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Abstr~ct' 

The Relativistic Heavy Ion Collider (RHIC) located at the Brookhaven 

National Laboratory is used to probe the subatomic structure of matter. STAR 

(Solenoidal Tracker at RHIC) is one of four major detectors positioned at different 

places around the RHIC ring to observe the collision of two particle beams. 

Furthermore, one specific project of STAR is to analyze how quark, gluons, and 

orbital angular momentum contribute to the proton spin. Spin is a particle's 

intrinsic angular momentum, a property of particles as basic as mass and 

electrical charge. In addition, by colliding beams of polarized protons, physicists 

can examine the structure underlying the proton's spin. In order to help 

advance the understanding of the proton spin, my research focuses on 

detectors that at very forward positions record the asymmetry of neutrons 

produced by collisions. As energy levels are increased beyond the level of 250 

billion electron volts (GeV), the Zero Degree Calorimeter (ZDC) detector is the 

only detector that is able to record the asymmetry. 

2 



T able of Contents 

Abstract 2 

Table of Contents 3 

Acknowledgements 4 

Background Information 5 
Solenoidal Tracker at RHIC 

The Proton Spin 

Calorimeters 10 
Hadronic Calorimeters 

The Experiment 13 
Zero Degree Calorimeter (ZDC) 

ZDC Shower Max Detector 

Conclusion 21 

References 22 

3 



A cknowledgements 

• I want to thank Dr. David Grosnick for advising me through this 

project. He was extremely helpful during many research trials 

and tribulations. Many obstacles appeared while working online 

collecting data from the Brookhaven National Laboratory. Also, 

Dr. Grosnick always went out of his way to explain the detailed 

physics behind each aspect of the experiment. Thank You. 

4 



B aekground Information 

• Solenoidal Tracker at RHIC • 

The Relativistic Heavy Ion Coliider (RHIC) located at the Brookhaven 

National Laboratory is used to probe the subatomic structure of matter. There 

are six intersection points on RHIC's 2.4 mile rings, where its two storage rings 

cross and allow the particle beams to collide. STAR (Solenoidal Tracker at RHIC) 

is cur,ently one of four detectors positioned at different places around the RHIC 

ring to observe the collision of two particle beams. Figure 1, below, shows the 

intersection points where the particle beams collide.! If the ring is thought of as 

a clock face, then STAR is located at the 6 o'clock position. 

The STAR detector specializes in tracking the thousands of particles 

produced in an ion collision. The massive detector is as large as a house and 
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weighs 1,200 tons. While its main use is to study quark-gluon plasma, it is also 

versatile enough to study the behavior of matter at high energies, such as the 

proton spin. Many powerful computers are used to analyze the produced 

particles emerging from collisions, and from this sub-atomic interactions are 

reconstructed. This is analogous to studying the final products coming out of a 

factory and trying to determine what kind of machines produced them.2 Figure 

2, below, is a diagram of the massive STAR detector located at RHIC.3 

Figure 2. STAR Detector 

• The Proton Spin • 

One specific project of STAR is to analyze how quarks, gluons, and orbital 

momentum contribute to the proton spin. Physicists have always been puzzled 

by the fundamental question of where protons obtain their spin. To this end, 

each year there are dedicated experimental runs at STAR where scientists 

collide beams of polarized protons at various collision energies. 
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Protons are made up of two up quarks, one down quark, and gluons that 

hold the quarks together. Quarks and gluons are some of the basic constituents 

of matter; they are fundamental particles. In addition, each subatomic particle 

has an intrinsic property known as spin. For true point particles, spin angular 

momentum is not due to constituent parts revolving about an axis, but is simply 

an intrinsic property of the particle itself.4 Spin is a property of particles as basic 

as mass and electrical charge. The proton has a specific spin of lh, which helps 

give it a characteristic magnetic property. Spin may also be described as the 

direction a particle is spinning around an axis as it travels, similar to how the 

Earth spins on its axis. 

Physicists have long thought that the sum of the spins of the proton's three 

component quarks formed its spin. However, experiments have revealed that 

quarks account for only about 20 percent of the proton's spin.5 Scientists now 

are left wondering what makes up the missing 80 percent. It is theorized that the 

gluons holding the quarks together contribute to the proton's spin, along with 

the orbital motion of the quarks around each other. 

The proton spin is essential to understand because spin is what allows 

doctors to use MRI machines (letting us see inside the human body to diagnose 

disease), and astronomers use magnetism and the proton spin to measure 

important properties.6 Furthermore, scientists simply would like to know how a 

proton works, as humans are curious by nature. Therefore, physicists want to 

research how different factors influence the spin of a proton. It is important to 
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experimentally find out if the quark and gluon spins together account for the 

proton's spin. If this is not the case, then the movement of quarks and gluons 

relative to one another may account for the spin. Another possible conclusion 

may be that we do not understand the inner structure of the proton as 

previously thought. At this point in time, the understanding of how quarks and 

gluons move inside protons is still rudimentary. 

High-energy beams of polarized protons are collided together and used 

as a tool to separate and identify the contributions made to the proton spin. A 

polarized-proton beam has protons spinning in the same direction. The 

illustration below, Figure 3, shows a proton-on-proton collision. There is a head 

on collision of a quark from one proton with a gluon from another proton with 

opposite spin. The spin is shown by the arrows circling the spherical particles, 

and the two particles moving away from the collision represent reaction 

products (quarks and photons of light) from "the collision that will be analyzed by 

the detectors.? 

Figure 3. Spin Polarized Proton-on-Proton Collision 

At RHIC, the proton beams are spin polarized. This means that at the beam 

intersection points there are four variations possible for proton-on-proton 
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collisions ( ++, ........ , .. +-, ...... ). For this experiment, before the high-energy 

beams of polarized protons intersect, the spin direction is chosen by the use of 

spin rotators. All the protons are made to spin the same way in one beam, and 

the protons in the second beam are made spin in the opposite direction. Thus, 

the proton-on-proton collision is a head on collision (as seen in Figure 3). By 

analyzing collisions of high-energy beams of polarized protons, scientists will be 

able to identify the contributions made to the proton spin. 
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Calorimeters 

Calorimeters are detectors used by physicists to measure the energy and 

position of particles. Calorimeters use total absorption of particles to obtain 

measurements, and during this process of absorption, showers are generated by 

showers of interactions.8 Moreover, when particles enter a calorimeter, they 

initiate a particle shower, which is then used to measure a particle's energy. In 

addition, calorimetry is the only practicable way to measure neutral particles 

(particles with no charge) produced in high-energy collisions. 

• Hadronic Calorimeters • 

Hadronic calorimeters are used to measure particles that interact via the 

strong nuclear force. When a high-energy neutron, for example, enters 

condensed matter, a hadronic shower is initiated. The characteristics of this 

shower, such as the amount of energy and the track length, are proportional to 

the initial particle energy that caused the shower. These characteristics allow 

physicists to calculate the energy of the initial particle.9 The particle's energy 

can be determined precisely if its total energy released in the form of a shower 

can be absorbed in the volume of the calorimeter. 

Whether we notice it or not, every known process in nature can be traced 

back to the interaction of elementary particles. Let us now investigate what 

some of these elementary particles are. A hadron is a subatomic particle that 
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experiences the strong nuclear force. It is not a fundamental particle, but is 

made of quarks, antiquarks, gluons. The gluons mediate the strong nuclear 

force that binds the quarks together. Furthermore, a lepton is a particle with spin 

% that does not experience a strong nuclear force, but the weak nuclear force. 

When particles interact with nuclei at high energies there is a 

distinguishing feature, its multiple nature. 10 During the interaction, the reaction 

products contain nearly the entire spectrum of known elementary particles. 

With enough energy, the particles then interact with the nuclei of the medium. 

This in turn produces new generations of hadrons, leptons, and fragments that 

lead to a shower. Calculations of showers are important for the study of the 

passage of high-energy particles through matter. 

All Calorimeters have distinct properties: 

1 . During the development of a shower, the energy of the primary 

particle is distributed among many secondary particles, and finally is absorbed 

in a certain effective region in which the shower develops. The absorbed 

energy is proportional to the primary energy. 

2. The secondary particles of the shower are grouped in the dlrection of 

their motion near the shower axis, which runs in the direction of the primary 

particle momentum. This happens because transverse momentum imparted to 

the secondary particles in the multiple production is relativistic. Thus, it is very 

forward. 
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3. The spatial distribution of secondary particles of a shower and its 

release of energy fluctuate considerably. As the energy is increased, the 

relative fluctuations decrease, since the number of shower secondary particles 

increases with increasing energy.ll 

Multilayer calorimeters are usually employed to detect hadronic showers. 

They consist of a set of active detecting layers, such as scintillation material, 

alternating with layers of passive solid material, in which the shower develops. 

This is the typical arrangement of hadronic multilayered and electromagnetic 

calorimeters. Thus, calorimeters can be used to measure the energy and 

position of particles. 
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T he experiment 

The massive STAR detector specializes in tracking the thousands of 

particles produced in an ion collision with valying specialized detectors. This 

research focuses on one particular detector called the Zero Degree Calorimeter 

(ZDCl and its hadronic shower max detector. Furthermore, the project of STAR I 

have been working on is analyzing how quark, gluons, and orbital angular 

momentum contribute to the proton spin. By colliding beams of polarized 

protons, the proton's spin can be analyzed. Additionally, the asymmetry of 

neutrons produced by the collisions is very important, and thus I have been 

working on detectors that record this asymmetry. As collision energy levels are 

increased beyond the level of 250 billion electron volts (GeY) the Zero Degree 

Calorimeter (ZDC) detector is the only detector able to record the asymmetry. 

This occurs because the relativistic effect boosts collision fragments very 

forward. Specifically, for this project, the ZDC is used as a local polarimeter 

(measures the spin direction, polarity, of the beam particles) to verify that the 

beams are polarized. Otherwise, it would be impossible to use the 

measurements that actually measure spin. 

The first collisions of transversely-polarized protons occurred during the 

period from early December, 2001 to late January, 2002. Officially, data-taking 

for proton-on-proton collisions (200 GeY) began on December 20, 2002.12 At 

high energies, it is suspected that the Beam-Beam Counters (BBCs) will no longer 
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be useful as a local polarimeter for collisions because of the need for a more 

forward detector. Thus, a different detector is needed. The Shower Max 

Detector (SMD) of the ZDCs detects neutrons produced in collisions going 

forward and is used to plot the number of detected events versus the angle 

(phi) around the beam. This can then be fit to a cosine curve, where the 

amplitude gives a number proportional to the polarization. The phase of the 

cosine curve gives the spin direction transverse to the beam. In order for the 

beam polarization to be measured for high-energy proton-on-proton collisions, 

the ZDC SMD must be used. Figure 4, below, demonstrates how the angle phi is 

calculated. 

Vertical ~ q, ,., ±rc/2 
Radial ~ q, - 0 

tll = -n12 

Longitudinal ~ no asymmetry 
Figure 4. Phi Distribution 

• Zero Degree Calorimeter (ZDC) • 

High-energy collisions of heavy nuclei (used for Quark Gluon Plasma 

measurements, another STAR project) usually result in the emission of 
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evaporation of neutrons from both "beam" and "target" nuclei. These neutrons 

diverge by less than 2 milliradians from the axis of the beam. In this "zero 

degree" region, particles and other secondaries produced by the collision 

deposit insignificant energy compared to the beam fragmentation neutrons. 

Therefore, the Zero Degree Calorimeters detect neutrons emitted within the 

small angle of divergence and measure their total energy. Thus, multiplicity of 

particles produced and luminosity can be measured for the collision. It is a 

minimal bias selection for collisions; there are little or no restrictions on triggering 

events. For proton-on-proton collisions, the neutrons are detected because 

magnets sweep away charged particles. In addition, RHIC ZDCs function as 

hadron calorimeters, which have been discussed previously. 

The ZDCs are built without transverse segmentation because the spatial 

distribution of neutrons emitted in the fragmentation region carries only limited 

information about the collision. Moreover, the calorimeter itself, part of the ZDC, 

obtains the energy measurement. At the same time, the ZDC SMD obtains the 

spatial measurement. There is limited space available between the beams at 

RHIC for the ZDC. This is why the total width of the calorimeters is not more than 

10 centimeters. The ZDCs are also designed to minimize the loss in energy 

resolution due to shower leakage. which causes fluctuations in measured 

shower energy. Figure 5 shows the setup for ZDCS.13 The two figures on the 

bottom show where the ZDC is located in correlation with the beams. The top 

figure displays the ZDC physical layout . 
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Figure 6 is an additional drawing that further demonstrates the zoe 
configuration. 
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• ZDe Shower Max Detector • 

The ZDC SMD is needed to obtain local polarimetry for high-energy 

proton-on-proton collisions. Most importantly, the SMD gives the spatial 

distribution of the neutrons. Figure 7 displays the SMD configuration at STAR. The 

SMD is located between the first and second ZDC module and is composed of 

scintillator slats (8 horizontal and 7 vertical). These slats allow analysts to track 

the shower of particles initiated by the produced neutrons. 

SMD is 8 horizontal slats 
& 7 vertical slats located at 
1/3 of the depth of the ZDe 

Aluminum box to support Ihe 

ZDC . d' phototuoo and CJlble Sl e View ~ InterconneelS. Side and end 

• ~ vlew$ are shown. " 

Sdntm3t~U' slats of 
Shower Max lJetec'tor 

Figure 7. SMD Configuration 

The following photograph, Figure 8, shows how the SMD is placed within 

the ZDC. 
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SMD assembled with a preproduction ZDC module 

Figure 8. SMD Location 

*., LED flasher 

16-channel PlvIT M16 

7 clear fibers PMT<--> LED .. , 
".' .. , .. ' 

7 (of 3 WLS fibers) btulClles ......... 

21 WLS fibers (BCF-91) 

21 scintillator strips 
(18Ox5x5mm**3 ea) .. , .' .* .. ' 

The ZDe is used as a local polarimeter to verify that the beams used for 

the proton-on-proton collision are polarized. Otherwise, it would be impossible 

to use the measurements that actually measure spin. Figure 9 is an example of 

what is expected when the beams are polarized. 14 
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'll nelf 12.06/9 
pO 0.1076 ± 0.008705 

Preliminar 
-1 -0.5 o 0.5 1 1.5 

~ dependence is consistent with sin~ 4> (rad) 

Figure 9. Polarized Beam: Neutron Phi Distribution (Transverse) 

This figure confirms the beam is polarized; these are the results I hope to obtain 

when I further analyze the ZDe SMD data. A similar graph, but with just a straight 

line is expected for the longitudinal distribution. Furthermore, the formula for 

N -N 
asymmetry is £ = L R , where N represents the number of neutrons. 

NL +NR 
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c~ onclusion 

The STAR Project of analyzing how quark, gluons, and orbital angular 

momentum contribute to the proton spin is far from over. In fact, analyzing the 

data of the ZDC SMD is in its beginning stage. Nevertheless, it will be needed for 

future runs in order to have local polarimetry. Physicists will be further able to 

examine the structure underlying the proton's spin. As energy levels are 

. increased beyond the level of 250 billion electron volts (GeY), the Zero Degree 

Calorimeter (ZDC) detector will record the asymmetry. 

Researchers have been obtaining exciting glimpses of results that depend 

on the contribution of gluons to the proton's spin over the last several years. 

Future runs at higher energies will obtain more important data needed to 

understand the proton spin. In the midst of it all will be the ZDC SMD being used 

to measure the local polarimetry, essential to analyzing the final data. Without 

this local polarimeter, the gluon polarization measurements would be 

completely blind and meaningless. 
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