pc3sdphi distribution by using double Gaussian fitting for
positive charged tracks in pr range of 1-2, 2—3, 3—4,4—5, 5—6
and 6 —15GeV in order of left to right and top to bottom, where
parameters pl, p2 are mean and width of wide (background)
Gaussian, p4 and p5 are mean and sigma of narrow (signal)
Gaussian.

7.3 The Asymmetry of Di-Hadron Correlations

As we discussed in Chapter 6, there are two methods to calculate the asymmetry: rela-
tive luminosity formula and square root formula. Due to the low statistics, we calculate the
left-right asymmetry by using square root formula because it has an advantage that no lumi-
nosity correction is needed. Before calculating the asymmetry, we need introduce our physical

observables first.
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Figure 7.7 The pc3sdphi distribution by using double Gaussian fitting for
negative charged tracks in pr range of 1 — 2, 2 — 3, 3 — 4,
4—5,5—6 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma of
narrow (signal) Gaussian.

7.3.1 qry and qTx

As we discussed in Chapter 2, we introduce the sum of two leading back-to-back hadrons
transverse momentum gp (as shown in Figure 2.6) which can be used to replace k7 in di-hadron
correlation. The gr projection on y-axis - gry component should be similar with k7, which is
sensitive to the asymmetry because the spin orientation in Run6 is along x-axis in PHENIX

coordinate. gp, should not be sensitive to the asymmetry.

7.3.2 Square root formula

The di-hadron asymmetry and its statistical error can be calculated by
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Figure 7.8 The pc3sdz distribution by using double Gaussian fitting for
positive charged tracks in pr range of 1-2, 2—3, 3—4,4—5, 5—6
and 6 —15GeV in order of left to right and top to bottom, where
parameters pl, p2 are mean and width of wide (background)
Gaussian, p4 and p5 are mean and sigma of narrow (signal)

Gaussian.
T ard 3 art
ADH — l \/N7N+ B \/N7N+ (7 2)
N P [\t It '
NTNY +/NYNT
sP..  N*NT(NT + NV + NTNH(NY + NT)
6A£H — (A%H?)Q + + + + + (73)

P2(y/NINY 4+ /NENT )

where AﬁH is the di-hadron asymmetry, 5A%H is the statistical error of the di-hadron
asymmetry, P and §P are polarization and its statistical error, N is di-hadron yields and
the superscript 1(|) indicates spin up(down), the subscript -(4) indicates ¢ry(gr,) < 0 and
qar y(QTac) > 0.

Since two different ERT trigger circuits were used to record odd and even bunches data
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Figure 7.9 The pc3sdz distribution by using double Gaussian fitting for
negative charged tracks in pr range of 1 — 2, 2 — 3, 3 — 4,
4—5,5—6 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma of
narrow (signal) Gaussian.

and it could also cause an asymmetry shift, we calculated the results for even bunches and
odd bunches separately, and then combine them by using Eq. 7.4, where § A is the statistical
error of asymmetry. The Figure 7.15, 7.16 show the fill-by-fill and fill-combined asymmetries
for even and odd bunches on g7y and gr,. Table 7.3 shows asymmetries and their uncertainties

for even, odd and all bunches on ¢r, and g7, for both blue and yellow beams.

51?4]\2] (even) + (;141\2/ (odd)
Ay = N(leven) Nl(odd) (74)

5A2 (even) + 5 A2, (odd)

As we know, a fragmented hadron only carries a fraction of jet momentum. Because we are

using gr from back-to-back leading di-hadron instead of kp from di-jet as physical observable,
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Figure 7.10 The emcsdphi distribution by using double Gaussian fitting
for positive charged tracks in py range of 1 — 2, 2 — 3, 3 — 4,
4—5,5—06 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma
of narrow (signal) Gaussian.

the difference between hadron and jet momenta could cause a smearing in the asymmetry.
Also the central arms of PHENIX do not have full 27 acceptance, which could also cause the
measured asymmetry different from the real asymmetry. All of these effects need be understood

by Monte-Carlo simulation that will be discussed later.

7.3.3 Bunch Shuflling

Bunch shuffling is used to check for any spin related systematic bias and verify the un-
certainties to be correctly calculated. In this analysis, it was done by replacing random spin
orientation for both blue and yellow beams and then calculate the asymmetries. 5000 runs

of bunch shuffling for fill by fill ¢y, and g7, asymmetries and X?/NDF calculated by square
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Figure 7.11 The emcsdphi distribution by using double Gaussian fitting
for negative charged tracks in pr range of 1 — 2, 2 — 3, 3 — 4,
4—5,5—06 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma
of narrow (signal) Gaussian.

root formula on both blue and yellow beam have been done as Figure 7.17, and the mean and
width of fitting Gaussian equation are in Table 7.4. From this table, we can see asymmetries
in random spins are center at 0, and the width of fitting asymmetries matches the statistical

errors very well.

7.3.4 Correction for acceptance and fragmentation

We used a toy Monte Carlo simulation to find out how the asymmetry expected due to
the Sivers effect in di-jet collisions is seen through di-hadron correlation measurements in the
PHENIX detector. These calculations are intended to elucidate how such an asymmetry would

be visible in the PHENIX detector, as well as the effects of finite acceptance and the sensitivity
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Figure 7.12 The emcsdz distribution by using double Gaussian fitting for
positive charged tracks in pr range of 1 — 2, 2 — 3, 3 — 4,
4 —5,5—06 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma
of narrow (signal) Gaussian.

to fragmentation functions. The full details about the simulation can found in [34]. Here we
will briefly discussed the results.

In order to study how the limited acceptance of PHENIX and fragmentation affect the
measured asymmetry, we include the acceptance dilution factor and fragmentation dilution

factor in Eq. 7.2 to achieve the full di-jet asymmetry as Eq. 7.5 shown.

A2 L JNINE — /NPT
VNINE +/NENT

P
where (f) represents the fragmentation correction, and (a) represents the correction factor due

(7.5)

to limited acceptance.
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Figure 7.13 The emcsdz distribution by using double Gaussian fitting for
negative charged tracks in pr range of 1 — 2, 2 — 3, 3 — 4,
4—5,5—06 and 6 — 15GeV in order of left to right and top
to bottom, where parameters pl, p2 are mean and width of
wide (background) Gaussian, p4 and p5 are mean and sigma
of narrow (signal) Gaussian.

In the toy Monte Carlo simulation, we parametrize the pythia output to inject a di-jet asym-
metry in k7, and then calculate the output asymmetry from two leading fragmented hadrons
correlation in limited PHENIX acceptance as we did in real data analysis. By comparing
the input and output asymmetry, we can know how much the acceptance and fragmentation
factors are.

Before describing the toy MC in detail, it is necessary to first describe the pythia simulation
that the toy MC was tuned to. QCD hard scattering events (subprocesses 11,12,13,28,53,68)
were run for 200GeV p + p collisions using the PHENIX wrapper PHPythia. The Gaussian
intrinsic kr factor was increased from 1.0GeV to 1.5GeV (MSTP[91]=1 and PARP[91]=1.5) to

better match the PHENIX data (see [35]) and a minimum parton pr of 5.0GeV was selected
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Figure 7.14 e/mom spectra for low pr (pr < 4.7GeV) charged tracks for
various RICH cuts. The blue line shows e/mom has a peak
near 1 when using the RHIC cut n0 > 0, which essentially
indicate electron signal. The spectra by using n0 < 0 and
n0 = 0 cut do not show the electron signal.

(CKIN[3]=5.0). Approximately 50M events were generated for this study. These events could
be passed through various acceptance filters when analyzed (described below) and used to
provide both parameterizations and comparisons with the toy MC.

The toy Monte Carlo that we have written proceeds as follows:

1. For each pair to be generated, a vertex and spin orientation are generated. The vertex
distribution is Gaussian with a sigma of 23cm. The vertex is required to be within + /-

30 cm.

2. The type of process is generated, where “processes” are characterized by the final state
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Figure 7.15 Fill-by-fill physics asymmetries in qty and qtx for even bunches
on blue and yellow beams which are calculated by square root
formula. Constant fittings were applied to figure out fill com-
bined asymmetries which are shown as blue solid lines. “p0”s
on top-right box is the value of fill-combined asymmetries.

partons that will be fragmented - ¢gq, qg or gg. These probabilities are chosen based on

the pythia Monte Carlo averaged over the pr range as 0.12, 0.54 and 0.34, respectively.

3. Next, a parton pair is generated by choosing g-squared value for the interaction. The
g-squared distribution used is a power-law fit to the g-squared distribution in pythia
events (see Figure 7.18). The parton pr is taken to be the square-root of g-squared. The

angular distribution in ¢ is chosen to be isotropic from 0 to 27.

4. At this point a partonic kr is chosen in both kr, and k7, as a Gaussian distribution

with a 1.5GeV sigma. An asymmetry can be injected at this point by shifting the &z,
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Figure 7.16 Fill-by-fill physics asymmetries in qty and qtx for odd bunches
on blue and yellow beams which are calculated by square root
formula. Constant fittings were applied to figure out fill com-
bined asymmetries which are shown as blue solid lines. “p0”s
on top-right box is the value of fill-combined asymmetries.

value by a chosen fraction of the Gaussian sigma (1%, 5%, 10%, etc.). This kp is used
to modify the magnitude and direction of the momentum vector of one of the scattered
partons. This mimics the Sivers effect at the partonic level for gr,. For g7, it can be
used to investigate the acceptance and fragmentation effects, but for the Run-6 data it

would not represent the Sivers effect.

5. At this point the scattered partons are fragmented using quark and gluon fragmentation
functions, based on the subprocess final state chosen in (2). The fragmentation functions
used are taken from [36], which includes a recent global analysis of fragmentation func-

tions for charged hadrons. The quark fragmentation function used the parameterization
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Table 7.3 Fill integral asymmetries, uncertainties and x? calculated by
square root formula for even, odd and all bunches on g7, and
qre for both blue and yellow beams.

Asymmetry(x1072) | Stat. Uncertainties(x1072) | x?/NDF
qry blue (even bunches) 1.94 0.89 0.981
qry blue (odd bunches) 0.30 0.88 1.002
qry blue (all bunches) 1.12 0.63 0.709
qry yellow (even bunches) 0.07 0.90 1.129
qry yellow (odd bunches) -1.59 0.90 0.739
qry yellow (all bunches) -0.76 0.64 0.973
g7z blue (even bunches) 1.74 0.88 1.531
gtz blue (odd bunches) 0.63 0.87 1.541
gry blue (all bunches) 1.18 0.62 1.536
g7z yellow (even bunches) 0.44 0.89 0.922
g7z yellow (odd bunches) 0.08 0.88 0.926
gre yellow (all bunches) 0.26 0.63 0.976

for light quarks only, and ignores the different fragmentation fits for charm and bottom
quarks. The fragmentation functions are shown in Figures 7.19 and 7.20. (Note, in par-
ticular how much more “hard” the gluon fragmentation function is compared to that for

quarks.)

. Finally, the transverse momentum of each “hadron” determined in (5) is smeared using
a Gaussian jr to represent the intrinsic momentum in the fragmentation process. The

parameter |/ (j2) was taken as 0.585 GeV, again from [35].

. The parton pair was then subjected to a set of analysis cuts intended to represent the
PHENIX detector and analysis described in previous section. If any cut fails, the pair
is regenerated starting with step (2). To start with, a randomly chosen hadron from

(6) is taken to be a 7° and is required to have a pr > 3.0GeV/c. If it passes the

minimum transverse momentum cut, it is then decayed into photons and each photon is

checked to see if it is in the PHENIX acceptance using a simple geometric acceptance

model. If the 7° passes the acceptance filter, it is taken as the trigger hadron in the pair

and the second particle in the pair is checked as the associated hadron. The associated
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Figure 7.17 5000 times of bunch shuffling fill-combined asymmetries calcu-
lated by square root formula for even (first and third column)
and odd (second and fourth column) bunches in gz, (first row)
and ¢y (second row) on blue beam, g7y (third row) and gr,
(four row) on yellow beam were filled in histograms and then
fit by Gaussian.

hadron is chosen as to have charge +,-,0 with equal probability and is assumed to be
a pion. The exception to this is if the associated hadron pr is higher than the trigger
hadron pp, in which case the associated hadron is chosen to be either 4+ or - only. The
associated particle is subjected to a set of transverse momentum cuts (1.4 < pp < 4.7
GeV /c for charged pions, pr > 2.0GeV /c for 7%’s and checked against the same PHENIX

0

acceptance filter used for the trigger hadron. As before, 7”’s are decayed into photons

and each photon is checked to see if it is in the acceptance.

8. If both the trigger and associated hadron pass all cuts, the pair is accepted and the pair
kinematics are stored in an output ntuple. The results shown later in this note are based

on the simulation of 1 million pairs using the above outlined procedure.

One million pairs were generated using both “perfect” and “PHENIX” acceptance with
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Table 7.4 Fill-combined bunch shuffling asymmetries calculated by square
root formula in ¢y and g, for even and odd bunches on blue
and yellow beams

Scale 1 2 Uncertainties
x1072 Mean | Width | Mean | Width | from calculation
qty blue beam (even bunch) | -0.003 | 0.87 | 0.005 | 0.87 0.89
qty blue beam (odd bunch) | 0.026 | 0.89 | 0.003 | 0.88 0.88
gty yellow beam (even bunch) | -0.046 | 0.87 | -0.006 | 0.90 0.90
iy yellow beam (odd bunch) | 0.006 | 0.88 |-0.005 | 0.90 0.90
gtz blue beam (even bunch) 0.009 0.87 | -0.011 0.86 0.88
Gtz blue beam (odd bunch) 0.005 0.87 0.017 0.86 0.87
Gtz yellow beam (even bunch) | 0.011 | 0.90 | 0.006 | 0.87 0.89
Gtz yellow beam (odd bunch) | -0.002 | 0.90 | 0.008 | 0.89 0.88

fragmentation by injecting asymmetries of 0%, 1%, 2.5%, 5%, 7.5% and 10%. The output
asymmetries in gqr, calculated by using the squareroot formula are plotted against the input
asymmetries in Figure 7.21. In order to separate the acceptance and fragmentation correction
factors, we did the same work without fragmentation as shown in Figure 7.22. Then we can
extract the fragmentation and acceptance dilution factors for ¢r, asymmetries as shown in
Table 7.5. The factors for g, can also be extracted as shown in Table 7.5.

Table 7.5 Asymmetry correction factors ¢r, and g7, from the toy MC for

the “perfect” and PHENIX acceptance cases. Errors shown are
statistical only.

a(qry) fary) a(qrz) f(ars)
“Perfect” Acceptance | 0.93 +0.01 | 1.53 +0.02 | 0.93 +0.01 | 1.45 +0.02

PHENIX Acceptance | 1.18 = 0.01 | 1.48 £0.02 | 0.81 £0.01 | 1.69 4 0.02

7.4 The result

Applying the correction factors of acceptance and fragmentation, the asymmetries in gry
and g7, for both blue and yellow beams by back-to-back leading di-hadron correlation at mid-
rapidity are shown in Figure 7.23, which has been approved as a PHENIX preliminary result.

According to the Sivers function, the asymmetries of gr, for two beams should be opposite
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Figure 7.18 The g-squared distribution generated in pythia events and the
power-law fit used in the toy MC.

sign. At mid-rapidity, the single transverse spin asymmetry of di-hadron correlation is sensitive
to the gluon Sivers function. This result shows that the asymmetry of di-hadron correlation
at mid-rapidity is consistent with zero, which may indicate that the gluon Sivers function is

very small.
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Figure 7.19 The quark fragmentation function used in the toy MC. The
horizontal axis is partonix x, while the vertical axis is dN/dx.
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Figure 7.20 The gluon fragmentation function used in the toy MC. The
horizontal axis is partonix x, while the vertical axis is dN/dx.
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| Toy MC Output Asymmetry vs. Input Asymmetry |
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Figure 7.21

Output asymmetry (y-axis) vs. input asymmetry (x-axis) in
gty using the toy MC. The blue curve is for “perfect” accep-
tance, while the red curve is for the modeled PHENIX accep-
tance.

Toy MC Output Asymmetry vs. Input Asymmetry (no Fragmentation)
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Figure 7.22

Output asymmetry (y-axis) vs. input asymmetry (x-axis) in
qry using the toy MC without fragmentation. The blue curve is
for “perfect” acceptance, while the red curve is for the modeled
PHENIX acceptance.
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lan] < 0.6, h#n,| = 0\/5=200GeV
Triggern®: 3.0 <p < 15.0 GeVic
Associated hadrons:
nl: 2.0<p <15GeVic
h*":1.4<p <47 GeVic

13% scale uncertainty (acceptance) not included
- I
- PHENIX Preliminary e
E i ol te spln axis
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Figure 7.23 The di-hadron asymmetries g7, (called ¢rL in purple color)
and g7, (called gr|| in blue color) for blue (4z) and yellow (-z)

in beams.
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CHAPTER 8. Conclusion and Outlook

8.1 QCD and Spin Physics

Among the essential goals of spin physics, the first one is to understand the nucleon spin
structure in terms of its basic partonic constituents and the second one is to test the spin
sector of perturbative QCD at the highest possible precision level. Concerning the first point,
one needs to know how the quark and gluon distributions in a polarized nucleon make its spin
%. The second point is very relevant to reinforce the validity of the already well established
perturbative QCD theory, because many spin asymmetries have been calculated, at the next-
to-leading order (NLO), and have not yet been compared with experimental data.

The current activities in QCD spin physics involve, in particular, the phenomenological de-
scription of parton distributions in the framework of a statistical approach. It can be applied
equally well to unpolarized and polarized data, a rather unique situation, and it is valid in a
wide kinematical range in z and Q2. It has, so far, a very good predictive power, for both Deep
Inelastic Scattering and hadronic collisions recent results. The transverse momentum depen-
dence of the parton distributions has been also included, because its relevance has been realized
in connection with transverse spin effects and orbital angular momentum contributions. The
spin physics program of the polarized p + p collider at RHIC, operating since 2001, have made
measurements of double helicity and single transverse spin asymmetries in various channels.

It reaches the energy of /s = 500GeV, allowing the gauge bosons W# and Z production and

the measurement of the parity-violating asymmetries since 2009.
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8.2 Conclusion

In this thesis, we present the measurement of single transverse spin asymmetry, Ay, for
non-identified charged hadron by using muon spectrometer (1.2 < |n| < 2.4) at /s = 200GeV
transversely polarized p + p collision. A number of systematic checks have been performed.
The dominant asymmetry dilution and mixing effects has been studied. The bin sharing effects
have been corrected by using matrices extracted from the Monte-Carlo simulation.

The exploration of transverse spin asymmetries in SIDIS and p + p collision needs to in-
vestigate the dependence of the asymmetries on the py of the hadrons. This raises serious
questions about the universality of the distribution and fragmentation functions which can
be investigated in both experiment and theory. It has as well forced modelers to include the
intrinsic k7 of the partons in some fashion. These issues are being addressed aggressively
by the theoretical community. The result from BRAHMS experiment at RHIC only showed
the asymmetries respected to pr up to 2.5GeV. PHENIX has larger pr acceptance for muon
spectrometer which can effectively measure charged hadrons up to 5GeV or higher. The Ay
result for foward non-identified charged hadrons has been compared with the forward identi-
fied pion measurements from BRAHMS experiment at /s = 200GeV transversely polarized
p + p collision as shown in Figure 8.1. The figure shows that larger asymmetries are found
at PHENIX for the same zp because of its larger (pr). However, PHENIX result may have
a limited constraint to the parameters in pQCD calculation since the muon spectrometers of
PHENIX can not identify charged hadrons or measure the fractions of each type of charged
hadrons. The pQCD calculation can only be made for particular hadrons such as pions.

Several effects are believed to be potential contributors to the observed asymmetries, which
are twist-3, Sivers, and Collins mechanisms. The Sivers function accounts for how a parton’s
transverse momentum depends on the orientation of the nucleon spin and provides an inter-
esting window into the structure of the nucleon. At present the quark Sivers functions have
been constrained by SIDIS experiments and the gluon Sivers function is still not constrained
very well.

In this thesis, we present the measurement of the single transverse spin asymmetry via
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Figure 8.1 The comparison of Ay between foward charged hadron at

PHENIX experiment (in red color) and forward charged pion
at BRAHMS experiment (in blue color) at /s = 200GeV p+p
collision.

di-hadron correlation in mid-rapidity (|n| < 0.35) at /s = 200GeV transversely polarized p+p
collision. The dilution effects from acceptance and fragmentation have been studied. In mid-
rapidity, the quark Sivers effect is believed to be very small due to current quark Sivers function,
the single transverse spin asymmetry is sensitive to the gluon Sivers function. Therefore, this
measurement may provide better constraint to the gluon Sivers function.

However, the Sivers function is notable for an unusual “modified” universality property such
that the sign of the Sivers distribution as measured in a Drell-Yan process will be opposite
the sign of the distribution as measured in DIS. The modified universality is an important test

of the QCD gauge-link formalism used to calculate these initial/final state interactions of the
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incoming/outgoing parton lines.

The Sivers and Collins mechanisms are using TMD factorization, while twist-3 is using
co-linear factorization. A recent paper [37] from T. Rogers and P. Mulders shows that TMD
factorization is not valid in high transverse momentum hadron production and co-linear factor-
ization still works. It is very interesting to know how large the violation of TMD factorization

is, and if this can be determined for a of measurements at RHIC.

8.3 Outlook

The effects in single transverse spin asymmetries for forward hadron production from trans-
versely polarized p+ p collisions are more complicated than in polarized SIDIS. The issues sur-
rounding universality and factorization on theoretical interpretation needs to be understood
better. Therefore, it requires each individual effect to be isolated in future measurements.
With the installation of Silicon VITX and FVTX detectors and setup of possible other new de-
tectors, PHENIX will have an ability to make such measurements through some new channels.

We would like to discuss some of them in the following.

8.3.1 Drell-Yan Process and W Boson Production

The Drell-Yan process in high-energy hadron collisions takes place when a quark of one
hadron and an anti-quark of another hadron annihilate, creating a virtual photon which then
decays into a pair of oppositely-charged leptons. This process was first suggested by Sidney
Drell and Tung-Mow Yan in 1970 [38] to describe the production of lepton-antilepton pairs
in high energy hadron collisions. Experimentally, this process was first observed by J.H.
Christenson et al. in proton-uranium collisions at Alternating Gradient Synchrotron (AGS) in
the Brookhaven national lab [39].

As we discussed above, the Drell-Yan process in transversely polarized proton collisions is
extremely important because the change of the sign of asymmetry between Drell-Yan process
and SIDIS is an important verification of current theoretical model calculations. However,

the asymmetry of Drell-Yan is very difficult to be observed. The measured asymmetry by



109

estimate is not very large (roughly 5%) in PHENIX muons spectrometer acceptance. The
cross section is very small so that it is very difficult to accumulate enough statistics without
very good luminosity or measurement in a long time. Lots of randomly combined muons pairs
from D and B meson decay mix with the Drell-Yan signal. With the help of FVTX detector,
those decay muons can be effectively removed and the signal background ratio will be greatly
improved.

The single transverse spin asymmetry of W bosons was proposed by Z.Kang and J.Qiu in
2009[40]. As same as the Drell-Yan process, there is only initial-state interaction in W boson
production. Thus, it essentially can be used to test the sign change of asymmetry discussed
above instead of Drell-Yan process. The asymmetry for W bosons would be very large, up
to 30%. The PHENIX detectors with the installation of VITX and FVTX can only measure
lepton decay from W bosons. Even for measuring leptops decay from W bosons, the estimated
peak asymmetry can be about 10%. However, the cross section in the process is relatively

small, so that it would be a challenge for PHENIX to collect enough statistics.

8.3.2 Di-jet and Photon-Jet Correlation

Obviously, the back-to-back di-jet correlation is a cleaner channel to measure the Sivers
effect than di-hadron correlation since there is no fragmentation folded in. Thus, it completely
avoid the Sivers effect mixing with the Collins effect. The current central-arm detectors of
PHENIX experiment don’t have full 27 acceptance, it is very difficult to fully reconstruct jets.
The silicon VTX detector provides a 27 azimuthal coverage, which adds tracking capabilities
to the central-arm detectors. Although the momentum resolution by the VTX detector alone
is rather limited (about 20% in dp/p), the resolution is sufficient for selecting high pr hadrons
from the recoil jets. The large n coverage (|n| < 1.2) of the VIX detector is in particular
essential for the measurement. The hardware work for VI'X detector is almost finished, and
the detector is expected to be installed in 2010.

Another way to measure the Sivers effect directly would be through the asymmetry in

photon-jet production, which is proposed by A. Bacchetta et al in 2007 [41]. It was thought
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to be another channel to test the modified universality of the Sivers distribution besides Drell-
Yan and W boson production. However, the TMD factorization was directly used for the
theoretical calculation in [41], which is proven not to be true in this process [37]. It makes the
theoretical interpretation of such a measurement more complicated. The difference between
experimental measurements and theoretical prediction may indicate how big the violation
of TMD factorization is in this process. It requires PHENIX to have an ability to measure
photons at forward rapidity in order to do such photon-jet correlation measurements. PHENIX
collaboration is writing a proposal to build Forward Calorimeter (FoCal) which will provide

PHENIX a capability to measure photons within the region of 1 < || < 3.

8.3.3 Open Charm Production

As we discussed above, the gluon Sivers function is not well constrained so far. A new
window into the gluon structure of the nucleon was opened by a measurement of the transverse
single spin asymmetry in open charm production. There are two channels that dominate open
charm production; s-channel quark annihilation ¢ + § — ¢ + ¢, and the gluon fusion process
g+ g — ¢+ ¢. Gluons do not carry transverse spin, so for both channels there cannot be any
polarization for charm quarks when the initial state protons are purely transversely polarized.
The missing of final state quark polarization rejects the Collins effect and make the Sivers
effect as the only source of a single spin asymmetry. With accomplishment of VIX and FVTX
detector upgrade in PHENIX, D mesons can be tagged on an event-by-event basis, therefore

a very clean sample of events can be produced for SSA analysis.
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APPENDIX A. List of Good Runs and Fills in Run6 and Run8

List of good runs

Runé6

190770 190771 190772 190774 190776 190777 190778 190891 190894 190895 190896 190897

190953
190974
191105
191367
191653
191932
192666
192911
193067
194316
194500
194528
194748
195694

197402

190954
191068
191107
191368
191656
191933
192672
193024
193142
194320
194501
194529
194760
195696
197408

190955
191070
191109
191370
191663
191934
192675
193025
193147
194321
194502
194531
194763
195697
197409

190956
191071
191110
191371
191665
191935
192678
193026
193581
194450
194503
194569
194766
195880
197517

190958
191079
191112
191499
191677
191936
192869
193045
193582
194451
194504
194570
194767
195884

197521

190960
191093
191215
191504
191693
191937
192878
193046
193583
194454
194505
194575
194772
195895

197522

190962
191095
191216
191549
191695
192488
192879
193053
193584
194455
194516
194576
194773
195900
197758

190966
191097
191219
191556
191753
192489
192880
193056
194307
194456
194517
194577
194777
195901
197762

197767 197768 197771 197772 197774 197789 197794 197795

190967
191098
191221
191629
191756
192496
192881
193057
194312
194457
194522
194578
194780
195903
197763

190970
191099
191309
191630
191762
192497
192882
193059
194313
194458
194524
194579
194781
197390
197764

190972
191103
191311
191634
191929
192503
192896
193063
194314
194498
194526
194580
194782
197391
197765

190973
191104
191320
191652
191931
192505
192910
193066
194315
194499
194527
194581
195690
197401
197766
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7627 7630 7632 7637 7639 7641 7642 7645 7651 7652 7654 7655 7657 7658 7662 7671 7673

7681 7682 7685 7688 7689 7691 7697 7712 T718 7722 7724 7725 7729 7739 7740 7753 7756 7772

7775 7780 7781

List of good runs

Run8

256541 256543 256544 256545 256546 256548 256549 256565 256566 256568 256569 256570

256571
257084
257323
257339
257500
257528
257848
257940
258260
258390
258497
258648
258669
258798
258842
258866
259057
259255

259286

256719
257085
257324
257409
257501
257529
257850
257947
258262
258391
258498
258648
258676
258800
258843
258867
259058
259256

259288

256721
257123
257326
257410
257509
257645
257851
257948
258263
258392
258503
258649
258677
258801
258844
258868
259059
259257

259289

256736
257124
257327
257412
257510
257648
257920
257953
258264
258393
258505
258650
258678
258807
258845
258869
259060
259258

259365

256737
257125
257329
257414
257511
257650
257927
257954
258265
258394
258506
258651
258794
258809
258849
259040
259116
259259
259367

256989
257126
257330
257415
257514
257651
257928
258249
258266
258396
258507
258652
258795
258811
258851
259041
259117
259276

259368

256990
257130
257331
257477
257519
257652
257929
258250
258267
258489
258509
258653
258796
258812
258852
259042
259118
259278
259370

257001 257002 257003
257131 257132 257151
257333 257335 257336
257478 257480 257495
257520 257521 257522
257654 257655 257841
257930 257931 257936
258251 258253 258254
258385 258386 258387
258490 258491 258493
258510 258511 258512
258654 258655 258664
258797 258794 258795
258813 258814 258815
258859 258861 258862
259043 259044 259051
259123 259127 259252
259279 259280 259281

259371 259372 259465

257004 257080
257159 257275
257337 257338
257497 257498
257525 257526
257842 257844
257937 257939
258255 258256
258388 258389
258495 258496
258513 258511
258666 258668
258796 258797
258818 258819
258863 258864
259052 259053
259253 259254
259284 259285

259466 259467
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259470 259472 259474 259476 259488 259491 259492 259493 259499 259499 259556 259557
259560 259561 259562 259563 259564 259565 259565 259567 259568 259569 259570 259571
259575

List of good fills

9884 9885 9888 9890 9897 9898 9905 9906 9909 9910 9919 9920 9935 9937 9938 9939 9940
9942 9948 9949 9951 9965 9966 9971 9972 9973 9975 9977 9978 9979 9980 9981 9986 9989 9990

9991 9992 9996 9997 9998 10000
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