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Abstract 

 

 The almost hermitic coverage of CMS is used to measure the distribution of transverse 

energy as a function of pseudorapidity for pPb collisions at !!! = 5:02 TeV.  For minimum 

bias collisions (1/N) dET/dη reaches 25 GeV which implies an energy density comparable to that 

of PbPb collisions at TeV energies. The centrality dependence of transverse energy dependence 

has been studied using centrality measures defined in three different angular regions. The 

correlations between which events are selected by are much wider than they were in PbPb 

collisions and are not reproduced by either the EPOS-LHC or HIJING event generators.  Each 

centrality class was divided by the most central events in order to measure the auto-correlations 

induced by a centrality definition and reduce the systematic error.  This variable is called SPC and 

the effect of the auto-correlation persists over a much wider pseudo-rapidity range than predicted 

by either of the event generators. 
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Chapter 1 Introduction 

1.1 Overview 
Microseconds after the Big Bang, the Universe was in a state known as the Quark Gluon Plasma 

(QGP) [1, 2]. In the QGP, quarks and gluons are not in bound together into hadrons but are free 

to move over relatively large distances.  The Large Hadron Collider (LHC) [3] produces QGP in 

lead-lead (PbPb) ion collisions. Because of the high energy and fast rate of collisions at the LHC, 

it is possible to do detailed studies of the QGP. The LHC is producing rare experimental probes 

such as suppressed jets [4] and heavy quarkonia [5] at unparalleled rates in heavy-ion collisions.  

As a result of recent LHC studies described in this thesis, physicists now have better constraints 

on several properties of the QGP, such as viscosity, temperature and energy density. 

In depth studies of the state of the nuclei before colliding are needed to further constrain 

the properties of the QGP. Without more knowledge of the initial state, it cannot be determined 

which experimental effects are due to the QGP and which effects are intrinsic to the nuclei 

themselves. 

In this chapter, several of the measurements related to the QGP leading to my work are 

discussed. Before discussing these results several terms used to describe heavy-ion 

measurements and detectors will be introduced. This discussion is divided into two parts, a 

generic report of the main detector elements, and a description of variables used in heavy-ion 

measurements. 

1.2 Variables in heavy-ion measurements 

Two types of generic detectors are used in heavy-ion experiments, trackers and calorimeters. 
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A tracker determines the trajectory of particles as they pass through it. The particle paths 

measured by the tracker are called tracks. From these tracks, a particle’s momentum can be 

calculated. The radius of curvature of the track is related to the momentum of a particle due to its 

curved path in a magnetic field. In CMS, tracks are mapped out from measuring charge deposits 

in silicon cells. A tracker is typically designed to interact minimally with the particles going 

through in order to preserve their trajectories. The second generic type of detector, a calorimeter, 

measures the energy of the particles that hit it. A calorimeter is typically made with a dense 

material used to initiate a shower of particle collisions. The ionization or light from this shower 

is collected and used to measure the energy of the initial collision of the particle that hit the 

calorimeter. Unlike trackers, calorimeter are designed to stop the particles which collide with it 

and collect as much of the energy of these particles as possible. A full description of the CMS 

detector will be presented in Chapter 3. 

Heavy-ion experiments are designed to measure the momentum, p, energy, for energy E, 

the azimuthal angle, φ, transverse momentum pT,, rapidity y, and pseudorapidity, η,. Energy is 

typically measured by a calorimeter while the momentum is determined from the curvature of a 

track in a magnetic field. The φ angle is measured around the beam axis. The transverse 

momentum, pT, is the component of the momentum perpendicular to the beam line. Transverse 

energy, ET, is defined from the formula ET
2 = pT

2 + m2 where m is the rest mass of the particle. 

Rapidity is related to energy and momentum by ! = !
! ln

!!!!
!!!!

, where pz is the component of 

the momentum along the direction of the beam axis. Here the speed of light is taken to equal 1. 

Pseudorapidity is defined as η = !! ln
|!|!!!
|!|!!!

, which can be shown to be equal to -ln(tan(θ/2)) 

where θ is the polar angle relative to the beam axis. If m<< p, the relativistic equation for energy, 

E2 = p2 + m2, reduces to E ≈ p, and pseudorapidity is approximately equal to the rapidity. If the 



3	  
	  	  

momentum of a particle is known from the track information and its identity is deduced from 

particle identification then a mass and rapidity can be assigned to that track. Clusters of energy  

in the calorimeters are typically assigned a pseudorapidity based on the angle θ with respect to 

the beam line.  

In addition, the variable called centrality is used in heavy-ion collisions to describe the 

activity of a collision. It is typically measured either by using energy in a calorimeter at high η 

values or by the number of tracks. Centrality is reported as a percentage where 0% corresponds 

to the most violent collisions and 100% corresponds to the least violent. For example, events 

assigned a centrality between 0-10% would be the top ten percent of events in terms of number 

of tracks in a tracker detector or energy in a forward calorimeter depending on which variable is 

used for centrality determination. The number of nucleons that participate in a collision, Npart, the 

number of collisions between these participants, Ncol, and the closest distance between the center 

of the two colliding nuclei, called the impact parameter, b, can all related to the measured 

centrality percentage through a simulation. The convention of labeling the most active 

centralities 0% and the least active 100% is due to the correlation between the impact parameter 

and the measured centrality variable. When the nuclei collide head on the impact parameter is 0 

and this corresponds to a centrality of 0%.  

1.3 QGP Studies 
The current understanding of heavy-ion collisions has evolved over the last 30 years. Relativistic 

heavy-ion collisions were first studied at Belavac at the Lawrence Berkeley National Laboratory 

(LBNL) in 1974, then at the Alternating Gradient Synchrotron (AGS) at Brookhaven National 

Laboratory (BNL) in Upton, NY, followed by the Super Proton Synchrotron (SPS) at CERN near 

Geneva, Switzerland. From the numerous AGS and SPS experiments two main observables 
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emerged, J/ψ suppression and strangeness enhancement [5,6]. Figure 1.1 shows that the ratio J/ψ 

to Ncoll decreases as one selects more violent collisions. Figure 1.2 shows a strong increase in 

the yield of strange hadrons with  Npart. These results initiated the search for the QGP. 

	  

Figure 1Figure 1.1: Number of J/Ψ’s per Ncoll as a function of ET/Overlap area from the NA38 experiment at SPS. 

Figure 1.1: Number of J/Ψ per Ncoll as a function of ET/(overlap area) from the NA38 
experiment at SPS. 

	  
Figure 2Figure 1.2:  The yield of strange baryon production (left) and the yield per participant (right) as function of NPart from the Wa97 

experiment at SPS. 

Figure 1.2:  The yield of strange baryon production (left) and the yield per participant (right) as 
function of Npart from the Wa97 experiment at SPS.  
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At AGS, 16O, 28Si, and 197Au beams struck fixed targets. At SPS the same fixed target 

configuration was used, but with 16O, 32S, and 208Pb beams. The center of mass energies per 

nucleon pair, !!!, for these experiments ranged from just under 5 GeV to 20 GeV. Although 

the strangeness enhancement and J/ψ suppression signals indicated that an unbound state of 

quark and gluons was likely created, at the energies of the AGS and SPS this state perished 

quickly. The threshold for creating the QGP requires an energy density of approximately 1.5 

GeV/fm3 and a temperature near 170 MeV [7, 8]. Because of this, the QGP signals at the AGS 

and SPS energies could not have existed long enough to study their properties. 

A plan for a colliding beam machine dedicated to heavy-ions, designed to reach a center 

of mass energy per nucleon pairs of  !!! = 200 GeV, was first proposed in 1983. It was 

believed that in these collisions, signs of a hot gas of quarks and gluons would appear. In 2000, 

the Relativistic Heavy Ion Collider (RHIC) began Au-Au collisions and the four experiments, 

BRAHMS, PHENIX, PHOBOS and STAR started taking data. The maximum energy at RHIC is 

a factor of 10 greater than the SPS experiments and the four experiments quickly found 

conclusive evidence for quark deconfinement from studies of azimuthal flow and the suppression 

of high pT particles known as jet quenching [9,10,11,12]. There was also evidence from the 

rapidity dependence of particle spectra of a suppression of low momentum gluons. This 

phenomenon became known as gluon saturation and was predicted by the theory of the Color 

Glass Condensate [9].  

Lattice QCD predicts that the QGP forms above a critical temperature and energy 

density.  The measurement of dET/dη provides a way to estimate the energy density of the state 

created in heavy-ion collisions.  This measurement will be discussed in Chapter 3. To determine 

the temperature of system, direct photons defined as thermal photons created in the QGP were 
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measured at RHIC by PHENIX [13] through the measurements of electron-positron pairs from 

pp and the top 20% most energetic AuAu collisions.  The contribution to the inclusive spectrum 

was sorted into a direct and background component by fitting the mass distribution of the e+e-  

pair for each pT bin.  These data are shown in Figure 1.3. The low pt portion of the Figure 1.3 

shows an enhancement that deviates from the high pT part, indicating a significant divergence 

from pp collisions. The spectrum in this region is consistent with thermal activity of the QGP. 

The temperature in PHENIX was measured to be 221 ± 21 MeV, which is above the critical 

temperature estimated from lattice QCD of ~ 170 MeV. 

 

Figure 3Figure 1.3: Direct photon yield as a function of pT from PHENIX. 

Figure 1.3: Direct photon yield as a function of pT from PHENIX. 
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The apparent thermal properties of this state led to calculations of the particle abundances that 

should emerge thermally from the system.  Figure 1.4 shows the particle abundance ratios from 

the four RHIC experiments along with a thermal model calculation [10].  The figure shows that 

the particle production is consistent with thermal equilibrium being established before hadronic 

freeze-out.   

	  
Figure 4Figure 1.4: Ratio of particle production for central Au-Au collisions at mid-rapidity. 

Figure 1.4: Ratio of particle production for central Au-Au collisions at mid-rapidity. 

Prior to RHIC, the QGP was expected to be a hot gas of quarks and gluons. At RHIC, the 

elliptic flow, v2, was measured [14,15] showing that the medium obeys hydrodynamic equations 

and flows like a fluid.  Elliptic flow is the second order Fourier expansion coefficient of the 

azimuthal distribution of measured tracks.  The expansion has the form 

!"
!"
= 1+    2!! cos[!(!

!!! φ – Ψ)]                                            (1.1) 

where vn is the nth coefficient of the expansion, φ is the azimuthal angle, and Ψ is the event plane 

angle.  The event plane angle is the azimuthal angle where the maximum flow of particles in the 
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final state occurs.  It is correlated with the reaction-plane angle ΨR (see Figure 1.5).  The 

reaction plane is defined by the beam direction and the line that runs through the center of the 

two colliding nuclei at the closest approach distance.  The v2 signal is believed to arise from 

pressure gradients that originate from the elliptical shape of the overlapping region between the 

colliding nuclei.  The pressure is higher along the shorter axis of the ellipsoid and this creates a 

flow of the matter in that direction.  This flow is responsible for the anisotropy of the final   

tracks are measured. 

 	  
Figure 5Figure 1.5:  Schematic of the initial nuclear overlap (left) and elliptic flow (right). 

Figure 1.5:  Schematic of the initial nuclear overlap (left) and coordinates for  

elliptic flow (right). 

 The degree to which the initial shape of the overlap converts to flow in the medium is 

regulated by the viscosity.  A viscous fluid will have a tendency to smooth out anisotropies and 

result in a smaller flow signal for the same overlap region. Figure 1.6 shows v2 vs !!! for 

various RHIC, AGS and SPS experiments measured at mid rapidity for mid-central collisions.    

Also shown is the ratio of v2 to initial special eccentricity vs. charged particle rapidity density 

per unit transverse area of the overlap region.  Both plots show the smooth increase in flow with 
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energy and centrality.  For very high multiplicity events the ratio of the flow signal v2 to the 

geometrical eccentricity ε approaches the hydrodynamic limit for an ideal relativistic fluid. 

 

Figure 6Figure 1.6: v2 vs √(sNN ) and v2/ε vs charged particle rapidity density per unit transverse area. 

Figure 1.6: v2 vs !!! and v2/ε vs charged particle rapidity density per unit transverse area. 

These results showed that the system appeared to flow like a fluid and thus should obey 

hydrodynamic equations.  

The Large Hadron Collider (LHC) heavy-ion program began collisions in 2010, colliding 

lead ions at !!! = 2.76 TeV. This corresponds to an increase of over an order of magnitude 

with respect to RHIC. The LHC experiments, ALICE [16], ATLAS [17], and CMS [18] have 

been studying the heavy-ion collisions since then. In 2013 LHCb [19] joined the LHC heavy-ion 

program.  

Direct photons have been measured in ALICE for PbPb collisions at 2.76 TeV [20], see 

Figure 1.7).  The temperature of the system was found to be 304 ± 51 MeV, which is 
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significantly higher than that measured at RHIC and well above the critical temperature for QGP 

formation estimated by lattice-QCD. 

	  
Figure 7Figure 1.7:  Direct photon yield as a function of pT form ALICE [21]. 

Figure 1.7:  Direct photon yield as a function of pT form ALICE [21]. 

For a hydro-dynamical system the flow coefficients of Eqn 1.1 should scale as the 

geometrical eccentricity ε. Figure 1.8 shows v2/ε plotted as function of the charged particle 

multiplicity pseudorapidity density per overlap area S of the colliding nuclei [21].  The model 

calculation was done with four input values of the ratio of the sheer viscosity over entropy 

density, η/s.  The η/s that agrees best with the data depends strongly on the initial state model 

used.  The KLN model used in the upper left plot of Figure 1.8 is based on the Color Glass 

Condensate theory, which contains gluon saturation.  The upper right plot uses a Glauber model, 

where the nucleus is modeled as a super-position of nucleons.  This observed strong dependence 

is one of the key reasons why more studies of the properties of the initial state are needed and 

control experiments of AA collisions were proposed. 
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Figure 8 Figure 1.8 (Top) CMS v2/ε data from PbPb collisions at 2.76 TeV as a function of (1/S) 
dNch/dη for different values of η/s for the KLN initial state (top left) and Glauber initial state (top 
right).  (Bottom) CMS data compared to PHOBOS AuAu and CuCu results at 62.4 and 200 GeV. 

Thanks to the LHC and RHIC physics programs, a new era of precision heavy-ion 

analysis is in motion. The latest results from the LHC have come from the 2013 proton-lead 
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(pPb) run. This period of data taking was designed to be a control experiment for the PbPb run 

because a QGP was not expected for such a small system. . However, a v2 signal has been 

measured by CMS [22], suggesting that the matter behaves in a collective manner.   

	  
Figure 9Figure 1.9: v2  measured using the cumulant method in PbPb (left) and pPb collisions (right) [23]. 

Figure 1.9: v2 measured using the cumulant method in PbPb (left) and pPb collisions (right) [23]. 

The v2 measurement shown in Fig 1.5 uses a cumulant method [24].  This method differs 

from the event plane method discussed above because it uses the correlation between tracks 

instead of the φ angle of the tracks with respect to the event plane angle.  This method can be 

done using the correlation of any number of tracks [23]  The number of correlated tracks used by 

a given method is indicated by the number in brackets. Another method used here is the Lee-

Yang Zeros (LYZ) method [24,25], which uses the correlation between all of the tracks.  The 

measurement is done over a range of the total number of tracks, !!"#
!""#$%&.  The range shown in 

Fig 1.9 relates to the number of tracks in PbPb collisions for centrality values between 50-100%. 
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The v2 measurements for more than 2 track correlations are all consistent with each other.  This 

indicates that v2 in pPb collisions at the LHC is a result of collective motion.  

One of the most basic and important measurements that can be made in heavy ion 

collisions is the transverse energy distribution of all of the particles produced in collisions.  The 

transverse energy is dependent upon the initial energy and entropy densities of the produced 

matter. In this thesis, the CMS capability for measuring the transverse energy, the description of 

the analysis, and the results are presented. This study covers 10 units of pseudorapidity which is 

larger than any previous measurement of transverse energy production.   
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Chapter 2 Energy Density in Nuclear 
Nuclear Collisions 

The interaction of particles through the strong force is explained theoretically from 

quantum chromodynamics (QCD).  QCD predicts that the energy between quarks increases with 

distance until it is more energetically favorable to create another quark-antiquark pair.  This 

causes the quarks to be confined in bound states called hadrons.  At high energies (small 

distances) the interaction between quarks and gluons becomes weak and the partons (quarks and 

gluons) are asymptotically free. In this region, the strong coupling constant is significantly less 

than 1 and QCD become perturbative.  The range of the transition between confinement and 

asymptotic freedom is on the order of 1 fm (10-12 m) or ~5.08 GeV-1.  QCD predicts that at high 

enough temperatures, hadrons should melt, creating a thermalized state of matter where the 

quarks and gluons, collectively called partons, are no longer confined within hadrons.  This state 

of matter is known as the Quark Gluon Plasma or QGP.  In this chapter the theoretical properties 

of the QGP are discussed along and the rational for studying dET/dη from high-energy heavy ion 

collisions is explained.  

2.1 Theoretical Properties of the QGP 
	  

QCD must be used to study the QGP, but the phase transition occurs in a region of phase space 

where the coupling constant is on the order of 1 and so QCD becomes non-perturbative.  In this 

regime, Lattice QCD (LQCD) is generally used.  Lattice QCD is a non-perturbative QCD theory 

where calculations are made on a space-time lattice.  There have been many predictions from 

LQCD about the properties of the QGP. First, it predicts that a phase transition from hadronic 

matter to the QGP at a temperature TC ≈ 170 MeV and would result in a rapid increase in the 
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energy density to a value ε ≈ 1 GeV/fm3 [7,8].  Figure 2.1 shows the energy density divide by the 

temperature to the 4th power  as a function of critical temperature normalized by TC. 

	  

Figure 10Figure 2.1:  ε/T4 vs T/TC.  The arrows correspond to the Stefan-Boltzmann Limits [8]. 

Figure 2.1:  ε/T4 vs T/TC.  The arrows correspond to the Stefan-Boltzmann Limits [8]. 

The value saturates around 2TC but does not reach the Stefan-Boltzmann limit.  This deviation 

indicates there is still significant interaction between the partons in the QGP phase.  Figure 2.2 

show a calculation of the effective potential between heavy quark-antiquark pairs. Just above the 

critical temperature TC the potential rises rapidly before leveling off and taking the  the form of a 

screened Coulomb potential  for temperatures greater than about twice TC  [7]. 
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Figure 11Figure 2.2:  Temperature dependence of the heavy-quark screening mass divided by temperature as a function of temperature from 
LQCD calculations.  The curves represent pQCD expectations. 

Figure 2.2:  Temperature dependence of the heavy-quark screening mass divided by temperature 
as a function of temperature from LQCD calculations.  The curves represent pQCD expectations. 

 The screening mass deviates strongly from pQCD near TC.  The increase above TC leads 

to the anticipated suppression of charmonium production.  Third, in most LQCD calculations, the 

deconfinement transition is also accompanied by a chiral symmetry restoration transition. This 

implies that left and right handed quarks would have the same properties and the chiral 

condensate <ψψ> should go to zero, see Figure 2.3.  The reduction on the chiral condensate leads 

to predicted variations in meson masses within the QGP. Fourth, the nature of the transition from 

hadronic mater to the QGP depends strongly of the quark flavors included and their masses.  

Most calculations including 2 light flavors (up, down) and one heavy flavor (strange) result in a 

crossover transition instead of a first or second order transitions at zero chemical potential.    

 

Finally calculations done with non-zero chemical potential, though not advanced, suggest 

the existence of a critical point as seen in Fig. 2.4.  The numerical challenges in LQCD 
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calculations leave significant uncertainty in the position of the critical point. Physicists working 

at the RHIC accelerator are searching for the QCD critical point by studying collisions of gold 

nuclei over a wide energy range.   

	  

Figure 12Figure 2.3: LQCD calculations for two dynamical quark flavors 

Figure 2.3: LQCD calculations for two dynamical quark flavors showing the coincidence of the 
chiral symmetry restoration (marked by the rapid decrease of chiral condensate < ψψ>_ in the 
upper right-hand plot) and deconfinement (upper left plot) phase transitions. The lower plot 
shows that the chiral transition leads toward a mass degeneracy of the pion with scalar meson 
masses. All plots are as a function of the bare coupling strength β used in the calculations; 
increasing β corresponds to decreasing lattice spacing and to increasing temperature [7]. 
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Figure 13Figure 2.4:  LQCD calculation results for non-zero chemical potential 

Figure 2.4:  LQCD calculation results for non-zero chemical potential suggesting the existence of 
a critical point.  The solid green line represents a first order phase transition, while the dotted line 
represents a crossover transition [7]. 

2.2 Heavy-Ion Collisions 
 A heavy-ion (HI) collision is one where there is an overlap of the cross-sectional area of 

colliding nuclei and they interact hadronically.  Heavy-ion collisions represent the only way to 

study the QGP but exceptional demands are placed on these collisions; not only must they 

produce the matter, but also a probe to study its properties. These probes must have a resolution 

the scale of femtometers and be produced within 10-23 seconds.  The two basic classes of probes 

that can be used in heavy ion collisions are electroweak and hadronic.  Electroweak probes 

exploit the absence of final-state interactions (FSI) with the QGP in hope to isolate their 

production in the early stage of the collisions. However they are rare and the signal has to 

compete against  backgrounds from hadron decays. Hadrons are produced much more frequently 

and can carry information about the development of the plasma.  It is crucial to separate the 

effect of the plasma from any effects from the initial state of the nucleus. This is important 

because the low momentum part of the nuclear wave-function is poorly understood.  
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2.3 dET/dη Results for Heavy Collisions 
Lattice QCD predicts that the QGP forms above an energy density ε ≈ 1.5 GeV/fm3. The 

measurement of dET/dη provides a way to estimate the energy density of the hot state created in 

HI collisions.  The values of dET/dη measured by CMS [26] and PHENIX [27] were done using 

the experiments’ calorimeter systems. For the calculated dET/dη at η = 0, the interval |η| < 0.35 

was used for both experiments.  The energy density of the formed medium at RHIC and the LHC 

were estimated from the Bjorken energy formula !!" =
!
!"

!"!
!"

, where A is the overlap region of 

the colliding nuclei and τ is the formation time of the medium [28].  The formation time times 

the energy density from PHENIX was measured to be 5.4 ± 0.6 GeV fm-1c-1 for the 0-5% 

centrality interval.  CMS found a value of 14 GeV fm-1c-1 for the same centrality interval.  Both 

of these values is well above the critical density when assuming a formation time τ = 1 fm/c. 

Figure 2.5 shows a compilation of dET/dη measurements as a function of energy. There is a 

striking increase of the energy density from RHIC to LHC.   

	  

Figure 14Figure 2.5: Comparison of dET/dη as a function of collision energy √(sNN) 
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Figure 2.5: Comparison of dET/dη as a function of collision energy !!!, normalized by the 
NPart/2 to account for the difference in ion species collided at the different experiments. 

 

	  

Figure 15Figure 2.6: dET/dη as a function of η for PbPb collisions at √(sNN ) = 2.76 TeV [29]. 
Figure 2.6: dEt/dη as a function of η for PbPb collisions at !!! = 2.76 TeV [29].  

CMS exploited the very large angular coverage of the calorimeters to test models of longitudinal 

flow. Figure 2.6 shows dET/dη as a function of η for several centralities along with comparisions 

to several theoretical predictions from Landau hydrodynamics and the HYDJET [29] and AMPT 

models [30,31]. The AMPT model, does the best job of describing the width of the distribution 

but overestimates the yield. It assumes an initial parton cascade, following by hadronic freeze-

out and then a hadronic cascade.  

Finally Figure 2.7 shows  he dependence of dET/dη on  Npart at η = 0 at both 2.76 TeV and 200 

GeV. In this central region HYDJET does a good job of describing the data.  
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2.4 Possibilities for dET/dη in Proton Lead Collisions 
The original purpose of the proton lead run at the LHC was to provide control measurements for 

the PbPb results on jet quenching, quarkonia, and elliptic flow. If such effects were not present in 

pPb collisions it could be argued that they were signatures of the QGP in PbPb collisions. 

However if the energy density achieved in pPb collisions is comparable to that in PbPb collisions 

it is possible that collective effects could occur. Indeed CMS has seen such recently published 

evidence of collective behavior from multiparticle correlations [7]. This makes it especially 

interesting to understand if a high energy density is achieved in pPb collisions.  

 

A particular advantage of CMS is its very large angular coverage which allows the study of 

correlations over wide η ranges. By measuring the centrality dependence of dET/dη when 

different η ranges are used to measure centrality it is possible to test such correlations in the data 

and compare to various event generators. While such effects were not strong for PbPb collisions 

they are expected to be much stronger in proton lead ones because of the smaller size of the 

system.  
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Figure 16Figure 2.7:  dEt/dη as a function of Npart for PbPb collisions at √(sNN ) = 2.76 TeV, and AuAu collisions at 200 and 20 GeV [29]. 
Figure 2.7:  dEt/dη as a function of Npart for PbPb collisions at !!! = 2.76 TeV, and AuAu 

collisions at 200 and 20 GeV [29].    
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Chapter 3 The CMS Detector 

The LHC is designed to pursue physics at the TeV scale where electroweak symmetry 

breaking is believed to occur [17,18]. While this means that the search for the standard model 

Higgs boson was the central driving design consideration, the wide range of possibilities for 

finding new physics signals required a general purpose detector. The expedient discovery of new 

physics processes with low cross section requires high luminosity. With the near complete 

hermitic coverage of CMS, the energy distribution of nuclear collisions can be measured with 

great accuracy and resolution. 

The general purpose design of CMS is dominated by the massive 4T superconducting 

solenoid at its core. The magnet is 13m long and 6m in diameter, and pushes the limits of both  

power and compactness [18]. These two conflicting limits are achieved through an innovative 

design that interweaves structural and conducting elements together in the coil of the solenoid. 

Within the solenoid there are three different sub detectors. The inner most is the world’s largest 

silicon tracker. Surrounding the tracker is a highly effective lead tungstate crystal 

electromagnetic calorimeter (ECAL), and finally a brass scintillating hadronic calorimeter 

(HCAL) surrounds the ECAL [18]. Outside the magnet, ionization chambers and resistive plate 

detectors are used to trigger on muons and measure their path. Altogether CMS weighs 12,500 

metric tons, has a diameter of 14.6m, and a length of 21.6m [18]. 
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Figure 17Figure 3.1: The Compact Muon Solenoid from Reference [18]. 

Figure 3.1: The Compact Muon Solenoid from Reference [18]. 

3.1 Tracker 
The Silicon Tracker is the innermost sub-detector of CMS, and has active elements as 

close as 4.4cm to the interaction point [18]. The tracker has a length of 5.8m, a diameter of 2.6m 

and covers a range in pseudorapidity of |η| < 2.5. At the center of the tracker are three layers  of 

silicon pixels around the beam along with two disks of silicon pixels to for the end-caps. The 

pixel portion of the silicon tracker is comprised of 66 million pixels. The pixel tracker is 

surrounded by a silicon strip tracker. The strip tracker is separated into 4 different sections: the 

Tracker Inner Barrel, the Tracker Inner Disk, the Tracker Outer Barrel, and the Tracker End 

Caps. The silicon strip detectors as a whole are comprised of 9.3 million silicon strips. The high 

number of pixels and strips in each tracker measure enough distinct points to reconstruct the path 

of the 1000 or so charge particles per bunch crossing expected at peak luminosity [18]. 
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Figure 18Figure 3.2: Layout of the silicon tracker with the pixels closest to the interaction point marked with a black dot and the strips segments 
beyond make up the remainder. 

Figure 3.2: Layout of the silicon tracker with the pixels closest to the interaction point marked 
with a black dot and the strips segments beyond make up the remainder. 
 

The amount of material present in the tracker is substantial enough to alter the path of 

particles as they pass through the tracker. Fig. 3.3 shows the amount of material in the tracker as 

a function of radiation lengths (X0). The radiation length is the mean distance a high energy 

particle travels before it kinetic energy drops by a factor of e = 2:71828183 through 

electromagnetic interactions.  

3.2 ECAL 
The next detector beyond the tracker is ECAL. ECAL is made of 61,200 lead tungstate (PbWO4) 

crystals in the central barrel and 7,324 on each of the two endcaps [18]. The barrel (EB) covers a 

pseudorapidity range |η| < 1.479 and has an approximate η-φ segmentation of 0.0174x0.0174.  

Lead tungstate is very dense. This means the number of radiation lengths of one crystal is high. 

The crystals in the barrel have a depth of 230 mm corresponding to 25.8 radiation lengths. The 

end-caps (EE) cover the pseudorapidity region 1.479 < |η| < 3. In the end-cap the crystals have 
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an exposed area of 28.62 x 28.62 mm2, and a depth of 220 mm corresponding to 24.7 X0. The 

energy resolution of the ECAL as measured by test beam data can be seen in Figure 3.4. 

 

 

	  

Figure 19Figure 3.3: Material in the tracker broken down by sub-detector (left) and category (right). 

Figure 3.3: Material in the tracker (in terms of radiation lengths) broken down by sub-detector 
(left) and category (right). 
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Figure 20Figure 3.4: The energy resolution of ECAL as a function of energy from Reference [18]. 

Figure 3.4: The energy resolution of ECAL as a function of energy [18]. The terms S,N and C 
represent the statistical, noise and constant terms in the resolution.  

3.3 HCAL 
The HCAL, like the ECAL, has both a barrel (HB) and end-caps (HE). The 

pseudorapidity region covered by HB is |η| < 1.3 [18] and has a η-φ segmentation of 

0.0897x0.0897, which is 25 times less granulated than EB. HE covers the pseudorapidity region 

1.3 < |η| < 3 and like EE and the tracker end-caps, is aligned perpendicular to the beam axis. This 

causes the granularity to change with η. In the region 1.3 < |η| < 1.6 HE has a η-φ segmentation 

of 0.0897x0.0897.  The η-φ segmentation roughly doubles to 0.17x0.17 in the region 1.6 < |η| < 

3. At η = 0 the barrel has a thickness 5.82 interaction lengths and increases as the path length 

through the material increases to 10.6 interaction lengths at |η| = 1.3. 
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Figure 21Figure 3.5: The ET resolution of HCAL as a function of ET from Reference [18]. 

Figure 3.5: The ET resolution of HCAL as a function of |η| and ET from Reference [18]. 

 

In addition to HB and HE, HCAL has two additional calorimeters. Because the space between 

ECAL and the magnet is restricted to 1.18 m, an outer hadronic calorimeter section (HO) is 

placed beyond the magnet in the region |η| < 1:3 [18]. The main function of HO is to collect 

energy from the highest energy hadrons before they reach the muon system.  

 

To increase the total calorimetric coverage, HCAL also has a quartz fiber calorimeter (HF) in the 

forward region, 3 < |η| < 5. For the majority of HF’s 13 η rings the η-φ segmentation is 

0.175x0.175. In the lowest |η| ring the segmentation is 0.111x0.175 in η-φ. In the highest two |η| 

rings the segmentation in φ is 0.349, with an η segmentation of 0.175 in the outer and 0.300 in 

the inner ring. Longitudinal segmentation is achieved by using short fibers and long fibers. 
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Energy deposited deeper than 22 cm is measured in both the short and long fibers, otherwise it is 

only measured in the long fibers. This allows electromagnetic showers to be distinguished from 

purely hadronic showers [18]. The energy resolution for HF can be seen in Figure 3.5. 

3.4 ZDC 
Beyond HF, the Zero Degree Calorimeters (ZDCs) cover the very forward rapidity region. ZDCs 

sit between the beam pipes on either side of the interaction point covering the area around θ = 0 

that is  |η| > 8:3.  In heavy ion collisions the ZDCs measure neutral particles that do not 

participate in the collision. 

The ZDCs have a total of 18 channels, with half of the channels are on either side of the 

interaction point. The 9 channels on the side of CMS that correspond to positive η are denoted 

ZDC+, while the 9 channels on the negative side are denoted ZDC-. The 9 channels on each side 

are further sub-divided into an electro-magnetic (EM) section and a hadronic (HAD) section. The 

EM section is positioned in front of the HAD section with respect to the interaction point and is 

segmented transverse to the beam direction. The 5 EM sections absorb the energy from photons 

and neutral pions. The showers from these particles develop over a shorter distance than 

hadronically induced showers. The transverse segmentation allows for a measurement of the 

transverse shower width and the size of the beam spot at the ZDC. The HAD section is 

segmented in the direction of the beam and consists of 4 channels. The longitudinal segmentation 

allows for absorption of the full extended hadronic shower and for the measurement of the 

longitudinal shower shape. 

The ZDC is made up of alternating layers of tungsten and quartz fibers. The dense 

tungsten initiates a shower of particles when hit. The quartz fibers emit Cerenkov light as the 

high momentum charged particles from the shower pass through them. This light is channeled to 
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photo-multiplier tubes, one for each ZDC channel. Through a cascade of photon induced 

electrical discharges, the photo-multiplier converts the Cerenkov light to an electrical pulse. 

This electrical pulse travels about 200m down a coaxial cable from the LHC tunnel to the 

counting house in the CMS service cavern. There the electrical pulse is digitized by the Charge 

Integrator and Encoder (QIE). The QIE integrates the current each 25 nano seconds. The charge 

is then mapped logarithmically into the 128 bits. These bits are sent across a small fiber optic 

cable to the HTR firmware card. Here each 25 ns signal is stored in a 250 ns buffer, and the 

timing is synced with the rest of the detector to insure the ZDC signal arrives at the central data 

acquisition system at the same time as the other sub detectors for the same collision. 

3.5 Muons 
The muon system resides just outside of the superconducting magnet. It consists of three 

complementary systems: drift tube (DT) chambers in the barrel, cathode strip chambers (CSC) in 

the endcaps, and resistive plate chambers (RPC) in both the barrel and endcap regions [18]. Each 

of the gaseous detectors functions in the same basic way. As the muon penetrates the gas volume 

electrons are knocked off of the gas atoms and these electrons are collected in the positively 

charged anode, whereas the ionized gas moves to the cathode. The DTs in the barrel and the 

CSCs in the endcap have better spatial precision relative to the RPCs, which are quicker and 

have more precise timing. The combination of the DTs and RPCs in the barrel and the CSCs and 

RPCs in the endcap allow for fast triggering and muon identification during data reconstruction.  

The muon system is not used in this analysis. 
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3.6 Trigger 
The CMS trigger uses a two tiered system. The L1 trigger is the lower level hardware 

based system. The High Level Trigger (HLT) is software base and runs on a computer farm at 

point 5 where CMS is housed. 

The purpose of the L1 trigger is to make quick decisions about which events will be kept 

temporarily for further processing. The L1 trigger is used to identify events where the tracker 

should be read out. Only the calorimeters and the muon system are used in the L1 trigger. Each 

of the sub-detectors has its own triggering hardware. The output from the sub-detectors is 

synchronized to ensure that the signal from each of the sub-detectors comes from the same 

collision. The global trigger hardware then makes the final decision to initiate the HLT and to 

read out the tracker. 

If an event passes the L1 trigger, the data from all the sub-detectors are sent to the HLT 

computing farm. At this level the raw data from all the sub-detectors is unpacked and combined. 

The information from the calorimeters, muon system, and tracker can all be used to reconstruct 

basic physics objects in the HLT farm. For example, tracks can be combined with ECAL energy 

clusters to form electron candidates, or tracks can be combined with hits in the muon system to 

create muon candidates. At the HLT level the whole detector is used together to select events. 

The raw data from the events that survive the HLT are recorded permanently, while those that do 

not are removed permanently. 

The HLT farm must always be ready to accept events from the L1 trigger. For this 

reason, the amount of computing time each HLT trigger path uses must be balanced. For more 

rare L1 triggers, which will occur at a lower rate, more complex reconstruction software can be 

used. Conversely, simpler, faster, methods must be used for more common high rate triggers. 

Because of this time constraint in the HLT farm, the reconstruction algorithms used for 
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triggering tended to differ from the final reconstruction algorithms. In the HLT these algorithms 

are optimized for quickness, whereas the final reconstruction is optimized for precision and 

accuracy. By having the ability to spend different amounts of computing time on different L1 

triggered events, the HLT can select a broader range of physics processes. 

 The two tiered triggering system creates very low dead times while maintaining purity 

and selectivity. During data taking the L1 trigger is continuously monitoring, and the HLT 

allows for sophisticated event selection. The wide gamete of physics topics that are pursued by 

the CMS collaboration are a testament to the effectiveness and versatility of the CMS two tiered 

triggering system. 
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Chapter 4 Centrality  

In heavy ion collisions, the activity or violence of a collision can be classified by the number of 

nucleons that participate in the collision, Npart, the number of collisions between participants, 

Ncoll, or by the closest distance between the centers of the colliding nuclei, which is called the 

impact parameter b.  In MC, these values can be calculated from a model of the nucleus and a 

simulation of the collision.  In real heavy ion collisions, these variables cannot be measured 

directly.  In order to estimate this activity, a variable is chosen that is believed to scale 

monotonically with Npart or b. 

4.1 Variables used for Centrality 
In a collider experiment, the energy of the colliding nucleons goes into particle production and/or 

scattering.  Because the number of particles produced depends on Npart, the multiplicity of an 

event can be used as a measure of centrality.  The produced particles or particles that were 

scattered in a collision can scatter at any angle and because the colliding ions were initially along 

the beamline, the produced or scattered particles will leave the collision point more transverse to 

the beamline.  This allows for the transverse energy to be a potential measure of centrality.  An 

example is shown in Figure 4.1 which uses the number of reconstructed tracks in the tracker.  

The higher number of tracks corresponds to the most central events. In this analysis, three 

centrality variable were used, the ET deposited in lead going side of HF with η > 4, called HF-

Single, the ET deposited in both sides of HF with |η| > 4, called HF-Double, and the number of 

offline tracks, called NTrack, which reflects the multiplicity of events. 
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Figure 22Figure 4.1: The NTrack distribution divided into percentiles. 

Figure 4.1: The NTrack distribution divided into percentiles. The fit is a convolution of a 
geometrical (Glauber) distribution of the number of participants in the collision with a Negative 
Binomial distribution for the number of particles produced by each nucleon-nucleon collision. 

4.2 Fluctuations in Centrality Definition 
Centrality variables are chosen from objects that can be measured and then are extrapolated to 

variables such as Npart or b that are the true measure of centrality.  For PbPb collisons this 

correlation was quite tight but for pPb collisions the relationship between number of tracks or the 

energy deposited in a given pseudo-rapidity distribution is very wide. Figure 4.2 shows a 
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simulation of the correlation between the energy deposited within 4<|η|<5 and the number of 

nucleons that participate in the event. Although there is a correlation it is extremely wide.  

 

	  

Figure 23Figure 4.2: Simulation of the correlation between the energy deposited within 4<|η|<5 and Npart 

Figure 4.2: Simulation of the correlation between the energy deposited within 4<|η|<5 and Npart. 

 

 For PbPb no matter which η region is used to estimate centrality almost the same set of events is 

selected [24]. For pPb different choices of centrality variables classify events differently.  Figure 
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4.3 shows the correlation between pairs 3 centrality variables, the ET deposited in lead going side 

of HF with η > 4, called HF-Single, the ET deposited in both sides of HF with |η| > 4, called HF-

Double, and the number of offline tracks, called NTrack, which reflects the multiplicity of 

events, from data (top row), EPOS (middle) and HIJING (bottom).  The contents of each panel 

are normalized to 100%. A perfect correlation between different centrality measures would 

produce a diagonal band.  The figure shows significant mixing between the event samples 

selected by different centrality measures.  Note that the spread is more predominant for mid-

central events and is nearly symmetric about the diagonal except for the HF-Double vs HF-

Single.  
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Figure 4.3: Correlation plots of simulated NTracks vs HF-Single (left column) NTracks vs HF-
Double (middle) HF-Double vs HF-Single (right) for data (top row) EPOS (middle) and HIJING 
(middle). The axis corresponds to 10% bins of centrality where 0-1 represents the most 
peripheral collisions.  Each panel is normalized to 100%.  
 

 
In the dET/dη measurement in PbPb collisions [24], HF was used both to measure ET and 

calculate centrality.  This put an autocorrelation in the measure.  However, by using a 

combination of the ZDC and pixel detectors to measure centrality, the effect was estimated to be 

less than 1.5%.  This result shows that the fluctuations in PbPb collisions are small.  This allows 
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Figure 24Figure 4.3: Correlation plots of simulated NTracks vs HF-Single (left column) NTracks vs HF-Double (middle) HF-Double 
vs HF-Single (right) for data (top row) EPOS (middle) and HIJING (middle). 
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correlations between a physics measurement and the centrality chosen centrality definition to be 

avoided by having a pseudorapidity gap between where a physics measurement was taken and 

where the centrality was defined.  In pPb collisions, the significantly larger fluctuations make 

this no longer true.  Figure 4.4 shows the energy deposited into the lead-going ZDC vs. the 

number of pixeltracks normalized by an effective value.  The red curve is a fit to the average 

value for each bin and the black lines represent centrality cuts in ZDC-pixel space for the two 

most central and two most peripheral centrality bins going from right to left.  The colors 

represent centrality using the HF calorimeter on the Pb-going side.  The figure clearly shows that 

events from a chosen centrality range for one definition can have events from several centrality 

ranges from another definition.  
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Figure 25Figure 4.4 Correlation of the ZDC on the lead side with the number of pixel tracks. 

Figure 4.4 Correlation of the ZDC on the lead side with the number of pixel tracks. The red line 
is a fit to the average ZDC+ for a given number of tracks. Each event is represented by a point in 
the figure whose color shows the HF centrality. The black lines represent the two dimensional 
cuts for selecting various centralities.  
 

In order to understand these fluctuations and the autocorrelations that can arise from to a 

choice of centrality, a measurement needs to be made over as large a pseudorapidity range as 

possible for several centrality classes.  The near hermitic coverage of CMS allows for this 

measurement to be done using dET/dη. 
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4.3 Effect of different centrality definitions on dET/dη 
Even if CMS was a perfect detector the choice of centrality variable would still have a noticeable 

effect on dET/dη. Figure 4.5 shows dET/dη from generated EPOS and HIJING events for several 

different definitions of centrality.  Figure 4.6 shows the same information but on a logarithmic 

scale. The autocorrelations are clearly visible for the HF-Double and HF-Single definitions.  

Figure 4.6 clearly shows that the auto-correlations are positive for the most central events and 

negative for the most peripheral samples. The autocorrelation is less sharp when NTrack is used to 

define centrality because tracker covers a much wider rapidity interval that the HF regions used 

by HF-Double and HF-Single.   

Figure 26Figure 4.5: (1/N) dET/dη vs η for EPOS (top row) and HIJING (bottom row) for several centralities. The plots in the left column use 
HF-Double, the middle column (HF-Single) and the right column (NTrack). 
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Figure 4.5: (1/N) dET/dη vs η for EPOS (top row) and HIJING (bottom row) for several 
centralities. The plots in the left column use HF-Double, the middle column (HF-Single) and the 
right column (NTrack).  
 

	  
Figure 27Figure 4.6: (1/N) dET/dη vs η on a logarithm scale for EPOS (top row) and HIJING (bottom row) for several centralities. The plots in 
the left column use HF-Double, the middle column (HF-Single) and the right column (NTrack). 

Figure 4.6: (1/N) dET/dη vs η on a logarithm scale for EPOS (top row) and HIJING (bottom row) 
for several centralities. The plots in the left column use HF-Double, the middle column (HF-
Single) and the right column (NTrack).  
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Chapter 5 dET/dη Measurement 

In this chapter, the various parts of the analysis are explained.  The transverse energy per event is 

calculated using the following equation:  

1
!!"

!!!(!)
!" =

1
!!"

1
∆! !!

!" ! (!"  !!
!" > !ℎ!"#ℎ!"#!)

!!"#

!!!

!

!!!

∗
!!!"(!) !"#
!!!"(!) !"#

(5.1) 

where Nev are the number of good events that pass the minimum bias trigger and offline event 

selection cuts, note that unless otherwise stated, N will represent Nev. The event selection is 

described in Section 5.1. In Eqn 5.1, Δη is the η range of the calorimeter channels that are 

summed together.  The index i in Eqn 5.1 represents the identified particle types in the particle 

flow algorithm, i.e. charged and neutral hadrons, photons, electrons, muons, and particles that 

cannot be identified, see Section 5.2.  The index j counts the number of particles of a given type 

that is larger than the noise threshold of species i, see Section 5.4.   !!
!"(!) is the measured 

transverse energy of a particle identified by the particle flow algorithm.  !!!"(!) (Gen) is the 

total generated transverse energy from the Monte Carlo, while !!!"(!) !"#  is the sum of the 

reconstructed transverse energy from the Monte Carlo. Note for the analysis of the MC events, 

the event selection and noise cuts are the same as in the data, see Section 5.3. 

 For simplicity, this chapter focuses upon the minimum bias distribution to avoid any 

biases from the choice of centrality variable. However the systematic errors are listed for both 

the minimum bias data set and as a function of centrality.  



43	  
	  

5.1 Event Selection 
The data for this analysis was recorded during the LHC 2013 pPb, and Pbp runs. During this run, 

31 nb-1 of data were taken by CMS, of which 1.14 nb-1 of pPb data was used for this analysis.  

After downscaling by the trigger and offline cuts, this sample produced roughly 27 thousand 

good events. Note for this analysis statistical errors were not dominant so there was no need to 

use more data.  A sample of Pbp data was also used to check the symmetry of the calorimeters.  

For this analysis the loosest possible trigger was used to select hadronic events. These are 

called minimum bias events.  A minimum bias event is triggered first from the Level 1 zero bias 

trigger, L1_Zerobias trigger, which uses the BPTX induction counters to ensure that there are 

two beams present.  These events were then passed to the HLT trigger farm which reconstructs 

the events in software. After reconstruction the HLT runs the 

HLT_PAZeroBiasPixel_SingleTrack trigger path which requires that both particle beams are on 

and there is at least one track in the tracker with |η| < 2.5 and pT > 0.4 GeV/c. This guarantees 

that a collision occurred.  

After the events were selected by the trigger the offline analysis commenced. The first 

requirement is to select nuclear pPb interactions. Cuts were made in order to ensure that the 

collision was a nuclear pPb collision rather than a beam gas or electromagnetic interaction. 

These standard cuts have been used for all the 2013 pPb analyses [22,38], except those that target 

electromagnetic interactions.  The number of events passing each cut is shown in Table 1. The 

first two cuts consist of having at least one HF calorimeter tower with more than 3 GeV of total 

energy on both sides of the HF calorimeter. This eliminates the asymmetric electromagnetic 

events.  A primary vertex within 0.15 cm in the transverse direction and 15 cm in the 

longitudinal direction of the average beam spot eliminates beam gas events.  At least two 
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reconstructed tracks were required to be associated with the primary vertex.  In order to have a 

clean signal, the effects of pile up need to be accounted for.  Pile up is when there is more than 

one collision per bunch crossing. In order to correct for this, a pile up filter called 

pileupVertexFilterCutGplus was used in this analysis to ensure that there was only one collision 

per bunch crossing. This pileup filter identifies the primary vertex as the vertex with the most 

number of tracks associated with it.  Based on studies from the low pile up pPb data, PbPb data, 

and MC simulations, events with a secondary vertex with the number of tracks above a certain 

threshold for a given z-separation were identified as pileup events and were removed. From these 

cuts, a total of 268430 physics events were recorded. 

Cut Type Cut Events 
- all triggered 291220 
 

PA Collisions Event Selection 
HF Positive above noise threshold 279754 
HF Negative above noise threshold 275934 

good vertex requirement 274280 
Pile up pile up filter 268430 

Table 5.1: Effects of event selection cuts on the pPb minimum bias sample.  

 

For the PbPb dET/dη analysis, the calorimeter noise introduced a significant systematic 

for the measurement of peripheral events.  In order to tackle this problem, a sample of noise 

events was collected. The L1 trigger used was the L1Tech_BPTX_quiet trigger. This trigger 

ensured that there was no beam present.  These events are then passed to the HLT trigger 

HLT_PARandom_v1. This trigger selected events randomly in time. No HV or vertex cuts were 

applied to the noise sample.  
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5.2 Objects used to reconstruct raw ET 
After all of the selection cuts, the remaining events were used to measure dET/dη.  In the PbPb 

dET/dη analysis, recorded hits in the calorimeters, or Rechits, were used to measure dET/dη.  But 

due to the low signal-to-noise ratio from Rechits, especially in the HCAL, the most peripheral 

events (80 – 100%) were discarded.  Because pPb collisions are similar to peripheral PbPb 

collisions, a different method was used in this analysis that uses more of the CMS detector in 

order to reduce the effect of calorimeter noise in the signal. The method is based upon the 

Particle-Flow algorithm [36,37].  The particle flow algorithm uses a combination of the tracker 

and calorimeters to identify and reconstruct individual particles from collisions.  Figure 5.1 

shows a transverse layout of the CMS detector.  Because of the magnetic field produced by 

CMS, the path taken by charged particles is curved and the pT from these particles can be 

measured in the tracker instead of the calorimeters.  For all particles except neutral hadrons the 

transverse energy is deduced from the momentum of tracks in the tracker. Only the ET from 

neutral hadrons is measured in the HCAL, greatly reducing the noise.  Note for the PbPb analysis 

it was not possible to use the particle flow algorithm because of the very high multiplicity of 

tracks in central PbPb events. Figure 5.1 shows a longitudinal slice through one quadrant of 

CMS. Note the boundary between the barrel and endcap near η = 1.3 and end of the tracker and 

ECAL acceptance around η = 2.5. The HF detector, shown in pink covers the region 3.0 < η < 

5.0.  

Figure 5.3 shows the raw, minimum bias dET/dη distribution vs η.  The distribution 

shows large spikes at η =0 and at the barrel-endcap boundaries and dips that correspond to a gap 

between the endcap and HF (see Figure 5.2).  Figure 5.4 shows the average dET/dη vs η per 

event from the noise sample.  The spikes in this figure correspond to the spikes in Figure 5.3. 
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Note, there is almost no noise in the HF region.  Figure 5.5 shows the raw, minimum bias dET/dη 

distribution after subtracting the noise.  Even after the subtraction, there are still significant 

spikes at the barrel-endcap boundaries.  The procedure to correct for these anomalies is discussed 

in the Section 5.4.  

	  

Figure 28Figure 5.1: Transverse layout of the CMS detector showing how different particles deposit energy differently in various parts of the 
detector. 

Figure 5.1: Transverse layout of the CMS detector showing how different particles deposit 
energy differently in various parts of the detector. Muons penetrate all the way to the other 
chambers. Electrons leave tracks in the silicon and energy only in ECAL. Charged hadrons leave 
tracks in the silicon and deposit energy in both ECAL and HCAL. Neutral Hadrons do not make 
tracks and deposit energy only in HCAL. Finally photons do not produce tracks and leave energy 
only in ECAL.  
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Figure 29Figure 5.2: Longitudinal layout of one quadrant of the CMS detector [18]. 

Figure 5.2: Longitudinal layout of one quadrant of the CMS detector [18]. Note the boundary 
between the barrel and endcap near η = 1.3 and end of the tracker and ECAL acceptance around 
η = 2.5. The HF detector, shown in pink covers the region 3.0 < η < 5.0.  
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Figure 30Figure 5.3:  Raw minimum bias (1/N) dET/dη distribution. 

Figure 5.3:  Raw minimum bias (1/N) dET/dη distribution. 

	  

Figure 31Figure 5.4: Raw (1/N) dET/dη triggered from the noise trigger. 

Figure 5.4: Raw (1/N) dET/dη triggered from the noise trigger. 
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Figure 32Figure 5.5:  Raw minimum bias dET/dη with the noise distribution subtracted. 

Figure 5.5:  Raw minimum bias dET/dη with the noise distribution subtracted. 

5.3 Physics Generators and Monte Carlo Simulations 
Every physical measurement is the product of an underlying physics process combined with the 

response of the detector used to do the measurement.  In order to comprehend the underling 

physics process, the detector’s effects must be understood and accounted for.  As instruments 

become more complex, the interplay amongst all of the parts of the detector makes an analytic 

approach to the problem untenable.  For this reason, the numerical method of Monte Carlo (MC) 

simulation is frequently the most effective approach for describing detector effects. 

 MC generators use a random number generator to model the many statistical effects of 

particles interacting with the detector.  First a physics event generator is used to produce a 

sample of particles.   These generated particles are then propagated through a simulation of the 



50	  
	  

detector.  As the particle goes through the detector, random numbers are used to determine how 

the particle interacts with the detector based on known properties of the materials that make up 

the detector.  In this way, the theoretical distributions are convolved with a realistic model of the 

detector response.  The final goal of the MC simulation is to produce a set of events that 

correctly produces what would be measured if the theoretical input accurately describes nature.  

The ratio of the MC input to the MC output is a measure of the acceptance of the detector; 

ideally this ratio should be close to 1.0 with only a weak dependence upon the physics input.   

In this thesis, two MC generators were used to generate events, HIJING [32] and EPOS-

LHC [33].  These two samples were propagated through the official GEANT4 simulation of the 

CMS detector that also includes a model of the electronic noise [34]. HIJING combines a pQCD 

inspired model for jet production with low pT multistring phenomenology. The EPOS-LHC 

model uses the parton-based Gribov-Regge theory [35] along with a hydrodynamic model for 

phase-space regions of high energy densities.  It also has a phenomenological model of gluon 

saturation implemented.  

5.4 Study and Minimization of the Noise 
Figure 5.6 shows the simulated dET/dη for EPOS-LHC, HIJING.  As seen in the data, there are 

spikes at the boundaries of detector components caused by noise in the MC.  Figure 5.7 shows 

the correction factors EPOS-LHC and HIJING.  The dips and spikes in the distribution 

correspond to the spikes and dips in Figure 5.6. In order to study the nature of this noise, dET/dη 

vs η was plotted for each of the identified particle types for EPOS-LHC, HIJING, data and noise 

events, see Figure 5.8.  These plots show that the neutral hadrons and photons are the cause of 

the spikes at similar η values for both data and Monte Carlo.  As expected, leptons make a 

negligible contribution to the total signal.  Figure 5.9 shows the ET distributions for the identified 
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particles.  Below 1.2 GeV, the neutral hadron distribution becomes unphysical and below 0.5 

GeV, the photon distribution in data is dominated by the noise distribution. Figure 5.10 shows 

the simulated dET/dη for EPOS-LHC and HIJING after an ET cut of 1.2 GeV for the neutral 

hadrons and 0.5 for the photons.  These cuts lower the spikes in the MC distributions and reduce 

the noise distribution (see Figure 5.11), but increase the correction factors, see Figure 5.12. This 

set of cuts will be referred to as the nominal cuts.   Two spikes in the noise distribution near |η| = 

1.2 that decrease more slowly as the noise, see Figure 5.13.  Because of this unusual effect, these 

two bins are removed from the photon distribution when dET/dη is calculated.  In order to 

estimate the sensitivity of the final dET/dη to the noise cuts two defined set of cuts were also 

used.  The values of these cuts are listed in Table 5.2. 

Cuts Photon Energy Cut (GeV) Neutral Hadron Cut (GeV) 

No Cut 0 0 

Nominal Cut 0.5 1.2 

Stronger Cut 1.0 1.2 

Table 5.2: List of cuts used for noise reduction analysis. 
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Figure 33Figure 5.6: Simulated reconstructed (1/N) dET/dη from minimum bias events. 

Figure 5.6: Simulated reconstructed (1/N) dET/dη from minimum bias events. 

	  

Figure 34Figure 5.7: Correction factor for minimum bias EPOS-LHC (left) and HIJING (right). 

Figure 5.7: Correction factor for minimum bias EPOS-LHC (left) and HIJING (right). 
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Figure 35Figure 5.8: (1/N) dET/dη vs η from minimum bias events for identified particles in EPOS-LHC (top-left), HIJING (top-right), Data 

(bottom-left), and Noise (bottom-right). 

Figure 5.8: (1/N) dET/dη vs η from minimum bias events for identified particles in EPOS-LHC 
(top-left), HIJING (top-right), Data (bottom-left), and Noise (bottom-right). 
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Figure 36Figure 5.9: (1/N) dN/dET vs ET from minimum bias events for identified particles in EPOS-LHC (top-left), HIJING (top-right), Data 

(bottom-left), and Noise (bottom-right). 

Figure 5.9: (1/N) dN/dET vs ET from minimum bias events for identified particles in EPOS-LHC 
(top-left), HIJING (top-right), Data (bottom-left), and Noise (bottom-right). 
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Figure 37Figure 5.10: Simulated (1/N) dET/dη for minimum bias events after nominal ET cuts. 

Figure 5.10: Simulated (1/N) dET/dη for minimum bias events after nominal ET cuts. 
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Figure 38Figure 5.11:  dET/dη triggered from the noise trigger with the noise cuts from Table 5.2. 

Figure 5.11:  dET/dη triggered from the noise trigger with the noise cuts from Table 5.2. 
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Figure 39Figure 5.12:  dET/dη correction factors before and after cuts for EPOS-LHC (left) and HIJING (right). 

Figure 5.12:  dET/dη correction factors before and after cuts for EPOS-LHC (left) and HIJING 
(right). 
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Figure 40Figure 5.13: The photon (1/N) dET/dη distribution triggered from the noise trigger with the noise cuts from Table 5.2. 

Figure 5.13: The photon (1/N) dET/dη distribution triggered from the noise trigger with the noise 
cuts from Table 5.2. 

5.5 Systematic Uncertainties 
In this analysis, there were 4 sources of systematic error, the difference between the two Monte 

Carlos, the effect of noise cuts within each MC, the error in the correction factors, and the 

forward-backward asymmetry between pPb and Pbp events.  Each of the systematic errors was 

calculated for the tracker region (|η| < 2.5) and the region between the tracker and HF (2.5 < |η| < 

3.0).  The second systematic was not used for the HF region (3.0 < |η| < 5.2) because there was 

so little noise in the HF region. 

Figure 5.14 shows the normalized dET/dη from minimum bias events corrected with 

EPOS-LHC and HIJING with various ET cuts.  The black distribution has no cuts, the blue 

distribution has the nominal cuts, and the red distribution has the stronger cuts from Table 5.2.  
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The first systematic error was determined by taking half of the difference between the blue 

curves.  The second systematic error was calculated by taking the average of the difference 

between the blue and red curves and the blue and the black curves for both EPOS-LHC and 

HIJING.  

	  
Figure 41Figure 5.14: (1/N) dET/dη for minimum bias events from data corrected with EPOS-LHC (left) and HIJING (right).  The colors 

represent different sets of noise cuts. 

Figure 5.14: (1/N) dET/dη for minimum bias events from data corrected with EPOS-LHC (left) 
and HIJING (right).  The colors represent different sets of noise cuts. 
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Ideally if the reconstructed Monte Carlo distributions were corrected in the same way as 

the data the results would be identical to the generated Monte Carlo distribution. To estimate this 

non-closure error in the correction factors, the reconstructed MC samples were corrected just like 

the data.  Figure 5.14 shows the generated, reconstructed, and corrected MC samples for EPOS-

LHC and HIJING.  Note the strong distortion of the shape of the distributions near η = 2.5 where 

the tracker and ECAL end.  Figure 5.15 show the ratio of corrected MC to generated MC for 

EPOS-LHC and HIJING. The non-closure error was taken as the average difference between the 

corrected and generated distributions of the two Monte Carlos. 

 

	  

Figure 42Figure 5.14: (1/N) dET/dη for minimum bias events from data corrected with EPOS-LHC (left) and HIJING (right).  The colors 
represent different sets of noise cuts. 

Figure 5.14: Generated, reconstructed, and corrected EPOS-LHC (left) and HIJING (right) 
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Figure 43Figure 5.16: MC Non-closure. The ratio of reconstructed Monte Carlo corrected as in data to the true generated distribution for EPOS-
LHC (red) and HIJING (blue). 

Figure 5.15: MC Non-closure. The ratio of reconstructed Monte Carlo corrected as in data to the 
true generated distribution for EPOS-LHC (red) and HIJING (blue). Note the correction factor 
used for the data is the average of the correction factors from EPOS-LHC and HIJING. 
 

Because pPb collisions are asymmetric, the effect of having a pPb collision versus a Pbp 

collision was studied.  A sample of Pbp events was taken and compared to the pPb sample.  

Figure 5.17 shows the difference between (1/N) dET/dη for pPb and Pbp minimum bias events 

with the Pbp events reversed with respect to η. 
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Figure 44Figure 5.17: Difference of (1/N) dET/dη for pPb(η) and Pbp(-η). 

Figure 5.17: Difference of (1/N) dET/dη for pPb(!) and Pbp(-!). 

The percent errors for each systematic are shown in Table 5.2 for minimum bias events in 

the tracker region as well as for 10% bins of centrality.  Table 5.3 shows the percent errors 

related to the region between the tracker and HF. These become very large for peripheral events 

and so it was decided not to use this region in the final analysis. Finally Table 5.4 shows the 

percent errors for the HF region. These are much smaller than in the other regions.  

Centrality (from 
HF+ and HF-) 

Difference MCs 
(%) 

Noise with 
Cuts (%) 

pPb - Pbp 
(%) 

Correction 
Factor (%) 

Total (%) 

Minimum bias 4.7 1.7 2.4 4.9 7.4 
0 – 10% 5.5 0.9 1.8 5.8 8.2 
10 – 20% 5.2 1.1 2.0 5.4 7.8 
20 – 30% 5.0 1.3 2.1 5.2 7.6 
30 – 40% 4.9 1.5 2.1 5.1 7.5 
40 – 50% 4.7 1.8 2.7 4.8 7.5 
50 – 60% 4.4 2.3 2.9 4.5 7.3 
60 – 70% 3.9 3.1 3.2 4.1 7.2 
70 – 80% 2.8 4.2 5.0 2.9 7.7 
80 – 90% 1.7 5.9 6.4 1.7 9.0 
90 – 100% 0.8 10.1 8.9 0.8 13.5 

Table 5.3: Systematic errors of (1/N) dET/dη for the tracker region (|η| < 2.5). 
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Centrality (from 
HF+ and HF-) 

Difference MCs 
(%) 

Noise with 
Cuts (%) 

pPb - Pbp 
(%) 

Correction 
Factor (%) 

Total (%) 

Minimum bias 6.7 7.9 7.0 7.4 14.5 
0 – 10% 7.4 4.2 7.2 8.2 13.8 
10 – 20% 7.5 5.7 7.0 8.2 14.3 
20 – 30% 7.3 6.8 6.7 8.0 14.4 
30 – 40% 7.8 8.1 7.6 8.6 16.1 
40 – 50% 7.3 9.7 6.6 8.0 16.0 
50 – 60% 7.5 10.9 7.8 8.3 17.5 
60 – 70% 6.8 13.0 6.5 7.5 17.7 
70 – 80% 4.9 16.6 6.4 5.2 19.2 
80 – 90% 2.7 22.9 8.8 2.8 24.8 
90 – 100% 3.3 39.5 8.3 3.3 40.6 

Table 5.4: Systematic errors of (1/N) dET/dη for (2.5 < |η| < 3.0) 
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Centrality (from 
HF+ and HF-) 

Difference MCs 
(%) 

pPb - Pbp (%) Correction 
Factor (%) 

Total (%) 

Minimum bias 2.4 2.1 2.2 3.9 
0 – 10% 3.0 2.5 2.7 4.7 
10 – 20% 2.9 2.4 2.6 4.6 
20 – 30% 2.7 2.1 2.4 4.2 
30 – 40% 2.5 1.9 2.3 3.9 
40 – 50% 2.4 2.1 2.2 3.9 
50 – 60% 2.2 2.0 2.0 3.6 
60 – 70% 2.1 2.5 1.9 3.8 
70 – 80% 1.6 2.2 1.5 3.1 
80 – 90% 1.2 3.2 1.1 3.6 
90 – 100% 1.1 2.4 1.3 2.9 

Table 5.5: Systematic errors of (1/N) dET/dη for HF (3.0 < |η| < 5.2) 

 Figure 5.18 shows the corrected (1/N) dET/dη for minimum bias data, which is the 

average of the EPOS-LHC and HIJING corrected data, along with the generated EPOS-LHC and 

HIJING minimum bias distributions.  The data is higher than both generators in the central 

region and decreases faster as |η| increases.   

 
 

Centrality (from 
HF+ and HF-) 

|η| < 2.5 2.5 < |η| < 3.0 3.0 < |η| < 5.2 

Minimum bias 5.5 12.5 3.2 
0 – 10% 5.9 11.1 3.9 
10 – 20% 5.7 11.7 3.8 
20 – 30% 5.6 12.0 3.4 
30 – 40% 5.5 13.6 3.1 
40 – 50% 5.7 13.8 3.2 
50 – 60% 5.7 15.4 3.0 
60 – 70% 5.9 16.0 3.3 
70 – 80% 7.0 18.5 2.7 
80 – 90% 8.7 24.7 3.4 
90 – 100% 13.4 40.5 2.6 

Table 5.6: Total Systematic errors of (1/N) dET/dη in different regions of η. 
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Figure 45Figure 5.18:  Corrected (1/N) dET/dη for minimum bias data and generated EPOS-LHC and HIJING. 

Figure 5.18:  Corrected (1/N) dET/dη for minimum bias data and generated EPOS-LHC and 
HIJING. The yellow band shows the total systematic error. The statistical errors are smaller than 
the size of the data points.  

 

5.6 SPC Measurement 
In order to improve the measurement of the autocorrelation that comes from choice of centrality 

and to minimize the detector effects inherent in dET/dη, a new variable was used in this analysis 

called SPC.  SPC is calculated using the following equation: 

!!" η, centralty =    !"!
!!
(η, centrality)/ !"!

!!
(η,most  central)   (5.2) 

where centrality is the centrality range of interest.  The minimization of the detector effects can 

be seen in the correction factors shown in Figure 5.19.  The value of the correction factors is 

much closer to one than they are for dET/dη.   The dips below one for the correction factors with 
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no cuts are due to the noise distribution.  In the HF region, the values are the same because the 

noise cut were only for the tracker region. 

	  
Figure 46Figure 5.19: SPC correction factors before and after cuts for EPOS-LHC (left) and HIJING (right). 

Figure 5.19: SPC correction factors before and after cuts for EPOS-LHC (left) and HIJING 
(right). 

 

The systematic errors of SPC are calculated in the same way as the errors in dET/dη.  

Table 5.7 shows the systematic and statistical errors for the tracker region.  The statistical errors 

are also listed and are found to be comparable to the systematic errors for more central events. 

Figure 5.20 shows SPC for the three centrality variables for data, EPOS-LHC, and HIJING for the 

30-40% centrality range.  The effect of the autocorrelation in the data is not as strong as in the 

MCs, but the small errors in SPC allow for the effect to be measured.    

Centrality 
(from HF+ 
and HF-) 

Difference 
MCs (%) 

Noise with 
Cuts (%) 

pPb - Pbp 
(%) 

Correction 
Factor (%) 

Statistical 
Error (%) 

Total (%) 

10 – 20% 0.4 0.1 0.9 0.4 0.3 1.1 
20 – 30% 0.5 0.1 1.3 0.5 0.3 1.6 
30 – 40% 0.6 0.1 1.3 0.6 0.2 1.6 
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40 – 50% 0.9 0.2 1.1 0.8 0.2 1.7 
50 – 60% 1.2 0.2 1.5 1.1 0.2 2.2 
60 – 70% 1.6 0.2 1.6 1.5 0.1 2.7 
70 – 80% 2.6 0.3 3.5 2.6 0.1 5.1 
80 – 90% 3.8 0.4 4.3 3.7 0.1 6.8 
90 – 100% 5.1 0.6 6.0 4.8 0.1 9.2 

Table 5.7: Systematic and statistical errors of SPC for the tracker region (|η| < 2.5). 

Centrality 
(from HF+ 
and HF-) 

Difference 
MCs (%) 

Noise with 
Cuts (%) 

pPb - Pbp 
(%) 

Correction 
Factor (%) 

Statistical 
Error (%) 

Total (%) 

10 – 20% 0.4 0.1 0.9 0.4 0.3 1.1 
20 – 30% 0.5 0.1 1.3 0.5 0.3 1.6 
30 – 40% 0.6 0.1 1.3 0.6 0.2 1.6 
40 – 50% 0.9 0.2 1.1 0.8 0.2 1.7 
50 – 60% 1.2 0.2 1.5 1.1 0.2 2.2 
60 – 70% 1.6 0.2 1.6 1.5 0.1 2.7 
70 – 80% 2.6 0.3 3.5 2.6 0.1 5.1 
80 – 90% 3.8 0.4 4.3 3.7 0.1 6.8 
90 – 100% 5.1 0.6 6.0 4.8 0.1 9.2 
Table 5.7: Average Systematic and statistical errors of SPC for the HF region (3.0 < |η| < 5.2). 

	  
Figure 47Figure 5.20: SPC in the 30 – 40% centrality range for data and MC using HF-Double (left), HF-Single (middle), and Nrack (right) 
centrality definitions. 

Figure 5.20: SPC in the 30 – 40% centrality range for data and MC using HF-Double (left), HF-
Single (middle), and Ntrack (right) centrality definitions. 
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Chapter 6 Results and Summary  

In the last chapter the analysis steps to measure dET/dη were presented. In this chapter, the 

measured dET/dη and SPC are shown.  Comparisons of the data to MC simulations are discussed 

and finally a summary of the complete thesis is provided. 

6.1 dET/dη Results 
Figure 6.1 shows dET/dη vs η for the HF-single, HF-double, and NTrack centrality definitions 

respectively.  A comparison to Monte Carlo is also shown. For all three definitions, the central 

region shows a higher value in the data than the MCs for more central collisions, and then agrees 

in the forward and backward regions.  For more peripheral collisions, the data and MC agree 

across the whole η range.  In the MCs, the autocorrelation induced by the centrality definition is 

seen as a discontinuity at the value of η where it is defined (η =4 for HF-single, |η| = 4 for HF-

double, and |η| = 2.5 for Ntrack). For the most central events, the autocorrelation causes a rise in 

dET/dη and a drop for more peripheral events.  This trend causes the autocorrelation in SPC to 

always be a drop.  This will be discussed more in the SPC section.  It should be noted that the 

binning in MC is finer than in the data. 
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Figure 48Figure 6.1: dET/dη as a function of η normalized by the number of events for 4 selected centrality ranges for HF-Double (left), HF-

Single (middle), and NTrack (right) centrality definitions. 

Figure 6.1: dET/dη as a function of η normalized by the number of events for 4 selected centrality 
ranges for HF-Double (left), HF-Single (middle), and NTrack (right) centrality definitions. The 
generated values from EPOS-LHC and HIJING are also shown for 2 centrality ranges. 
 

Figure 6.2 shows the mean η, the rms of η, and the total ET as a function of centrality for 

the 3 centrality variables and a comparison to Monte Carlo is also shown. Increasing centrality 

represents more central collisions.  At 5.02 TeV, the rapidity of the system is -0.45 and for all 3 

centrality definitions, the mean η value increases with centrality, shifting from negative η (proton 

side) to positive η (lead side).  For HF-double, the mean η in data is more consistent with EPOS-

LHC for peripheral collisions and shifts toward HIJING for more central collisions and then with 

EPOS-LHC for more peripheral.  The mean η increases steadily with centrality since the proton 

interacts with more participants in the lead nucleus. This effect is reproduced by both MCs. with 

The  RMS η of the data decreases with centrality and is much lower than in the MCs.  The effect 

of the autocorrelation in the most peripheral collisions narrows the distribution, causing it to 

increase initially, it then decreases with centrality. The total ET is consistent with HIJING for all 
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but the most central collisions.  Between 20 and 70%, EPOS-LHC is higher than both the data 

and HIJING.  

	  
Figure 49Figure 6.2: The mean η (top row), rms of η (middle row), and total ET (bottom row) as a function of centrality for HF-Double (left 
column), HF-Single (middle column) and NTrack (right column). 

Figure 6.2: The mean η (top row), rms of η (middle row), and total ET (bottom row) as a function 
of centrality for HF-Double (left column), HF-Single (middle column) and NTrack (right 
column). The error bars for mean η and η rms are close to the size of the points. 

 

For HF-Single, the autocorrelation causes a downward shift for η < 4.  This effect is 

stronger in the data than in the MCs and causes a greater shift of the mean η to lower value.  For 

central collisions, the data matches EPOS-LHC and is below HIJING.  The rms value in data is 

much lower than in the MCs and like as with HF-Double, the autocorrelation narrows the 
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distribution for the most peripheral causing an initial increase, then a decrease.  The total ET in 

data is lower than in the MC except in the two most central events. The distributions for HIJING 

and EPOS-LHC are almost the same for all centralities. 

For Ntrack, the mean η in data is reasonably consistent with both HIJING and EPOS-

LHC. Unlike for the HF definitions, the autocorrelation causes the shift in dET/dη to occur in the 

central region. This flattens the distribution and causes the rms to decrease monotonically with 

centrality, unlike in the HF centrality definitions where it increased initially.  The value of the 

rms is consistently lower in the data than in the MCs. The total ET is lower than the MCs for all 

but the most central collisions.  HIJING is closer for all but the most peripheral and the two most 

central bins where they converge.  

6.2 SPC Results 
In order to more closely examine the fluctuations in pPb collisions and minimize the detector 

effects in measuring dET/dη, the ratio of dET/dη for peripheral collisions to central collisions, 

called SPC, has been measured.  Figure 6.3 shows SPC as a function of η for 4 centrality ranges for 

all three centrality definitions.  Figure 6.4 shows the same on a logarithmic scale and centrality 

for HF-single, HF-double, and NTrack definitions respectively with a comparison to MC for the 

30-40% centrality range.  For all centrality definitions and at all values of η, SPC decreases going 

from central to peripheral collisions. The effect of the autocorrelation is a dip in the distribution 

where the centrality is defined for all centrality definitions and is larger for more peripheral 

events. The autocorrelation in dET/dη causes a dip in the peripheral distribution but a bump in 

the central distribution and the ratio of peripheral/central shows a dip.  

For HF-double, SPC increases with centrality and the increase is greater for negative η 

values. SPC decreases with η for all but the two bins to the right of |η| = 4 due to autocorrelation. 
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The same trends are seen for HF-Single except that the increase in SPC as a function of η only 

occurs in the bin to the right of η = 4 due to autocorrelation. 

	  
Figure 50Figure 6.3: SPC as a function of η for 4 chosen centrality ranges for HF-Double (left), HF-Single (middle) and NTrack (right). 

Figure 6.3: SPC as a function of η for 4 chosen centrality ranges for HF-Double (left), HF-Single 
(middle) and Ntrack (right).  The generated SPC for EPOS-LHC and HIJING are also shown for 
two centrality ranges. 
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Figure 516.4: SPC as a function of η for 4 chosen centrality ranges for HF-Double (left), HF-Single (middle) and NTrack (right), on a log scale. 

Figure 6.4: SPC as a function of η for 4 chosen centrality ranges for HF-Double (left), HF-Single 
(middle) and Ntrack (right), on a log scale.  The generated SPC for EPOS-LHC and HIJING are 
also shown for two centrality ranges. 
 
 

 The effect of the autocorrelation for Ntrack was different from the HF centrality 

definitions.  Figure 6.5 shows SPC for Ntrack in four centrality ranges with MC comparisons for 

each range.  Unlike with the HF definitions, the lowest value of SPC for a given centrality range 

is for the most central η range. This is caused by the autocorrelation shifting SPC down in the 

tracker region. The shift is enough lowers SPC in the central region below the HF region on the 

lead side.  For the central value of η, SPC for both EPOS-LHC and HIJING are higher than the 

data, but approach the data value in peripheral collisions. 
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Figure 526.5: NTrack SPC as a function of η for central (left) and peripheral (right) events. The error bars represent the systematic error. 

Figure 6.5: Ntrack SPC as a function of η for central (left) and peripheral (right) events. The error 
bars represent the systematic error. 

 
 

6.3 Summary 
As our understanding of the QGP has grown over the past 30 years from doing experimental 

heavy ion physics, the questions surrounding the QGP have shifted from confirming the creation 

of a deconfined state to understanding the properties of the created state.  It appears that the QGP 

is a hot fluid of quarks and gluons with nearly no viscosity.  The LHC experiments  have 

reproduced this state and its properties have been are being analyzed with the detector 

experiments including CMS.  The CMS detector was originally designed to study Z, W and top 

production, finding the Higgs boson, and analyzing high-energy jets.  But the nearly hermitic 

coverage of  the calorimetry and the precise tracker allow CMS to measure the relativity large 

number of low energy particles that are produced in pPb collisions  and so measure dET/dη. This 

enables a measurement of the energy density of  pPb collisions in order to determine if a QGP 

could form.   

In order to separate the effects seen in PbPb collisions that could come from causes other 

than the QGP, a pPb collision experiment was done at the LHC.  It was believed that the QGP 

state would not be made in pPb collisions and any effect seen would be from cold nuclear matter.  
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However, collectivity and flow effects, thought to come from the QGP, have been measured in 

pPb collisions [22]. Compared to the PbPb analysis of dET/dη, the value of dET/dη for central 

collisions decreased by a factor of about 35, but the cross sectional area of the overlap region has 

decreased by that amount as well, so the energy density in pPb collisions is about the same as in 

PbPb collisions.  This means that in the region where the proton goes through the lead nucleus, a 

tube of QGP could form.  

In pPb, the choice of centrality had a very large effect on the result due to the large 

fluctuations of how events are classified for different centrality variables.  In order to better 

understand the effects of autocorrelations the variable SPC, the ratio of peripheral collision to 

central collisions, was analyzed. SPC greatly reduces the systematic errors that are in dET/dη and 

enhances the autocorrelations, especially for the most peripheral events.  The value and overall 

trend of SPC varies greatly with centrality choice.  The auto-correlations are significant and have 

a long range in pseudo-rapidity. This effect is missing in the both EPOS-LHC and HIJING 

implying that some long range correlation effect is missing in these two generators.  

   The measurement of dET/dη and SPC clearly shows that the choice of centrality variable 

can significantly alter a result for pPb collisions or any system with large fluctuations in event 

selection. When different experiments compare results, the choice of centrality must be similar in 

order for the results to be comparable. Finally that the energy density reached in 5.02 TeV pPb 

collisions is comparable to that reached in 2.76TeV PbPb collisions. This suggests that a small 

region of QGP could be formed in Pb collisions. 

  



76	  
	  

References 

[1] E. Witten, “Cosmic Separation of Phases,” Phys.Rev. D30 (1984) 272–285. 

[2] R. Vogt, “Quark-Gluon Plasma Signatures,”. CMS-NOTE-1998-061, 

[3] L. Evans and P. Bryant, “LHC Machine,” JINST 3 (2008) S08001. 

[4] M. Gyulassy and M. Plumer, “Jet Quenching in Dense Matter,” Phys.Lett. B243 (1990) 

432–438. 

[5]  T. Matsui and H. Satz, “J/Ψ Suppression by Quark-Gluon Plasma Formation,” 

Phys.Lett.B178 (1986) 416. 

[6] S. Margetis, K. Safarik, and O. Villalobos Baillie, “Strangeness production in heavy-ion 

collisions,” Ann.Rev.Nucl.Part.Sci. 50 (2000) 299–342. 

[7] F. Karsch, E. Laermann, and A. Peikert, “Quark mass and flavor dependence of the QCD 

phase transition,” Nucl.Phys. B605 (2001) 579–599, arXiv:hep-lat/0012023 [hep-lat]. 

[8] S. Hands, “The Phase diagram of QCD,” Contemp.Phys. 42 (2001) 209–225, 

arXiv:physics/0105022 [physics.ed-ph]. 

[9] BRAHMS Collaboration, I. Arsene,  et al., “Quark gluon plasma and color glass 

condensate at RHIC? The Perspective from the BRAHMS experiment",Nucl.Phys. A757 

(2005) 1-27, http://arxiv.org/abs/nucl-ex/0410020  

[10] PHENIX Collaboration Collaboration, K. Adcox et al., “Formation of dense partonic 

matter in relativistic nucleus–nucleus collisions at RHIC: Experimental evaluation by the 

PHENIX Collaboration” Nucl.Phys. A757 (2005) 184–283, arXiv:nucl-ex/0410003[nucl-

ex]. 



77	  
	  

[11] PHOBOS Collaboration, B.B. Back et al., “The PHOBOS perspective on discoveries at 

RHIC”, Nucl.Phys. A757 (2005) 28-101,  http://arxiv.org/abs/nucl-ex/0410022 

[12] STAR Collaboration Collaboration, J. Adams et al., “Experimental and theoretical 

challenges in the search for the quark–gluon plasma: The STAR Collaboration’s critical 

assessment of the evidence from RHIC collisions” Nucl.Phys. A757 (2005) 102-183, 

arXiv:nucl-ex/0501009 

[13] PHENIX Collaboration, A. Adare et al., “Enhanced production of direct photons in 

Au+Au collisions at  !!! =200 GeV and implications for the initial temperature,” Phys. 

Rev. Lett. 104 (Mar, 2010) 132301. 

http://link.aps.org/doi/10.1103/PhysRevLett.104.132301  

[14] J.-Y. Ollitrault, “Anisotropy as a signature of transverse collective flow,” Phys.Rev. D46 

(1992) 229–245. 

[15] P. Sorensen, “Elliptic Flow: A Study of Space-Momentum Correlations In Relativistic 

Nuclear Collisions,” arXiv:0905.0174 [nucl-ex]. 

[16] ALICE Collaboration Collaboration, K. Aamodt et al., “The ALICE experiment at the     

CERN LHC,” JINST 3 (2008) S08002. 

[17] ATLAS Collaboration Collaboration, G. Aad et al., “The ATLAS Experiment at the 

CERN Large Hadron Collider,” JINST 3 (2008) S08003. 

[18] S. Chatrchyan et al., “The CMS experiment at the CERN LHC,” Journal of 

Instrumentation 3 no. 08, (2008) S08004.  

http://stacks.iop.org/1748-0221/3/i=08/a=S08004. 

[19] LHCb Collaboration Collaboration, J. Alves, A. Augusto et al., “The LHCb Detector at 

the LHC,” JINST 3 (2008) S08005. 

[20] M. Wilde, “Measurement of direct photons in pp and Pb–Pb collisions with ALICE,” 



78	  
	  

Nuclear Physics A 904–905 no. 0, (2013) 573c – 576c. 

http://www.sciencedirect.com/science/article/pii/S0375947413001954. Quark Matter 

2012 Proceedings of the {XXIII} International Conference on Ultrarelativistic Nucleus-

Nucleus Collisions. 

[21] H. Song, S. A. Bass, U. Heinz, T. Hirano, and C. Shen, “200 A Gev Au+Au collisions 

serve a nearly perfect quark-gluon liquid,” Phys. Rev. Lett. 106 (May, 2011) 192301. 

http://link.aps.org/doi/10.1103/PhysRevLett.106.192301. 

[22] CMS Collaboration, V. Khachatryan  et al., “Evidence for Collective Multiparticle 

Correlations in pPb Collisions”, Phys. Rev. Lett. 115.012301 

[23] N. Borghini, P. M. Dinh, and J.-Y. Ollitrault, “Flow analysis from cumulants: A 

Practical guide,” arXiv:nucl-ex/0110016 [nucl-ex]. 

[24] N. Borghini, R. Bhalerao, and J. Ollitrault, “Anisotropic flow from Lee-Yang zeroes: A 

Practical guide,” J.Phys. G30 (2004) S1213–S1216, arXiv:nucl-th/0402053 [nucl-th]. 

[25] R. Bhalerao, N. Borghini, and J. Ollitrault, “Genuine collective flow from Lee-Yang 

zeroes,” Phys.Lett. B580 (2004) 157–162, arXiv:nucl-th/0307018 [nucl-th]. 

[26] CMS Collaboration Collaboration, S. Chatrchyan et al., “Measurement of the 

pseudorapidity and centrality dependence of the transverse energy density in pb-pb 

collisions at !!! = 2.76 TeV,” Phys. Rev. Lett. 109 (Oct, 2012) 152303. 

http://link.aps.org/doi/10.1103/PhysRevLett.109.152303. 

[27] PHENIX Collaboration Collaboration, S. S. Adler et al., “Systematic studies of the 

centrality and !!!,  dependence of the dET/dη and dNch /dη in heavy ion collisions at 

midrapidity,” Phys. Rev. C 71 (Mar, 2005) 034908. 

http://link.aps.org/doi/10.1103/PhysRevC.71.034908. 



79	  
	  

[28] J. D. Bjorken, “Highly relativistic nucleus-nucleus collisions: The central rapidity 

region.”  Phys. Rev. D 27 (Jan, 1983) 140–151. 

http://link.aps.org/doi/10.1103/PhysRevD.27.140. 

[29] I. P. Lokhtin and A. M. Snigirev, “A Model of jet quenching in ultrarelativistic heavy 

ion collisions and high-pT hadron spectra at RHIC”, Eur. Phys. J. C 45 (2006) 211, 

http://arxiv.org/abs/hep-ph/0506189 

[30]  B. Zhang et al., “A multi-phase transport model for nuclear collisions at RHIC”, Phys. 

Rev. C 61 (2000) 067901, http://dx.doi.org/10.1103/PhysRevLett.109.152303  

[31]  Z.-W. Lin et al., “A multi-phase transport model for relativistic heavy ion collisions”, 

Phys. Rev. C 72 (2005) 064901, 

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.064901 

[32] X. –N. Wang and M. Gyulassy, “HIJING: A Monte Carlo model for multiple jet 

production in pp, pA and AA collisions,” Phys.Rev. D44 (1991) 3501-3516 

http://dx.doi.org/10.1103/PhysRevD.44.3501  

[33] T. Pierog, lu. Karpenko, J. M. Katzy, E. Yatsenko, and K. Werner, “EPOS LHC: test of 

collective hadronization with LHC data.” arXiv:1306.0121v2 [hep-ph] 

[34]	  J.	  Allison	  et	  al.,	  “Geant4	  developments	  and	  applications,”	  Nuclear	  Science,	  IEEE	  

Transactions	  on	  53	  no.	  1,	  (Feb,	  2006)	  270–278. 

[35] H. J. Drescher, M. Hladik, S. Ostapchenko, T. Pierog, and K. Werner, “Parton-Based 

Gribov-Regge Theory” Phys, Rept. 350 (2001) 93-289, arXiv:hep-ph/0007198v1 

[36] CMS Collaboration, “Particle-Flow Event Reconstruction in CMS and Performance for 

Jets, Taus, and !!!"##” . CMS PAS PFT-09-001,	  https://cds.cern.ch/record/1194487?ln=en 



80	  
	  

[37] CMS Collaboration, S. Chatrchyan et al., “Performance of CMS muon reconstruction in      

pp collisions at ! =7 TeV” JINST 7 (2012) P 10002. 

[38] CMS Collaboration, S. Chatrchyan et al., “Studies of dijet transverse momentum 

balance and pseudorapidity distributions in pPb collisions at !!! = 5.02 TeV”, Eur.Phys.J. 

C74 (2014) 7, 2951  

[39] WA98 Collaboration,  M. M. Aggarwal et al.,  “Scaling of particle and transverse energy 

production in Pb-208 + Pb-208 collisions at 158-A-GeV", Eur. Phys. J. C18, 651, 2001 

http://arxiv.org/abs/nucl-ex/0008004 


	Acknowledgements
	Thesis330.pdf

