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Abstra
tTwo-parti
le 
orrelations are a useful method to study high energy parti
le
ollisions exhibiting a jet stru
ture. It examines the relations of a sele
tedtrigger parti
le and other parti
les in the 
ollision 
alled asso
iated parti-
les. At the leading order, partons are produ
ed in ba
k-to-ba
k pairs in thetransverse plane due to a momentum 
onservation. Hadronization of thesepartons leads into (ideal) di-jet events. This implies that if we 
an sele
t atrigger hadron from one jet, then we should �nd 
orrelated parti
les of theba
k-to-ba
k jet from the opposite (away) side of the trigger parti
le. In thisstudy we 
on
entrate on away side jet properties by studying the distributionof the longitudinal 
omponent of asso
iated parti
le momentum with respe
tto the trigger parti
le (xE). The distribution 
omprised of 
harged hadrondata from proton-proton 
ollisions at √s = 2.76 TeV measured by ALICE.The measured xE distributions had notable ba
kground 
ontributionsfrom parti
les not originating from the high energy s
attering of partonsthat is being studied. This study presents a Monte Carlo -based method toremove this 
ombinatorial ba
kground from the measurements.The resulting signal distributions exhibited behaviour that gave supportfor earlier 
on
lusion by PHENIX Collaboration at RHIC, stating that theshape of the xE distributions measured in (
harged) hadron-hadron 
orrela-tions does not follow the fragmentation fun
tion.Preliminary results from p + p 
ollisions at √
s = 7 TeV from ALICEsuggested that the the slope of the xE distribution at the tail region is sen-sitive to the trigger momentum fra
tion zt = pTt/p̂Tt where pTt and p̂Tt arethe transverse momenta of the trigger hadron and parton, respe
tively. Irepeated this analysis for √s = 2.76 TeV data. Obtained results are similarto those previously found in ALICE at √s = 7 TeV and by that strengthenthe 
on
lusions from earlier analyses.One of the experimental 
hallenges is the trigger bias whi
h shows su
hthat the mean momentum fra
tion in the hadronization pro
ess grows fromits in
lusive value in the near side when the trigger 
ondition is posed. Also,in the 
ase that there are phenomena that 
auses imbalan
e between trans-I



verse momenta of the partons that initiate the di-jet, then the trigger is morelikely the parton with the higher initial momentum. Su
h imbalan
e 
an bequanti�ed with the parameter 〈x̂h〉 that measures the ratio between averagemomenta of the near side and away side partons. I will dis
uss a model thatrelates this parameter kinemati
ally to the xE distributions. It turns out thatALICE data gives 〈x̂h〉 < 1 
learly in the experimental error bars and hen
ethe imbalan
e is observed.

II



TiivistelmäKaksihiukkaskorrelaatiot ovat hyvä tapa tutkia jettejä, eli kollimoituja hiuk-kassuihkuja, joita syntyy suurenergisissä hadroni-hadroni törmäyksissä. Niis-sä tarkastellaan valitun triggeri-hiukkasen ja muiden törmäyksessä synty-neiden liittohiukkasten (asso
iated parti
le) välisiä korrelaatioita. Johtavas-sa kertaluvussa kovassa sironnassa syntyy kaksi partonia, jotka ovat vas-takkaissuuntaiset poikittaistasossa (transverse plane) liikemäärän säilymisennojalla. Näiden partonien hadronisoituminen johtaa (ideaalisiin) di-jetti ta-pahtumiin. Jos pystymme valitsemaan toisesta jetistä trigger-hiukkasen, niinvoimme odottaa vastakkaisen jetin (away side jet) hadronisaatioista tulevantrigger-hiukkasen kanssa korreloituja liittohiukkasia. Tässä työssä pyritäänselvittämään triggerin vastakkaisen jetin ominaisuuksia tutkimalla liittohiuk-kasten liikemäärän pitkittäiskomponentin ja trigger-hiukkasen liikemääränsuhteen (xE) jakaumia. Jakaumat oli koostettu ALICE-kokeessa suoritetuissa
√
s = 2.76 TeV:n protoni-protoni �törmäyksissä mitatuista varatuista hadro-neista.Mitatut xE-jakaumat sisältävät kombinatorisen taustan, joka syntyy kor-reloitumattomista hiukkaspareista, jotka eivät liity kovaan sirontaan tör-mäysprosessissa. Työssä esitellään Monte Carlo -menetelmä kombinatorisentausta poistamikseksi mittaustuloksista.Saadut tulokset antoivat tukea RHIC -törmäyttimen PHENIX -kokeentuloksille, joiden perusteella hadroni-hadroni korrelaatioissa mitattujen xE-jakaumien muoto ei seuraa fragmentaatiofunktiota.ALICEn preliminääriset tulokset √s = 7 TeV:n p + p-törmäyksistä viit-taavat siihen, että xE-jakauman hännän eksponentiaalinen vaimeneminenmittaa havaitun trigger hadronin ja sironneen partonien poikittaisliikemää-rien suhdetta zt:tä. Suoritin vastaavan analyysin √

s = 2.76 TeV:n datalle jasaadut tulokset olivat sopusoinnussa aikaisempien havaintojen kanssa.Yksi kokeellisen tutkimuksen haasteista on, että trigger-ehdosta seuraatrigger-puolen keskimääräisen liikemääräosuuden kasvu sen inklusiivisesta ar-vosta, mistä käytetään nimitystä trigger bias. On olemassa prosesseja, kuten
2 → 3 sironnat, jotka rikkovat jettien liikemäärien ideaalisen tasapainon.III



Trigger biaksen seurauksena trigger hadroni tulee todennäköisemmin jetistä,jonka syntyy suurenergisemmän partonin hadronisaatioissa. Tätä epätasa-painoa voidaan tutkia parametrillä 〈x̂h〉 joka mittaa trigger ja assosioidunpartonin keskimääräisten liikemäärien suhdetta. Tutkielmassani käsittelenkinemaattista mallia jossa tämä parametri liitetään xE-jakaumiin. Tutkima-ni ALICE-datan perusteella 〈x̂h〉 < 1 selvästi virherajojen sisällä ja tätenhavaitsin epätasapainon.
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1 Introdu
tionThe Large Hadron Collider (LHC) [1℄ at CERN, the European Laboratoryfor Nu
lear Resear
h, is at the forefront of experimental parti
le physi
s. Itis lo
ated near Geneva at the border of Switzerland and Fran
e. It's designedto 
ollide proton beams up to a 
enter of mass energy of √s = 14 TeV andat a luminosity of 1034cm−2s−1. It's also 
apable of 
olliding heavy ions.There are four major experiments along the LHC ring: ATLAS [2℄, CMS[3℄, ALICE (A Large Ion Collider Experiment) [4℄ and LHCb [5℄. Of theseALICE is a dedi
ated heavy ion experiment, its main goal being to studyquark-gluon plasma. ALICE is optimized for heavy ion 
ollisions, however itis also able to measure proton-proton (p+ p) 
ollisions. Its sensitivity at lowmomentum and ex
ellent parti
le identi�
ation allows some measurementsthat are not possible in the other LHC experiments.The underlying theory behind 
ontemporary parti
le physi
s is 
alled thestandard model [6℄. It states that all matter 
onsists of 
ombinations ofquarks and leptons and that the intera
tions of these 
onstituents 
an bedes
ribed by three fundamental for
es: ele
tromagneti
, weak and strongnu
lear intera
tions. In the following we will 
on
entrate mainly on thestrong intera
tion and quarks.The intera
tions between quarks are mediated by gluons. Both quarksand gluons have a 
olor 
harge whi
h is analogous to the ele
tromagneti

harge in Quantum Ele
trodynami
s (QED) [7℄, ex
ept that there are three
olor 
harges as opposed to two. The intera
tions of 
olor 
harged parti
lesis des
ribed by a quantum �eld theory 
alled Quantum Chromodynami
s(QCD) [8℄. Similarly to QED, perturbation theory 
an be used to 
al
ulates
attering 
ross se
tions of QCD pro
esses.The relevant features of the QCD, w.r.t. this analysis, are the 
on�nementof quarks and asymptoti
 freedom. Con�nement of quarks means that thefor
e between quarks in
reases with with distan
e that prevents a free quarkor gluon to propagate ma
ros
opi
 distan
es in free spa
e. In the 
onstituentquark model the simplest 
olorless bound states are quark�anti-quark pairs
alled mesons and three quark states 
alled baryons. Together, mesons and3



baryons, i.e. bound quark systems, are 
alled hadrons.Asymptoti
 freedom means that at small distan
es or at high energies thefor
e between quarks weakens. At high energies otherwise 
on�ned quarks
an thus behave as though they're free. Con�nement and asymptoti
 freedomare features that are of great signi�
an
e when dealing with high-energy
ollisions.1.1 High-energy parti
le 
ollisionsThe pro
ess where a 
olored quark or a gluon turns into 
olorless �nal statehadrons is 
alled hadronization [9℄. At high energies, the 
onservation ofmomentum 
ollimates the 
reated hadrons into narrow sprays of parti
les,
alled jets [10℄. In the following, I will 
on
entrate mainly on dijet eventswhi
h exhibit two nearly ba
k-to-ba
k jets.The �rst experimental eviden
e for jets was seen at the Stanford PositronEle
tron Asymmetri
 Rings (SPEAR) 
ollider at SLAC [11,12℄. SPEAR ob-served that the �nal state hadrons were not isotropi
ally distributed, instead,showing a jet-stru
ture. Further e+e− 
ollision experiments paved the wayfor 
ontemporary jet physi
s. S
atterings of ele
trons and positrons werefavoured as they provided a very 
lean environment to observe jets sin
e theinitial state is annihilated and jets emerge 
learly from a very low ba
kground.The possibility of observing jets in hadron 
ollisions were debated at �rst.It was not 
ertain if the 
onstituents of hadrons 
ould intera
t in a way to
reate jets. They were �nally observed at the Interse
ting Storage Rings(ISR) at CERN [13, 14℄. In this thesis I will 
on
entrate on hadron-hadron
ollisions.The di�
ulty with hadroni
 
ollisions is the internal stru
ture of thehadrons, and the initial and �nal state intera
tions of the asso
iated 
olor�elds. The situation is made even more di�
ult sin
e the internal stru
tureof hadrons is mu
h more 
ompli
ated than just the 
onstituent quarks of thebound state. Instead, the stru
ture of a hadron in
ludes so-
alled valen
equarks, sea quarks and gluons. The valen
e quarks a

ount for the quan-tum numbers of the hadron, while the sea quarks are quark-antiquark pairs4




onstantly being 
reated and annihilated within the hadron.In the parton model [15℄ hadrons are 
olle
tions of quasi-free, pointlikeparti
les 
alled partons. They're identi�ed as gluons and quarks, thoughthey're not identi
al to 
onstituent quarks.1.2 Collinear fa
torizationIn the framework of 
ollinear fa
torization hadron 
ollisions are divided intothree stages:
• The initial state intera
tions, whi
h are long-distan
e intera
tions andthus 
annot be 
al
ulated using perturbative QCD (pQCD).
• The partoni
 s
attering whi
h 
an be 
al
ulated using pQCD providedthe pro
ess has high enough energy, i.e. is "hard".
• The hadronization of partoni
 states produ
ed in the hard s
attering.This is the least understood stage and, as with the initial state inter-a
tions, pQCD is not appli
able.This division is often 
alled the fa
torization theorem [10℄.In 
al
ulating 
ross se
tions, the initial state intera
tions and hadroniza-tion are a

ounted for by probability fun
tions. The 
ross se
tion of a semi-in
lusive intera
tion a+b �> H + X, where X is "anything at all" (i.e. notmeasured/spe
i�ed), has the form [16℄

dσab→H+X =
∑

i,j,k

fa
i (x1)⊗ f b

j (x2)⊗ σ̂ij→k+x(x1, x2)⊗DH
k (z, Q

2). (1)In this equation the sum runs through all possible partoni
 pro
esses that
an lead into semi-in
lusive produ
tion of H in s
attering of hadrons a andb. Above σ̂ij→k+x is the QCD 
ross se
tion of the partoni
 hard s
attering,fun
tions fa
i (x1) and f b

j (x2) are 
alled parton distribution fun
tions (PDF)andDH
k (z, Q

2) is 
alled a fragmentation fun
tion (FF). The PDF fa
i (x1) givesthe probability that parton i 
arries momentum fra
tion x1 of hadron a. TheFF DH

k (z, Q
2) des
ribes the hadronization pro
ess. It gives the probability5



that that parton k will fragment into hadron H whi
h will 
arry a fra
tion
0 < z ≤ 1 of the momentum of the original parton at given s
ale Q2.As we're unable to 
al
ulate PDFs and fragmentation fun
tions from the-ory, they are parametrized and the �t parameters are tuned by making aglobal analysis to all available experimental data. It is assumed that bothsets of fun
tions are universal, whi
h means that when measured in one pro-
ess they 
an be used in another. PDFs are most a

urately determined fromdeep inelasti
 s
atterings of ele
trons on protons whereas fragmentation fun
-tions are determined from ele
tron-positron s
atterings. It should be notedthat universality of these fun
tions is a 
onje
ture, but the experimental datahas proven it to be a good assumption.1.3 Fragmentation fun
tionIn the following, I will des
ribe in detail how fragmentation fun
tions area
quired from data. As an example I will examine the set of fragmentationfun
tions made by Kniehl, Kramer and Pötter (KKP) [17℄.Fragmentation fun
tions are extra
ted from e−e+ s
atterings be
ausethen we need not to 
onsider PDFs in Eq. (1), but the kinemati
s of theinitial state is simple. To 
al
ulate the FF we need to examine the in
lusiveprodu
tion of a hadron h in the annihilation pro
ess

e+e− → (γ, Z) → h+X. (2)The pro
ess of 
al
ulating FFs at s
ale Q2 starts by a
quiring it at energys
ale Q2
0 from data, and then using the so 
alled Alterelli-Parisi QCD evolu-tion equations to bring them into s
ale Q2 [18℄.The key observable is the s
aled-momentum distribution normalized tothe total hadroni
 
ross se
tion (1/σtot)dσ

h/dx, where x = 2Eh/
√
s is theenergy fra
tion of the outgoing hadron h. This we 
annot derive fromtheory. Instead it 
an be obtained by a 
onvolution of the 
ross se
tions

(dσa/dx)(x, µ
2, Q2) of the relevant partoni
 subpro
esses e−e+ → a+X , and

6



the FFs Dh
a(x,Q

2, µ2) giving
1

σtot

dσh

dx
=

∑

a

1
∫

x

dz

z
Dh

a(z, Q
2)

1

σtot

dσa

dy

(x

z
, µ2,M2

f

)

. (3)Here the sum runs through all a
tive partons, µ is the renormalization s
aleand Q is the fragmentation s
ale. I will not go into more detail on thepartoni
 subpro
esses or the renormalization pro
edure, other than that inprin
iple we 
an 
al
ulate them perturbatively to arbitrary pre
ision. At themoment, the analysis is performed in Next-to-Leading-Order (NLO). Moredetails on the partoni
 subpro
esses 
an be found in [19℄.The FFs are a
quired through a �t of Eq. (3) into data from experiments.In order to do this we need to parametrize the FFs. In the KKP set thefollowing parametrization was used:
Dh

a(x,Q
2
0) = Nxα(1− x)β , (4)where N , α and β are independent �t parameters. Eq. (3) is �t into severalsets of data simultaneously. This means that if one would 
onsider two�avours from two data sets with di�erent �nal state hadrons, one wouldhave 3× 2× 2 = 12 free parameters in the �t.The KKP fragmentation fun
tions [17℄ were 
al
ulated from K±, π± and

p/p data 
olle
ted by the TPC, DELPHI, OPAL, ALEPH and SLD experi-ments. The �ts in
luded 
harged-hadron data from TPC at √s = 29.0 GeV[20℄, and DELPHI [21℄, ALEPH [22℄ and SLD [23℄ at √
s = 91.2 GeV. Inaddition to this the OPAL [24℄ and ALEPH [25℄ experiments supplied gluon-tagged data. The 
harged hadron data distinguished fragmentation of quark�avours in four 
ases i) u, d and s quarks, ii) b quark only, iii) c quark onlyand iv) all �ve quark �avours.The number of �t parameters 
an somewhat be redu
ed by imposing

7



iso-spin symmetry based on 
onstituent quark 
ontent
Dπ±

u (x,Q2
0) = Dπ±

d (x,Q2
0),

DK±

u (x,Q2
0) = DK±

s (x,Q2
0), (5)

Dp/p
u (x,Q2

0) = 2D
p/p
d (x,Q2

0).

1/
σ to

t d
σ/

dx

x

e+e- → Z0 → qq
–
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1Figure 1: An example of the �ts made by KKP [17℄. Normalized di�erential
ross se
tion of in
lusive hadron produ
tion at √s = 91.2 GeV as a fun
tionof x. The LO (dashed lines) and NLO (solid lines) �t results are 
omparedwith data from ALEPH (triangles), DELPHI (
ir
les), and SLD (squares).The upmost, se
ond, third, and lowest 
urves refer to 
harged hadrons, π±,
K±, and p/p, respe
tively. Ea
h pair of 
urves is res
aled relative to thenearest upper one by a fa
tor of 1/5. 8



Eventually the �ts made by KKP had a total of 46 free parameters [17℄. Thestarting s
aleQ0 was in the 
ase of u, d and s quarks and gluonsQ0 =
√
2 GeVwith c quarks Q0 = 2.9788 GeV and with b quarks Q0 = 9.46037 GeV. The�ts were made in the interval 0.1 ≤ x ≤ 1, where the small x was 
utto ex
lude events in the nonperturbative region. An example of the �tsmade by KKP is illustrated in Fig. 1. To get a sense of what order ofmagnitude the values of N , α and β 
an have, I present examples of the bquark fragmentation fun
tions a
quired by KKP:

Dπ±

b (x,Q2
0) = 0.259x−1.99(1− x)3.53,

DK±

b (x,Q2
0) = 1.32x−0.884(1− x)6.15,

D
p/p
b (x,Q2

0) = 24.3x0.579(1− x)12.1. (6)These FFs are also illustrated in Fig. 2Although e−e+ 
ollisions provide the 
leanest environment to determineFFs in experiments, one still wishes to study them also e.g. in proton-proton

x
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Figure 2: Examples of fragmentation fun
tions from des
ribing the fragme-nation of a b quark to π± (bla
k), K± (red) and p/p (blue).9



physi
s. One would, for example, like to test the assumption of universality offragmentation fun
tions made above. Also, in heavy ion 
ollisions one seeksto see modi�
ation of the fragmentation fun
tions [26℄. Therefore, �nding aproton-proton referen
e measurement would be very important. Espe
iallythe latter goal motivates to make the analysis using two-parti
le 
orrelationsin
e that framework is easier to work with also at the heavy ion 
ollisionswhere the jet re
onstru
tion is a formidable task [27℄.2 Two-parti
le 
orrelations in p + p 
ollisionsIn this se
tion I will review some of the histori
al ba
kground of two-parti
le
orrelations in high energy parti
le 
ollisions. The 
enter of the review will bethe momentum fra
tion xE and what it tells us about the fragmentation pro-
ess. I will start with the results of the CERN-Columbia-Oxford-Ro
kefeller
ollaboration (CCOR), move on to the Pioneering High Energy Nu
lear Inter-a
tion Experiment (PHENIX) at the Relativisti
 Heavy Ion Collider (RHIC)and �nish o� with the 
urrently on-going analysis of ALICE at CERN. I willstart by dis
ussing brie�y two-parti
le 
orrelations in general.2.1 Azimuthal two-parti
le 
orrelationsWhile in full jet re
onstru
tion jets are studied event-by-event basis, with twoparti
le 
orrelations one studies their properties statisti
ally [28℄. A triggerparti
le with some given 
hara
teristi
s is sought event-by-event. If su
h isfound, then all other parti
les that ful�l other given 
onditions, referred toas asso
iated parti
les, are 
orrelated with the trigger. These 
riteria dependon what one aims to study. Here, I 
hoose that the trigger parti
le is alwaysthe leading 
harged hadron, i.e. the parti
le with highest pT = | ~pT|, if itbelongs in some of the pre-de�ned trigger bins. Here, I 
onsider all other
harged hadrons with pTmin < pT < pTt = ptriggerT as asso
iated parti
les thatwill be 
orrelated with the trigger. At the end, one sums up all events andtypi
ally presents the results normalized to number of �red triggers in thestudied data set. 10
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Figure 3: Leading parti
le 
harged hadron azimuthal 
orrelation fun
tionfrom ALICE proton-proton 
ollisions at √s = 7 TeV, showing the underlyingevent ba
kground. The underlying event pedestal, under the peaks shown inblue, was evaluated assuming zero yield at minimum.The azimuthal 
orrelation fun
tion (CF) is the distribution of the az-imuthal angle (in transverse plane) between trigger and asso
iated parti
les
∆φ = φassoc − φtrigg. An example of a CF is presented in Fig. 3. One
an observe a 
lear di-jet stru
ture from the two peaks. The near side peakaround ∆φ = 0 is formed by the parti
les in the same jet with the trigger.Similarly the away side peak around ∆φ = π 
omes from the jet that, inan ideal two-to-two pro
esses, is ba
k-to-ba
k with the near side jet in thetransverse plane due to momentum 
onservation. The �at pedestal underthe two jets peaks is generated from 
orrelations that are not related withthe hard intera
tions, i.e. the azimuthally isotropi
 underlying event (UE)of the proton-proton 
ollision. Later, we will subtra
t this 
ombinatorialba
kground from the raw distributions to obtain the jet related 
orrelations.The relative proje
tion of the transverse momentum of the asso
iatedparti
le to the dire
tion of the trigger parti
les transverse momentum is 
alled
xE [29℄,

xE = −~pTa · ~pTt

p2Tt

= −pTa cos∆φ

pTt
, (7)11



Figure 4: Illustration of a trigger (pTt) and asso
iated (pTa) parti
le trans-verse momenta in the transverse plane.where pTt ≡ |~pTt| is the transverse momentum of the trigger parti
le, pTa ≡
|~pTa| is the transverse momentum of the asso
iated parti
le and ∆φ is theazimuthal angle between them. A s
hemati
 pi
ture 
larifying xE is shownin Fig. 4.Another momentum fra
tion relevant to this study is the imbalan
e pa-rameter [29℄

xh =
pTa
pTt

, (8)whi
h is parti
ularly interesting at partoni
 level as it gives the momentumimbalan
e between the s
attered partons and thus the imbalan
e betweenthe near and away side jets.2.2 CCOR CollaborationThe CCOR experiment at CERN-ISR enabled the most e�e
tive use of two-parti
le 
orrelations at the time, with a pTt-range of 3 < pTt < 11 GeVand √
s = 62.4 GeV for p + p 
ollisions. Espe
ially the 
apa
ity to per-form momentum analysis of 
harged parti
les over the full azimuth allowedCCOR to see 
learly the jet stru
ture of hard s
attering using two-parti
le
orrelations [30℄.An important part of the theoreti
al ba
kground for two-parti
le 
orre-lations of the time was the seminal paper by Feynman, Field and Fox [31℄.The paper investigates 
orrelations among parti
les and jets in hadroni
 
ol-lisions, with the assumption that jets originate from a single hard s
atteringof quarks from the in
ident hadrons.In our 
ase the relevant argument from [31℄ was that the away-side dis-12



Figure 5: Parton momentum distributions 
al
ulated in [31℄ exhibiting xEs
aling.tribution should be the roughly the same when using jet triggers as whenusing a single-parti
le trigger at pT(jet)= pT(single-parti
le)/ 〈zt〉, where
zt = pTt/p̂Tt. This argument involved the usual expe
tation that the jettransverse momentum is approximately equal to the parton momentum, i.e.
pT,jet ≈ p̂Tt. Experimental data supporting this is presented in Fig. 5, wherethe upper panel shows both jet and π0 triggered xE distributions. In thelower panel the π0-tiggered distribution has been s
aled with 1/ 〈zt〉 result-ing in nearly uniform distributions. Further results a�rming this argumentwere found by various 
ollaborations in CERN-ISR [32℄.It was known that single-parti
le triggered jets had a trigger-bias, mean-13



ing that the in
lusive single parti
le spe
trum from jet fragmentation is dom-inated by the trigger fragments with large zt. However, if the above argumentwas true, the away-side distribution should be unbiased and 
ould thus beused to get measurements on the away-side fragmentation pro
ess, on
e 
or-re
ted for 〈zt〉 and for the fa
t that the jets don't balan
e exa
tly (so-
alled
kT-smearing e�e
t). This statement also implies that the hard s
atteringkinemati
s remain �xed even if pTa varies as long as pTt is �xed.The CCOR 
ollaboration measured, among other things, away-side two-parti
le 
orrelations. It was assumed, based on the above argument of [31℄,that xE would approximate the away-side fragmentation variable za= pTa/p̂Tain the limit of balan
ed ba
k-to-ba
k jets. Here the term balan
ed refers to

Figure 6: Measured xE distributions from CCOR with exponential �ts [33℄.14



the ideal 
ase where the trigger and the asso
iated parton are ba
k-to-ba
kand have equal momenta. This approximation is based on the following 
hainof limits
xE ≡ −~pTt · ~pTa

p2Tt

∆φ→π−→ p̂Taza
p̂Tt 〈zt〉

kT→0−→ za
〈zt〉

, (9)where kT denotes the partoni
 transverse momentum whi
h is responsible forthe momentum imbalan
e and a
oplanarity of the trigger and the asso
iatedparton in the transverse plane. In this limit we 
an write the fragmentationfun
tion as D(za) ∼ D(xE 〈zt〉).The xE distributions from CCOR gave en
ouraging results. They're areillustrated in Fig. 6 [33℄. The CCOR Collaboration assumed the fragmenta-tion fun
tions to be exponential. The exponential �ts followed the expe
tedbehaviour eαxE〈zt〉 and seemed to s
ale in xE. This gave reassuran
e that
xE 
ould be used as an approximation of fragmentation fun
tion and thatsingle-parti
le and jet triggers 
ould be related simply through 〈zt〉.2.3 PHENIX CollaborationThe PHENIX experiment at RHIC investigates high energy 
ollisions ofheavy ions (HI) to dis
over and study Quark-Gluon Plasma (QGP) whi
his a phase of matter whi
h 
onsists of asymptoti
ally free quarks and glu-ons. Compelling eviden
e for this new phase of matter was indeed found andreported by PHENIX [34℄ and other RHIC experiments [35�37℄ in 2003.Although the main goal of PHENIX lay on HI 
ollisions, p+ p 
ollisionswere also needed as referen
e. To this end, PHENIX repeated many of theanalyses made by the CCOR 
ollaboration, in
luding xE analysis. However,measurements at higher energy at RHIC lead to some surprises over theexpe
tations from ISR.Fig. 7 presents PHENIX measurements for jet properties using non-leadingparti
le π0 − h±-
orrelations in p + p 
ollisions at √

s = 200 GeV. Thenon-leading parti
le 
orrelations were used be
ause PHENIX had limitedazimuthal a

eptan
e. The xE distributions from these measurements areillustrated in Fig. 7 similarly to those from CCOR shown in Fig. 6. The15



Figure 7: Measured xE distributions with exponential �ts from p+p 
ollisionsat √s = 200 GeV from PHENIX [29℄.dashed lines represent the exponential �ts. It is apparent that the slopes ofthe exponential �ts seem to de
rease with pTt and range from −5.8 to −7.8.This di�ers 
onsiderably from the same measurements from CCOR, wherethe slopes were all approximately 5.3 and independent of pTt. In addition tothis, the distributions are not quite exponential, whi
h 
an be seen at high
xE.To examine this more, PHENIX studied the analyti
al form of the xEdistribution. A

ording to [29℄, the joint probability for a fragment neutralpion with pTt = ztp̂Tt originating from parton with p̂Tt and a 
harged as-so
iated parti
le with pTa = zap̂Ta, originating from the other parton in thehard-s
attered pair with p̂Ta, is

d3σπ(p̂Ta, zt, za)

p̂Ttdp̂Ttdztdza
= Σ(p̂Tt)D

q
π(zt)D

q
π(za), (10)where

Σ(p̂Tt) =
dNq

dp̂Tt
and (11)16



za =
pTa
p̂Ta

=
pTa
x̂hp̂Tt

=
ztpTa
x̂hpTt

. (12)A 
hange of variables from p̂Tt, zt to pTt, zt and from za to pTa gives
d3σπ

dpTtdztdpTa
=

1

x̂hpTt

Σq(
pTt

zt
)Dq

π(zt)D
q
π

(

ztpTa
x̂hpTt

)

. (13)Integrating this over zt gives
d2σ

dpTtdpTa
=

1

x̂hpTt

∫ zmax
t

zmin
t

dztΣq(
pTt

zt
)Dq

π(zt)D
q
π

(

ztpTa
x̂hpTt

)

, (14)where the integration limits for zt are zmin
t = 2pTt/

√
s = xTt and zmax

t =

x̂h
pTt

pTa

. This equation 
an be transformed into the xE distribution with �xed
pTt at the 
ollinear limit where pTa=xEpTt, with a 
hange of variables from
pTa to xE. This yields

d2σ

dpTtdxE
=

dpTa
dxE

× d2σ

dpTtdpTa
≈ 1

x̂h

∫ x̂h

pTt

pTa

xTt

Σq(
pTt

zt
)Dq

π(zt)D
q
π

(

ztpTa
x̂hpTt

)

dzt.(15)PHENIX originally planned to extra
t the fragmentation fun
tion froma joint �t to the measured xE and in
lusive pTt distributions whi
h had theform (Eq. 29 from [29℄)
1

pTt

dσπ

dpTt

≈ A

pnTt

∫ 1

xTt

dztD
q
π(zt) · zn−2

t . (16)This attempt was however unsu

essful due to 
onvergen
e issues. To studythis issue further PHENIX 
al
ulated the xE distributions a

ording to Eq.(15) for quark and gluon jet fragmentation. The fragmentation fun
tionswere approximated as exponential fun
tions Dq(z) ≈ exp(−8.2 · z) and
Dg(z) ≈ exp(−11.4 · z), where the slopes, where obtained from LEP mea-surements [38, 39℄. The surprising results are illustrated in Fig. 8. From itwe 
an see that even though the fragmentation fun
tions di�er signi�
antlythe resulting xE distributions are nearly the same. This led to the 
on
lusionthat xE distributions from non-isolated hadrons are, in fa
t, not sensitive to17



Figure 8: Measured xE distributions with 
al
ulations a

ording to Eq. (15)for quark (solid line) and for gluon (dashed line) D(z) ≈ exp(−bz) from p+p
ollisions at √s = 200 GeV from PHENIX [29℄.the fragmentation fun
tion.In light of this dis
overy PHENIX attempted to solve Eq. (14) and (16)analyti
ally. The trigger parton spe
trum was taken as a power law,
Σq

(

pTt

zt

)

= A

(

pTt

zt

)−(n−1) (17)and the fragmentation fun
tion as an exponential Dq
π(zt) = B exp(−bzt), asbefore. With these substitutions Eq. (14) be
omes

d2σ

dpTtdpTa
=

B2

x̂h

A

pnTt

∫ x̂h

pTt

pTa

xTt

dztz
n−1
t exp

[

bzt

(

1 +
pTa
x̂hpTt

)] (18)and Eq. (16) be
omes
dσπ

dpTt

=
AB

pn−1
Tt

∫ 1

xTt

dztz
n−2
t exp(−bzt). (19)These are both in
omplete gamma fun
tions (it was assumed that x̂h is 
on-18



stant). To a
quire a reasonable approximation for these integrals the upperintegration limits of both integrals were taken to in�nity and the lower onesto zero, thus 
onverting them to simple gamma fun
tions. A

ording to therelation
∫ ∞

0

dt tβe−αt =
Γ(β + 1)

αβ+1
(20)equations (18) and (19) give

d2σ

dpTtdpTa
≈ Γ(n)

bn
B2

x̂h

A

pnTt

1

(1 + pTa

x̂hpTt

)n
(21)

dσπ

dpTt
≈ Γ(n− 1)

bn−1

AB

pn−1
Tt

=
Γ(n)

(n− 1)bn−1

AB

pn−1
Tt

(22)where the relation Γ(n) = (n − 1)Γ(n − 1) was used. Now the 
onditionalprobability for observing a 
harged asso
iated parti
le with momentum pTafor neutral pion trigger parti
le with pTt is the ratio of the joint probabilityEq. (21) to the in
lusive probability (22)
dP

dpTa

∣

∣

∣

∣

pTt

≈ B(n− 1)

bpTt

1

x̂h

1

(1 + pTa

x̂hpTt

)n
, (23)whi
h in the 
ollinear limit pTa = xEpTt �nally gives an interesting and simpleform for the xE distribution

dP

dxE

∣

∣

∣

∣

pTt

≈ B

b

(n− 1)

x̂h

1

(1 + xE

x̂h

)n
. (24)From this form we 
an expli
itly see that the xE distribution is not verysensitive to the fragmentation fun
tion. The only dependen
e is the normal-ization 
onstant B/b whi
h equals the mean multipli
ity of parti
les in thejet 〈m〉

〈m〉 =
∫ 1

0

D(z)dz = B

∫ 1

0

e−bz = B/b(1− eb) ≈ B/b, (25)whereas the dominant term is the modi�ed Hagedorn fun
tion (1+xE/x̂h)
−n.19



Based on the above 
al
ulation PHENIX argued in [29℄ that the reasonfor xE not being sensitive to the fragmentation fun
tion was be
ause theintegration of zt integrates over both the near and away jet fragmentationfun
tion whi
h 
an be seen dire
tly in Eqs. (15) and (14) where zt is presentin both fragmentation fun
tions. Another way to see this is that even witha �xed value of pTt sampling di�erent values of pTa also 
hanges 〈zt〉, whi
hwould mean that �xing pTt doesn't �x the hard s
attering kinemati
s aspreviously believed.It should be noted that even though hadron-hadron 
orrelations now ap-peared to not be useful for approximating the fragmentation fun
tions the
γ − h± 
orrelations should still be useful for it if the trigger is isolated. Thisis be
ause if the trigger is an isolated photon it should have 〈zt〉 = 1, asphotons don't have internal stru
ture.ALICE Collaboration at CERN-LHC has also analysed xE distributionsin proton-proton 
ollisions at √

s = 7 TeV using leading parti
le triggered
orrelations and published preliminary data on the results [40, 41℄. In thefollowing, I will present the same analysis at √
s = 2.76 TeV from ALICEdata and dis
uss the results both at 2.76 TeV and 7 TeV.3 ALICE experimentThe ALICE experiment is an international 
ollaboration involving over 1000members from 132 institutes and 36 
ountries. Its primary goal is to study theformation and properties of a new phase of matter, the quark-gluon plasmathrough lead-lead 
ollisions.3.1 ALICE dete
torThe ALICE dete
tor [42℄ was optimized for the very high multipli
ity en-vironment 
reated in 
entral heavy-ion 
ollision. For this, it was designedto feature tra
king and parti
le identi�
ation over a large range of momentafrom tens of MeV to over 100 GeV, and to be able to re
onstru
t huge amountsof tra
ks a

urately with full a

eptan
e. The ALICE dete
tor also 
overs20



Figure 9: Illustration of the ALICE dete
tor [43℄mainly the 
entral region |η| < 0.9. However, it 
ontains also some dete
torsin the forward region. Figure 9 shows an illustration of the ALICE dete
torwith all of its subdete
tors.The main se
tion of ALICE is the 
entral barrel, whi
h is a 
olle
tion ofsubdete
tors responsible for tra
king and parti
le identi�
ation, en
losed ina 0.5 T magneti
 �eld. The primary subdete
tors are the Inner Tra
king Sys-tem (ITS), the Time-Proje
tion Chamber (TPC), the Transition-RadiationDete
tor (TRD) and the Time-of-Flight dete
tor (TOF). Of these, I will dis-
uss the dete
tors relevant to this thesis: the ITS, TPC and the V0. For adetailed a

ount of the ALICE dete
tor see [42℄.3.1.1 ITS, TPC and V0The ITS is the innermost dete
tor in ALICE with a radius of only 43.6 
m.Its main task is to re
onstru
t the primary vertex and se
ondary verti
es ofheavy quark de
ays and hyperons. It is also involved in parti
le identi�
ation21



through information on energy-loss and tra
king. In addition, it is 
apableof stand-alone tra
king of low-momentum parti
les.ITS 
onsists of six layers of sili
on dete
tors. The �rst two layers are 
alledthe Sili
on Pixel Dete
tor (SPD). Being 
losest to the intera
tion vertex, theSPD has to sustain a very large parti
le density, ex
eeding 50 parti
les per
cm2. Be
ause of this, its readout is given in a binary form, whereas the outerlayers have an analog readout. Due to its binary readout, SPD is involvedonly in tra
king and measuring 
harged-parti
le multipli
ity. Additionally,it is used to trigger events. Further details on event sele
tion and trigger-ing will be dis
ussed later. The third and fourth layers, 
alled the Sili
onDrift Dete
tor (SDD), and the two outermost layers, 
alled the Sili
on StripDete
tor (SSD), are involved in both tra
king and parti
le identi�
ation.The TPC is a gas dete
tor 
onsisting of a 
ylindri
al 90m3 �eld 
agewith a length of 5m. It's divided in two se
tions by a 
entral ele
trode atthe intera
tion point z = 0, where z is the beam dire
tion. At both end-
apsthere are multi-wire proportional 
hambers that operate as readout planesand as anodes for the 100 kV drift (ele
tri
) �eld stret
hed a
ross the �eld
age. The maximum drift time in the TPC gas is about 90µs.The TPC is the main tra
king devi
e of the ALICE dete
tor. It's able totra
k parti
les with in the full azimuth and at |η| < 0.9 for tra
ks that rea
hthe outer radius of the 
ylinder. It's involved in parti
le identi�
ation, andin determining the momentum and produ
tion vertex of 
harged parti
les.It's able to measure tra
ks with pT from 0.1 GeV up to 100 GeV and it 
anre
onstru
t and identify up to 20 000 tra
ks in one event.The V0 is a small angle dete
tor that 
onsists of two arrays of s
intillator
ounters at both sides of the intera
tion point at z = 3.4m and z = −0.9m.It's primary task is triggering events, but it also parti
ipates in the measure-ment of luminosity in p + p 
ollisions and provides e.g. 
entrality and eventplane measurements in the heavy ion 
ollisions.Not all events that o

ur during an experiment are useful. To sele
tdesired events, triggers are employed. The minimum-bias trigger [44℄ aimsto trigger all inelasti
 intera
tions to impose the least possible bias. Theminimum-bias trigger 
an be set to require a signal from either the V0 or the22



SPD, or from both. Despite of the sizable extent of the triggering 
ababilityin rapidity, the minimum bias trigger sees only a fra
tion of in-elasti
 
rossse
tion, although it is a very sizable one [45℄. However, the 
orrelation mea-surements are simpler in a sense that one 
onsiders per-trigger measurements,and hen
e, the absolute normalization to the number of in-elasti
 events isnot needed.3.2 Tra
k sele
tionTraje
tories and energies of the parti
les produ
ed in 
ollisions are stored astra
ks. They are de�ned by �ve tra
k-parameters, whi
h give the transversemomentum and 
urvature of the traje
tory, the s
attering angle, and thedistan
e from the intera
tion vertex in the beam dire
tion and in the trans-verse plane. In addition to this, tra
ks in
lude a 
ovarian
e matrix whi
hrepresents the pre
isions of ea
h �ve tra
k-parameters [43℄.Tra
ks need to be re
onstru
ted from the output of the dete
tor. The �rststep is to 
ombine signals originating from the same parti
les into 
lusters.This 
ombining allows us to determine the exa
t position of the traversingparti
le and redu
e the e�e
ts of random noise. Clusters are then 
ombinedto form tra
ks.The sample of tra
ks a
quired from the re
onstru
tion pro
ess in
ludesso 
alled primary parti
les, as well as se
ondary parti
les. Primary parti
lesare all parti
les produ
ed in the 
ollision, in
luding produ
ts of strong andele
tromagneti
 de
ays, as well as weak de
ays of 
harmed and beauty par-ti
les. Non-primary parti
les are 
alled se
ondary parti
les whi
h in
lude forexample feed-down produ
ts from strange weak de
ays, γ-
onversions andprodu
ts from se
ondary hadroni
 intera
tions with the dete
tor material.In what follows, primary and se
ondary parti
les will be 
alled 'primaries'and 'se
ondaries', respe
tively.3.3 Tra
k quality 
utsTo ensure that the tra
k quality is good and to redu
e the amount of se
-ondaries, a series of 
uts are performed on the sample. These 
uts 
an be23



A

epted pseudorapidity range |η| < 0.8Maximal DCA to vertex in XY 0.0182 
m+ 0.0350 
m (pT/ [ GeV/c])−1.01Maximal DCA to vertex in Z 2 
mMinimal number of TPC 
lusters 70Maximal χ2 per one TPC 
luster 4.0Do not a

ept kink daughtersRequire TPC re�tRequire ITS re�tTable 1: Tra
k quality 
uts used in this analysis.applied by imposing quality 
riteria on the properties of the tra
k. The 
utsused in the data and in my analysis are presented in Table 1.Quality 
riteria 
an be imposed on the number of 
lusters used for there
onstru
tion of a tra
k. The quality of the tra
k 
an be 
ontrolled also withthe value of χ2 per 
luster. This value gives the quality of the �t betweenthe tra
k and the 
ontributing 
lusters.If a 
harged parti
le de
ays inside the tra
king volume into another 
hargedparti
le with the same sign, e.g. by emitting a neutrino, it appears to 
hangetraje
tory for no reason. These are 
alled kinks. The two 
harged parti
lesappear as separate tra
ks, but during the re
onstru
tion the two tra
ks areidenti�ed as being related. The parti
les are �agged as the kink mother andkink daughter. Kink daughters are sometimes 
ut to enhan
e tra
k quality.The 
losest point of a tra
ks traje
tory to the primary vertex is 
alledthe Distan
e of Closest Approa
h (DCA). As all primary parti
les shouldoriginate from the primary vertex, a 
ut on the DCA should be an e�e
tiveway to remove se
ondaries from the sample. There two types of DCA-
utsused: an absolute and a normalized DCA-
ut.The absolute DCA-
ut 
an be applied separately in two dimensions
∆r < dr and ∆z < dz, (26)or in 
ombination
(

∆r

dr

)2

+

(

∆z

dz

)

< 1, (27)24



whi
h results in an ellipti
 
ut. The absolute DCA-
ut is favoured if thevertex position and tra
k parameter resolutions are impre
ise.In the normalized DCA-
ut the distan
e to the vertex is normalized totake into a

ount the resolutions of the tra
k parameters and the vertexposition. The normalized distan
e to the vertex is de�ned by
dσ =

√

(

∆r

σDCA
r

)2

+

(

∆z

σDCA
z

)2

, (28)where σDCA
r and σDCA

z take into a

ount the resolutions of the vertex posi-tion and tra
k parameters. The 
ut is then made by 
hoosing a number ofstandard deviations (Nσ) of tra
ks allowed, assuming they were distributedlike a two-dimensional Gaussian. The 
ut is applied through the relation
Nσ =

√
2 erf−1(1− exp(−d2σ/2) (29)where erf−1 is the inverse error fun
tion.In prin
iple, the normalized DCA-
ut is superior to the absolute 
ut, asit uses more of the measured information. However, if the a

ura
y of theresolutions is impre
ise, as it is e.g. in early data-taking, the absolute 
ut isfavoured over the normalized 
ut.3.4 E�
ien
y and 
ontaminationThe su

ess of the 
uts is measured through e�
ien
y and 
ontamination.Both values are evaluated through simulations. In my analysis I use tra
kinge�
ien
y provided in [46℄. The dis
ussion below follows this referen
e.E�
ien
y tells the probability that a primary parti
le is re
onstru
tedand passes the employed 
uts. It is de�ned as a ratio

efficiency =
M(pT)

G(pT)
, (30)where M(pT) is the number of re
onstru
ted primary tra
ks with momentum

pT, and G(pT) is the number of true physi
al primaries. Contamination gives25



the per
entage of se
ondaries in the data set. It is de�ned as
contamination =

B(pT)

M(pT) +B(pT)
, (31)where B(pT) is the number of se
ondaries.The aim of the 
uts is to have a high e�
ien
y and a low 
ontamination.Sele
ting the 
uts is thus a pro
ess of optimization. Stri
t 
uts lead to less
ontamination, but at the 
ost of e�
ien
y, as we also lose more primaries.Loose 
uts ensure we don't lose as many primaries but at the same time wein
lude more se
ondaries. The 
uts employed are always �ne-tuned to �tthe experiment in question. Some experiments require higher e�
ien
y andsome lower 
ontamination.E�
ien
y and 
ontimination are based on a Monte Carlo study wherePYTHIA events [47℄ are generated and parti
les ran through a simulation ofa dete
tor response in ALICE. The �nal out
ome of this full simulation ispresented in Fig. 10.To minimize the e�e
ts 
aused by lost primaries and 
ontamination byse
ondaries the data is 
orre
ted for e�
ien
y. The e�
ien
y 
orre
tion is

Figure 10: E�
ien
y and 
ontamination of re
onstru
ted 
harged tra
ks se-le
ted with 
uts listed in Tab. 1.
26



Figure 11: Inverse of the e�
ien
y 
orre
tion of re
onstru
ted 
harged tra
kssele
ted with 
uts listed in Tab. 1.de�ned as
C−1(pT) =

M(pT) +B(pT)

G(pT)
. (32)The �nal e�
ien
y 
orre
tion in this analysis is presented in Fig. 114 AnalysisIn my analysis, I used ROOT [48,49℄, an obje
t-oriented data-analysis frame-work based on C++. ROOT was developed for large s
ale data analysis andsimulation of parti
le physi
s. It in
ludes a library of useful obje
ts to analyseand store data, and to illustrate this data.My analysis was done on data from p + p 
ollisions at √

s = 2.76 TeVmeasured by ALICE. The data was stored as histograms representing variousdistributions and organized in pTt-bins. The pTt-range was from 4 GeV to30 GeV and the bin borders were the following: {4, 5, 6, 7, 8, 10, 14, 20, 30}.The two last bins (14 < pTt < 20 GeV and 20 < pTt < 30 GeV) were 
ut onthe a

ount of la
k of statisti
s. The asso
iated pT range was 1 GeV < pTa <27



pTt.The xE distributions had earlier been analysed in ALICE [50℄, and at
√
s = 7 TeV proton-proton 
ollisions preliminary results have been rea
hed[40,41℄. Here I aim to �nalize the results at 2.76 TeV 
ollisions and 
omparethe results with the 7 TeV data and earlier measurements by CCOR andPHENIX.4.1 Underlying event ba
kgroundThe largest task in the analysis was the extra
tion of the underlying eventba
kground. This ba
kground in
ludes 
ontributions from pairs where oneor both of the parti
les do not originate from the hard s
attering, 
alledun
orrelated pairs.A raw asso
iated xE distribution, that in
ludes 
orrelated and un
orre-lated pairs, is made by 
al
ulating xE with Eq. (7) between the sele
tedtrigger parti
le and the parti
les on the away-side in the same event. Thismeans the raw distribution 
omprises of
(

dN

dxE

)

raw

=

(

dN

dxE

)

correlated

+

(

dN

dxE

)

uncorrelated

=

(

dN

dxE

)

correlated

+

(

dN

dxE

)

jet−BG

+

(

dN

dxE

)

BG−BG

, (33)where jet-BG is the 
ase where the trigger or asso
iated parti
le is a ba
k-ground parti
le while the other one is a jet-parti
le, and BG-BG is the 
asewhere both are ba
kground parti
les. In leading parti
le 
orrelations theBG-BG 
omponent is small 
ompared to the jet-BG and jet-jet 
omponentbe
ause when one 
hooses a high-pT trigger parti
le it is likely that it's froma jet.4.1.1 Analyti
 formula of the un
orrelated xE ba
kgroundTo get a better understanding of the un
orrelated ba
kground of the awayside xE distribution, I examined it analyti
ally [51℄. In prin
iple, the shape of28



the ba
kground 
an be 
al
ulated assuming that the ba
kground is isotropi
in ∆φ and that the behaviour of the ba
kground as a fun
tion of pTa isknown. The assumption, dN/d∆φ = const., is well justi�ed as underlyingevents shouldn't have any preferred dire
tion. With these assumptions, I
ould write
d2N

dpTad∆φ

∣

∣

∣

∣

pTt

= BpTt
(pTa). (34)Let's now examine the ba
kground with a �xed pTt. The shape of theba
kground is des
ribed by the form

dNbg

dxE

=

∫ 3π/2

π/2

d(∆φ)

∫ pTt

pmin
Ta

dpTa
d2N

dpTad∆φ

∣

∣

∣

∣

pTt

δ(xE +
pTa
pTt

cos∆φ)

=

∫ 3π/2

π/2

d(∆φ)

∫ pTt

pmin
Ta

dpTaBpTt
(pTa)δ(xE +

pTa
pTt

cos∆φ), (35)where the delta-fun
tion sele
ts only pairs with given xE. The integrationlimits of ∆φ 
over the away side. The lower limit of the pTa range is pmin
Ta andthe upper limit is the momentum of the trigger parti
le, as I'm 
onsideringleading parti
le 
orrelations. To integrate over pTa I wrote the delta fun
tionas

δ(xE+
pTa
pTt

cos∆φ) =

∣

∣

∣

∣

pTt

cos∆φ

∣

∣

∣

∣

δ

(

pTt

cos∆φ
xE + pTa

)

= − pTt

cos∆φ
δ

(

pTt

cos∆φ
xE + pTa

)

,(36)where the absolute values gives a minus sign be
ause I'm examining the awayside, ∆φ ∈ [π
2
, 3π

2
]. Now the integration over pTa gives

dNbg

dxE
= −

∫ 3π/2

π/2

d(∆φ)

∫ pTt

pmin
Ta

dpTaB(pTa)
pTt

cos∆φ
δ

(

pTt

cos∆φ
xE + pTa

) (37)
= −2

∫ φmax

φmin

d(∆φ)B

(

− pTt

cos∆φ
xE

)

pTt

cos∆φ
, (38)where the integration limits of ∆φ 
hange be
ause the delta-fun
tion givesnon-zero results only when pmin

Ta < − pTt

cos∆φ
xE < pTt. This 
onstrains the inte-gration limits for ∆φ to φmin = arccos(−xE) and φmax = arccos

(

− pTt

pmin
Ta

xE

).29



However as arccos(x) is de�ned only within a range x ∈ [−1, 1], but pmin
Ta <

pTt and xE ∈ [0, 1], pTt

pmin
Ta

xE 
an have values smaller than −1. Hen
e themaximum angle is
φmax =

{

arccos(− pTt

pmin
Ta

xE)
pTt

pmin
Ta

xE ≤ 1

π pTt

pmin
Ta

xE > 1
. (39)Above I 
onsidered the un
orrelated ba
kground at �xed pTt. In reality,the distributions are examined in bins with �nite width. So instead of a �xedsingle value, the pT of the trigger follows some dN/dpTt(pTt)-distribution ina given pTt-bin pmin

Tt < pTt < pmax
Tt . To take this into a

ount I had tointegrate the ba
kground distribution over the pTt-bin and weight it with the

pTt distribution whi
h lead to
dNbg

dxE
= −

pmax
Tt
∫

pmin
Tt

dpTt

φmax
∫

φmin

d(∆φ)
dN

dpTt
B

( −pTt

cos∆φ
xE

)

pTt

cos∆φ
. (40)Integration of Eq.(40) 
annot be done analyti
ally, but I 
ould still learnsomething from this formula. Looking at Eq. (40) it 
an be seen that as longas pTt

pmin
Ta

xE < 1, or xE <
pmin
Ta

pTt

the xE-ba
kground is a�e
ted by the appliedphase spa
e 
ut pTa > pmin
Ta . The higher the value of pTt and smaller the 
ut,the smaller the xE-range a�e
ted by the 
ut.Instead of evaluating Eq. (40) numeri
ally, I used a Monte Carlo im-plementation of the ba
kground determination. A 
lear bene�t from thisapproa
h is that I 
ould generate histograms dire
tly for the ba
kgroundthat were then very simple to subtra
t from the raw yield. In the followingse
tions, I will present the generation of the ba
kground and how it is nor-malized. I will also present the systemati
 un
ertainties of the measurement.4.2 Ba
kground xE distribution formTo 
al
ulate values of xE, I needed sour
es to sample values of pTt, pTa and∆φfrom. I assumed that un
orrelated parti
les don't have a preferred dire
tion,30



so the ∆φ-sour
e was a uniform distribution at π/2 < ∆φ < 3π/2. For thesour
es of pTt and pTa I used �ts of the pTt distribution and underlying event
pTa distribution, respe
tively. I will dis
uss the exa
t nature of these �tsmomentarily.To get the form of the xE ba
kground in a single pTt-bin, I 
al
ulated tenmillion values of xE. In my loop within a �xed trigger bin I �rst sampled pTtand pTa by taking a random value from their respe
tive sour
es and 
he
kedthat the sampled value of pTt was greater than the value of pTa. If thiswas not true I dis
arded these values and sampled a new pair . When asatisfa
tory pTt-pTa pair was sampled the loop then 
ontinued to sample avalue of ∆φ by taking a random value from a uniform distribution with range
[0.5, 1.5] and multiplied this with π. I then used these values to 
al
ulate xEa

ording to Eq. (7) and �nally inserted this value into a histogram. After tenmillion iterations of the above loop, I normalized the now formed ba
kgrounddistribution to unity. I repeated this pro
edure for ea
h pTt-bin.4.2.1 Trigger parti
le pT distributionThe sour
e for pTt was a �t of the trigger parti
le pT-distribution. Thesedistributions were 
ompiled by identifying the leading parti
le of ea
h eventand then inserting it into a pTt-histogram in the 
orresponding pTt-bin. Itwas required that the trigger parti
le has a minimum transverse momentumof 4.0 GeV's.

pTt-bin n Stat. error χ2/NDF
4− 5 5.09 0.05 0.90
5− 6 5.20 0.09 0.59
6− 7 5.4 0.2 1.13
7− 8 5.9 0.3 1.98
8− 10 5.7 0.2 0.82
10− 14 5.4 0.2 1.29Table 2: Magnitudes of the power-law exponent n extra
ted from �ts of pTtdistributions and the 
orresponding χ2/NDF values.31
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Figure 12: Trigger pT distribution with a power law �t at 8 < pTt < 10 GeVfrom p+ p 
ollisions at √s = 2.76 TeVThe pTt distributions are expe
ted to follow a power law fun
tion
f(pTt) ∝ p−n

Tt . (41)In Fig. 12, I present an example of these �ts in pTt bin 8 < pTt < 10 GeV.All pTt distributions with power law �ts 
an be found in Appendix A. Theexponents n of ea
h �t with errors and χ2/NDF values 
an be found in Tab. 2.As one 
an see from Fig. 12 the power law follows the pTt distribution ni
elythroughout and in all the distributions. The last bin 10 < pTt < 14 GeVbegins to show some signs of running out of statisti
s but the �u
tuationsare still reasonable. The χ2/NDF values also show that the �ts were quite32



su

essful. The �ts give a slightly rising trend for n, but the variation issmall.4.2.2 Underlying event pTa distributionThe sour
e for pTa was a �t of the underlying event pTa distribution. In 
om-piling this distribution it was assumed that parti
les moving perpendi
ularto the trigger parti
le were most likely to be un
orrelated parti
les origi-nating from underlying events. This means that the underlying event pTaspe
trum was estimated by the pT spe
trum of parti
les 
lose to the min-ima of the 
orrelation fun
tion. I've illustrated this range in Fig. 13. Thedi�
ulty was how to 
hoose this range. A small range has less statisti
sbut if the range is in
reased the 
ontamination by 
orrelated parti
les alsoin
reases. In my analysis, the underlying pTa distributions were 
ompiledby sele
ting parti
les from ∆φ ranges of 0.325 < ∆φ < 0.475 rad/π and
1.525 < ∆φ < 1.675 rad/π.In Fig. 14b, I show an example of the underlying event pTa distributionat pTt-bin 8 < pTt < 10 GeV. From these one 
an see that the used data setdidn't have an abundan
e of statisti
s. Only the �rst two distributions havestatisti
s from the whole available pTa-range. These two exhibit a rapidlyfalling tail at the range 
orresponding to the pTt-bin borders. These tails
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Figure 13: Example of an azimuthal 
orrelation fun
tion illustrating the ∆φranges whi
h were used to estimate the pTa distribution of underlying events33
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Figure 14: Underlying event pTa distribution at 8 < pTt < 10 GeV a) withre-binning and b) without re-binningare an e�e
t of the requirement pTa < pTt. Fortunately the 
ontributionsfrom these tails to the �nal xE ba
kground distribution are so small that thelimited knowledge of the tails does not lead into substantial un
ertainties inthe �nal results.To further 
ombat the la
k of statisti
s, I attempted to enhan
e the pTadistributions by re-binning them. The original distributions had equally widebins. My general approa
h was to widen the bins as pTa grows to make thehigh-pTa tail more useful.The outline of the bin borders 
an be found in Tab. 3 (left). I thenattempted to further �ne-tune the borders by 
ombining and dividing bins.I evaluated the quality of the 
hoi
e of borders visually and by examiningthe χ2/NDF values of the �t I performed on the pTa distribution. Details ofthese �ts will be dis
ussed later. Fine-tuning was di�
ult as usually whenone distribution was enhan
ed the others be
ame worse.Fig. 14 shows the positive e�e
ts of the re-binning at 8 < pTt < 10 GeV.It is 
lear that the original distribution on the right seems to be
ome unreli-able at pTa > 4 GeV. On the left side, it 
an be seen that the re-binning hassu

essfully stret
hed the useful pTa-range almost up to 8 GeV.34



Now that I had better binned pTa distributions, I 
ould start �tting themwith an appropriate fun
tion. I used the Kaplan fun
tion for the �t. It's ofthe form
G(pTa) = A0

(

1 +
(pTa − a1)

2

a2

)−β

. (42)When �tting with a fun
tion of four parameters it's important to rememberthat one set of initial parameters 
an give a di�erent �t than another set.Due to this I experimented with the initial parameters of the �t and �nallysettled on the following initial parameters: β = 3.0, a1 = 0, a2 = 2.0. Theinitial value for parameter A0 was determined by the maximum of ea
h pTadistribution.The range of my �t to the pTa distributions was from 1 GeV to the lowerborder of the 
orresponding pTt-bin. This leaves the range in�uen
ed by therequirement pTa < pTt out of the �t. The range also ex
ludes the �rst pTa bin,be
ause the bin border of the histogram didn't mat
h the 
ut on soft parti
les.Fortunately, despite having quite small statisti
s, ea
h distribution had some
ontributions in the range of the �t, ex
luding the last bin whose statisti
srun out at pTa ≈ 8 GeV. This gives reassuran
e that the �ts des
ribe thedistributions 
orre
tly.In Fig. 15, I show an example of the Kaplan �t to the pTa distributionsat 8 < pTt < 10 GeV. Rest of the �ts and pTa distributions 
an be found inAppendix A. In these �gures I've plotted the �tted fun
tion all the way tothe upper border of the pTt-bin. From these it 
an be seen that the �t follows
pTa-range Bin width [ GeV]
0− 2 0.05
2− 4 0.1
4− 5 0.2
5− 8 0.25
8− 10 0.5
10− 16 1.0

pTt-bin χ2 NDF χ2/NDF
4− 5 45.0 56 0.80
5− 6 41.7 40 1.04
6− 7 44.3 44 1.01
7− 8 38.2 46 0.83
8− 10 44.1 47 0.94
10− 14 43.2 47 0.92Table 3: Left: Outline of bin widths of the underlying event pT distributionafter re-binning. Right: χ2 values of the Kaplan �ts of underlying event pTaspe
tra. 35
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Figure 15: Fit of the Kaplan fun
tion to the underlying event pTa distributionat 8 < pTt < 10 GeV at √s = 2.76 TeVthe distribution well with, of 
ourse, the ex
eption of the tails in the �rsttwo pTt-bins. Based on χ2/NDF presented in Table 3 (right), the Kaplanfun
tion �tted the data very well in all pTt bins.4.3 NormalizationFor the normalization, I needed to �gure out the number of un
orrelatedpairs. For this I assumed that the pairs where the asso
iated parti
le is un-
orrelated with the trigger in azimuth, form also the ba
kground in xE-spa
e.This means the number of un
orrelated pairs of the away side of the 
orre-lation fun
tion and xE are equivalent. As the un
orrelated parti
les shouldbe distributed isotropi
ally in azimuth the question was how to estimate the36



number of pairs whi
h form the underlying event pedestal i.e. the 
onstantpart below the 
orrelation fun
tion.The approa
h I used was to �t the 
orrelation fun
tion with a sum oftwo fun
tions, parametrizing the near (PN(∆φ)) and away side (PA(∆φ))peaks, and a 
onstant U whi
h is the ba
kground amplitude, representingthe underlying event pedestal
G(∆φ) = PN (∆φ) + PA(∆φ) + U (43)The number of un
orrelated pairs would then be given by the area under theaway side peak given by the integral

Nbg =

∫ 3π/2

π/2

d(∆φ) U = πU. (44)In this 
ase∆φ was measured in units of rad/π, so the number of un
orrelatedpairs was in fa
t Nbg = U .4.3.1 Fits of the 
orrelation fun
tionsThe original CFs had a really tight binning and hen
e I aimed to redu
estatisti
al �u
tuations by re-binning. Unlike with the pTa distributions Ididn't de�ne the borders of the bins expli
itly, but 
ombined existing bins. Ire-binned all the CFs by 
ombining two bins into one. Even after the �rst re-binning the �rst pTt-bin 
orrelation fun
tion exhibited some heavy statisti
al�u
tuation near its minima, whi
h dropped the underlying event pedestalsigni�
antly. To de
rease this �u
tuation I 
ombined three bins into one inthe �rst pTt-bin. This 
leaned the data near the minima su�
iently.The fun
tions PN and PA des
ribing the two peaks are not known from
37



theory. I used a sum of two gaussians to parametrize ea
h peak
PN(∆φ) = A1 exp

[

1

2

(

∆φ − µN

σ1

)2
]

+ A2 exp

[

1

2

(

∆φ− µN

σ2

)2
]

PA(∆φ) = A3 exp

[

1

2

(

∆φ − µA

σ3

)2
]

+ A4 exp

[

1

2

(

∆φ − µN

σ4

)2
]

. (45)The gaussians were 
entered around the same mean value: µN = 0 rad forthe near side and µA = π rad for the away side. The idea behind this sumis that the other gaussian is narrow and it �ts the top of the peak and theother is wider and �ts the bottom of the peak.I estimated the initial values of parameters µi (i = 1, 2, 3, 4) a

ordingto the widths of the peaks near the top and bottom. The initial values of
Ai, I estimated by the amplitudes of the peaks. I 
al
ulated these amplitudeestimates by subtra
ting the estimate of the ba
kground from the bin 
ontentof the CF at ∆φ = 0 rad and ∆φ = π rad for the near and away side peaks,respe
tively. I a
quired the initial value for the ba
kground by 
al
ulatingthe average bin 
ontent of the CF at interval 0.3π < ∆φ < 0.5π rad.I've present the result of the �t at pTt bin 8 < pTt < 10 GeV in Fig. 16.Results for the other pTt bins 
an be found in Appendix A. Fig. 16 alsoshows the ba
kground amplitude and its statisti
al error. From these it 
anbe seen that espe
ially at high pTt there is a signi�
ant amount of statisti
al�u
tuations. Overall the used parametrization seems to des
ribe the datawell. A small anomaly 
an be seen in the tip of the away side peak at
6 < pTt < 7 GeV. There the transition between the wide and narrow peakisn't as smooth as with the others. This however shouldn't in�uen
e theba
kground level signi�
antly.I present the χ2/NDF values of the �t of ea
h pTt-bin in Tab. 4. I'vealso presented the values and errors of the ba
kground level U and of ea
h
pTt-bin. The χ2 statisti
s support the 
laim that the �ts were su

essful. The�rst bin has a slightly higher value, but this was due to the looser binningdis
ussed earlier. The wider bins also resulted in a smaller statisti
al error
ompared to the other �ts as 
an be seen by the relative errors δU/U .38
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Figure 16: Fit of the azimuthal 
orrelation fun
tion at 8 < pTt < 10 GeVand √
s = 2.76 TeV with fun
tion a

ording to Eq. (43) and (45). The bluedashed line represents the underlying event pedestal and the light blue bandits statisti
al error.
pTt-bin U (×103) Stat.error δU (×103) δU/U χ2/NDF
4− 5 250.4 1.5 0.006 1.54
5− 6 88.9 1.1 0.012 1.17
6− 7 36.8 0.5 0.014 1.19
7− 8 17.1 0.4 0.022 1.04
8− 10 13.4 0.3 0.026 0.93
10− 14 7.1 0.2 0.026 1.16Table 4: Values of the ba
kground amplitude U with their errors and the

χ2/NDF values extra
ted from the �ts of the azimuthal 
orrelation fun
tionsof ea
h pTt bin.Based on Fig. 16 and the CF's in Appendix A the ba
kground levels setnear the average minima of the data and of the �t. The a
quired ba
kgroundlevels seem realisti
. The relative errors are also small.After the a
quiring the ba
kground levels U , I s
aled the previously 
om-puted ba
kground forms with them to get the normalized ba
kground distri-butions. 39



4.4 Measured, signal and ba
kground xEIn Fig. 17 I present the measured away side xE distribution and the MonteCarlo -generated ba
kground distribution at 8 < pTt < 10 GeV without a
-
eptan
e 
orre
tion. The rest of these distribution 
an be found in AppendixA. The ba
kground shows a peak at low xE. This is 
aused by the require-ment pTa > pmin
Ta = 1 GeV, whi
h a�e
ts the upper integration limit φmax inEq. (40). The peak marks the point where the 
ut stops a�e
ting the ba
k-ground i.e. when xE pTt/p

min
Ta = 1 and φmax = arccos(−xEpTt/p

min
Ta ) turnsto π. The slight downward bending is 
aused by the lower integration limit

φmin = arccos(−xE), as when xE goes approa
hes 1 the lower limit φmin ap-
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Figure 17: Measured away side xE distribution and the 
orresponding MonteCarlo -generated ba
kground distribution at 8 < pTt < 10 GeV withouta

eptan
e 
orre
tion. 40
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Figure 18: Signal away side xE distribution and measured xE distribution at
8 < pTt < 10 GeV without a

eptan
e 
orre
tion.proa
hes π rapidly whi
h results in the integration range approa
hing zero
φmax − φmin → 0.Comparing the measured xE and the ba
kground shows that the ba
k-ground 
ontributions to the measured distribution are most signi�
ant at low
xE. This was to be expe
ted as pairs with high xE are more likely to originatefrom the hard s
attering. Also as pTt in
reases the ba
kground 
ontributionsseem to be
ome less signi�
ant, whi
h was also expe
ted sin
e underlyingevents are less signi�
ant in high trigger bins.The signal xE distribution I a
quired by subtra
ting the normalized ba
k-ground from the measured xE. In Fig. 18, I show the measured away side xEdistribution and the signal xE distribution at 8 < pTt < 10 GeV without a
-
eptan
e 
orre
tion. The rest of these distribution 
an be found in Appendix41



A. I 
ut the points below xE = pmin
Ta /pTt = 1/pTt to eliminate the 
ontribu-tions a�e
ted by the lower 
ut on pTa. I also 
ut the tail to dis
ard some ofthe 
ontributions where pTa ∈ (pmin
Tt , pmax

Tt ). With cos(∆φ) = −1, the lowestpoint that 
an be a�e
ted by the pTt bin borders is when pTa = pmin
Tt and

pTt = pmax
Tt , where pmax

Tt (pmin
Tt ) is the upper (lower) limit of the pTt. Basedon this I 
ut the points above xE = pmin

Tt /pmax
Tt .These �gures reinfor
e the previous observations that the ba
kground ismost signi�
ant at low xE and pTt. In the �rst two pTt bins the measuredand signal distributions are 
learly distin
t throughout xE. As pTt grows, thetwo distributions start to 
onverge. However, even at the highest pTt binsat low xE the di�eren
e between the signal and measured xE is signi�
ant.This 
auses the shape of the xE distribution to be
ome less steep when theba
kground is removed.4.5 Systemati
 errorsDuring my analysis of the xE distributions, I en
ountered several sour
es ofsystemati
 error. These errors arise from the fa
t that in ea
h stage I hadseveral equally valid options that yielded di�erent results. To a

ount forthe systemati
 error that 
omes from these 
hoi
es I 
al
ulated the signal

xE distributions using these alternatives. In the following I will des
ribe thesystemati
 errors that were 
onsidered.4.5.1 Systemati
 error sour
esThe underlying event pTa distribution dNUE/dpTa was 
ompiled by 
hoosingasso
iated tra
ks near the minima of the 
orrelation fun
tion. These regionsare the least a�e
ted by the tra
ks from the hard s
attering, but they'restill not 
ompletely free of these tra
ks. The amount of 
ontamination fromhard s
attered tra
ks depends on the 
hosen ∆φ range. To study the e�e
tsof this 
hoi
e I 
ompiled dNUE/dpTa from ∆φ-range that was half of theoriginal, ∆φ ∈ (0.3625, 0.4375)⊕ (1.5623, 1.6375)rad/π. I've shown the pTadistributions from both ∆φ ranges in Fig. 19. From it is 
an be seen that theshape of the distribution doesn't 
hange signi�
antly, whereas the amount of42
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Figure 19: Underlying event pTa distributions 
ompiled from ∆φrange ∆φ ∈
(0.325, 0.475) ⊕ (1.525, 1.675) rad/π (red dot) and ∆φ ∈ (0.3625, 0.4375)⊕
(1.5623, 1.6375) rad/π (bla
k square) at 8 < pTt < 10 GeV.statisti
s drops as expe
ted.In 
al
ulating the shape of the xE ba
kground, I used the Kaplan fun
tionto �t the underlying event pTa distribution. However, the 
orre
t parametriza-tion of this distribution is yet unknown. Indeed several other fun
tions 
anbe used for the �t. To assess the sensitivity to this I tested an extreme 
asewhere I sampled pTa dire
tly from the measured histogram. The same ap-plied to pTt. The power law fun
tion is 
onsidered to be a reliable �t for thetrigger pT distribution. Nevertheless, I tested the sensitivity of this �t againby sampling pTt from the measured pTt histogram.The absolute normalization depends on the fun
tion used to des
ribe thepeaks of the dN/d∆φ distribution. The 
orre
t parametrization of the peaksis unknown so I tested how the normalization 
hanges when the peaks areparametrized by a di�erent fun
tion. I used the familiar Kaplan fun
tion

k(x) = A(1 + ax2)−n (46)43
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Figure 20: Measured xE distributions that has been s
aled with (0.959 −
0.08959xE)

−1 (red dot) and the original (bla
k square) at 8 < pTt < 10 GeV.for this, as Kaplan fun
tions 
an develop stronger tails than the Gaussianfun
tion. This makes it possible for the ba
kground level to drop lower. Inaddition to this, I also examined the extreme 
ase where the ba
kgroundlevel was determined assuming zero yield at minimum (ZYAM). I did this bytaking the minimum of a fourth order polynomial that was �t to dN/d∆φ inthe range ∆φ ∈ (0.24, 0.65)rad/π.Corre
tions on re
onstru
tion e�
ien
y and 
ontamination are 
al
ulatedusing event generators. In my analysis these 
orre
tions were 
al
ulatedusing PYTHIA. However one event generator 
an give di�erent results thanthe other. Here I studied the di�eren
e in xE in the 
ase that the e�
ien
y
al
ulation would be based on PHOJET [52℄ instead of PYTHIA.It has also been found [46, 50℄, that in the Monte Carlo data the ratiobetween simulated xE distributions obtained from �nal e�
ien
y-
orre
teddata and dire
tly determined input data is not �at but slightly tilted. Thisindi
ates that the e�
ien
y 
orre
tion might not 
orre
t for dete
tor e�e
tsperfe
tly. Here I assess this ratio as a possible sour
e of a systemati
 error. In44



the√s = 2.76 TeV data the xE tilt 
ould be parametrized by a linear fun
tion
0.959−0.08959xE and the 
orrelation fun
tion was found to be de
reased bya 
onstant of 0.95. To study the e�e
ts of these I 
al
ulated the signal
xE s
aling the measured xE with (0.959 − 0.08959xE)

−1 and the 
orrelationfun
tion by 1/0.95. To show how mu
h the tilting a�e
ts the measured xE,I've presented the original and tilted xE distributions at 8 < pTt < 10 GeV inFig. 20. It shows that the distribution be
omes less steep, as expe
ted fromthe s
aling fun
tion. The 
hange is 
learly noti
eable but not dramati
.4.5.2 Signal xE distributionAfter I had 
al
ulated the signal xE distributions for ea
h systemati
 errorset, I 
al
ulated the di�eren
e between them and the signal xE from referen
edata. I then summed these di�eren
es to get the �nal systemati
 errors.Regarding absolute normalization, there was a possibility that both Kaplanand ZYAM 
ases had the same sign of deviation from referen
e. If this wasthe 
ase, I 
onsidered only the error from the Kaplan 
ase and dis
arded theZYAM error.In my analysis I made some �ts to the signal xE distribution. Naturallythe systemati
 errors transfer into the parameters obtained from the �ts.I 
al
ulated the systemati
s error to these by obtaining the values of therelevant parameters in ea
h of the 
ases des
ribed above and subtra
tedthese values from the referen
e values, as before.5 ResultsIn Fig. 21 I present all the signal away side xE distributions with systemati
errors. I have trun
ated the distributions as in Fig. 18 and normalized bynegative powers of four for 
larity. From Fig. 21 it is apparent, that at thehigher pTt bins the distributions start to su�er from la
k of statisti
s when
xE > 0.5. Espe
ially with triggers ranging from 6.0 GeV to 14.0 GeV, thedistributions �u
tuate signi�
antly.The distributions appear to be nearly exponential, but at low xE the dis-45



tributions seems to be steeper than at high xE with the ex
eption of the �rstbin. This behaviour 
an be seen most 
learly at triggers ranging from 6.0 GeVto 14 GeV. These distributions thus show similar behaviour as do
umentedby PHENIX in Fig. 7.To get a better understanding of the 
ontribution of ea
h systemati
error sour
e to the �nal errors, I 
al
ulated the relative di�eren
es betweenthe signal xE distributions from the referen
e data and the systemati
 errorsets. In Fig. 22, I present the di�eren
es at 8 < pTt < 10 GeV. The rest ofthe relative di�eren
es are shown in Appendix A.The most notable 
ontributions are given by the tilted set. One 
ansee that in most 
ases it's 
ontributions are, at its lowest, greater than theother 
ontributions at their highest, ex
ept the Kaplan. It also has a 
learlinear form whose slope seems to remain roughly the same regardless of pTt.
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Figure 21: Signal away side xE distributions at √
s = 2.76 TeV in ea
h

pTt bin. The distributions have been s
aled with negative powers of four.Systemati
 errors are shown as light grey squares.46
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Figure 22: The relative di�eren
es of the signal xE distributions between thereferen
e data and ea
h sour
e of systemati
 error at 8 < pTt < 10 GeV.This undoubtedly 
omes from the fa
t that in the tilted set we modi�ed themeasured xE distribution with a linear fun
tion.The sets with a modi�ed absolute normalization (Kaplan and ZYAM)seem to have similar shapes, with the ex
eption of the bins between 7 <

pTt < 10 GeV. Both sets have strong di�eren
es at low xE that qui
kly fadeout. With the ZYAM set this e�e
t is weaker, whi
h re�e
ts the fa
t that theGaussian �t of the 
orrelation fun
tion gives results very near to the ZYAMmethod. Based on the Kaplan set results, the 
hoi
e of fun
tion used toparametrize the 
orrelation peaks is not a trivial one.As expe
ted the use of the pTt histogram instead of the power law �tdidn't 
reate mu
h deviation from the referen
e. The use of pTa histogram
aused more di�eren
es that grow as pTt grows, undoubtedly due to de
reaseof statisti
s at high pTt.The PHOJET set also didn't exhibit overtly high deviations. Ex
ept forthe �rst pTt bin the di�eren
e is roughly 
onstant throughout xE and pTt.The ∆φ range set, where the underlying event pTa distribution was 
om-47
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Figure 23: Signal away side xE distributions at √s = 2.76 TeV in ea
h pTtbin with exponential �ts. The distributions have been s
aled with negativepowers of four.piled from a smaller ∆φ range, exhibited the most errati
 behaviour. At
10 < pTt < 14 GeV we 
an see that the di�eren
es drop dramati
ally. Thisis likely due to the la
k of statisti
s in the pTa distribution.The �nal systemati
 errors seem to be of reasonable size. They also seemto be mostly in
lined upward, whi
h is be
ause the outstanding di�eren
es,e.g. Kaplan and tilted sets, were mostly positive.5.1 High-xE exponential �tFrom the signal distributions in Fig. 21, it appeared that they might exhibituniform slopes at high xE. To study this 
loser I �t the signal distributionwith an exponential fun
tion dN/dxE ∝ exp(−αxE) in the region 0.4 <48



xE < 0.8. I present the results of the �ts in Fig. 23. The χ2/NDF valuesand the slopes of the �t with errors 
an be found in Tab. 5. From Fig. 23,it is apparent that generally the �t follows the data well. The good χ2/NDFvalues also indi
ate that the exponential fun
tion des
ribes the tail well.Already from Fig. 23 it 
an be seen that the slopes of the �ts are 
lose toone another. The values of the slopes in Tab. 5, support this observation. Thetwo distributions between 6 < pTt < 8 GeV are noti
eably less steep thanthe others. If the �t range was slightly bigger these slopes would probablygrow 
loser to the others.In Fig. 24 I show the relative di�eren
es of the exponential �t slope pa-rameters α. As expe
ted the tilted set shows a regular di�eren
e throughout
pTt. Re
all that tilting makes the slope of the xE distribution less steep. Thee�e
t of this is seen dire
tly here.Using the pTt histogram shows again almost no di�eren
e whereas the
pTa 
ase shows signi�
ant di�eren
es at pTt > 6 GeV. The di�eren
e is alsoalways below 0. This is be
ause the pTa histograms had poor statisti
s athigh pTa, resulting in that low values of pTa were more likely to have beensampled, whi
h made the slope less steep.The Kaplan set shows again rather strong di�eren
es. They seem tofollow the behaviour exhibited in the relative di�eren
es of xE. The steeplyfalling di�eren
es, e.g. in Fig. 22, translates to a steeper slope. The ZYAM
ase also behaves a

ordingly. When the xE di�eren
e in
reases the slopes

pTt-bin Slope α Stat.error δα χ2/NDF
4− 5 5.38 0.14 0.56
5− 6 5.59 0.21 0.32
6− 7 4.93 0.30 0.73
7− 8 4.88 0.43 0.64
8− 10 5.42 0.43 0.87
10− 14 5.85 0.76 1.04Table 5: Values of the negative exponential slope parameters with their errorsand the χ2/NDF values extra
ted from the �ts of the signal xE distributionsof ea
h pTt bin. 49
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Figure 24: The relative di�eren
es of exponential �t slope parameter α be-tween the referen
e data and ea
h sour
e of systemati
 error.are less steep (4 < pTt < 6 GeV), and when de
reasing they're steeper (6 <

pTt < 14 GeV).The PHOJET and redu
ed ∆φ range sets also behave a

ording to the xEdi�eren
e as with the Kaplan and ZYAM sets. The PHOJET sets di�eren
esare not as strong as the ∆φ range sets, and the PHOJET set is less randomlydistributed.5.1.1 Slopes of the exponential �tThe negative slope parameters α from the exponential �ts as a fun
tion of
pTt are shown in Fig. 25 (left). With the 
urrent statisti
s, the errors arefairly sizeable. Also systemati
 errors would redu
e with signi�
antly morestatisti
s, sin
e many of them result from various �ts into data that su�eredfrom limited amount of statisti
s.I am unable to say anything 
on
lusive about the behaviour of the slopes
α as a fun
tion of pTt, based on Fig. 25. The data 
an be interpreted toexhibit either a rising trend or to being �at within the errors.50
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Figure 25: Left: negative slopes extra
ted from exponential �ts to the signal
xE distributions as a fun
tion of pTt from p+ p-
ollisions at √s = 2.76 TeV.Right: negative slopes extra
ted from dN/dxE with a non-isolated (solid)and isolated (hollow) trigger √s = 7 TeV data [40℄. The grey areas denotesystemati
 errors. All �ts were done in the range xE ∈ (0.4, 0.8)The ALICE 
ollaboration has done similar resear
h with √

s = 7 TeVdata using a non-isolated and an isolated leading parti
le as a trigger [40℄.This was done to test the idea that the tail of the xE distribution would besensitive to the mean fra
tion of energy 
arried by the trigger 〈zt〉. Eviden
esupporting this 
laim was indeed found.In Fig. 25 (right), I show the preliminary results for negative xE slopesby the ALICE Collaboration. The 
oloured belts are simple fragmenta-tion model predi
tions for xE slope that were 
al
ulated using the KKPparametrization for fragmentation fun
tions [17℄. The two belts in Fig. 25are based on the following Monte Carlo simulation on simpli�ed kinemati
s:�rst a ba
k-to-ba
k pair of partons is generated from a power law distribu-tion, where the power is taken from asymptoti
 behaviour of the in
lusivespe
trum. This simulates ideal two-to-two kinemati
s with kT = 0. In theupper bands the trigger side is not fragmented, i.e. 〈zt〉 = 1, 
orrespond-ing to an ideal dire
t photon trigger. In the away side random values fromgluon (quark) fragmentation fun
tion are generated and then xE is �lled into51



histograms a

ording to the trigger. Finally the slope is determined in theregion 0.4 < xE < 0.8 just like in the data whi
h gives the upper (lower) limitfor gluon (quark) FF. Lower bands represent analysis for di-hadron 
orrela-tions, i.e. both ba
k-to-ba
k partons are fragmented and the resulting largermomentum is 
hosen as a trigger.First from Fig. 25 it 
an be seen that the xE slopes without isolation
uts seem to be 
onstant as a fun
tion of pTt. They are also situated withinthe yellow belt meaning their 〈zt〉 ≈ 0.5, whi
h further supports the resultby PHENIX that the slopes of the xE distribution are not sensitive to thefragmentation fun
tions. However, this simple Monte Carlo model seems tovery well 
at
h the main features of the di-hadron data.The isolated parti
les were 
hosen by examining the 
harged hadron a
tiv-ity inside a 
one with radius R = 0.4 rad, R =
√

∆φ2 +∆η2. It was requiredthat within this 
one the a
tivity of tra
ks with pT > 0.5 GeV should stayunder 10% of the parti
les pT. The slopes with isolated triggers seem tobehave di�erently than in the non-isolated 
ase. They appear to exhibit arising trend with in
reasing pTt. At about 2 < pTt < 4 GeV the slopes arevery near the yellow belt and at pTt > 10 GeV they are near the blue belt.This shows that in the isolated 
ase in
reasing pTt also in
reases 〈zt〉. Unfor-tunately, as isolated leading parti
les are quite rare, su�
ient statisti
s wentonly as far as 13 GeV. It appears plausible that in
reasing pTt further wouldresult in the trigger fra
tion to rea
h 〈zt〉 = 1.The results shown in Fig. 25 (right) are 
omparable to my results (left).It appears that the slopes from the √
s = 2.76 TeV data are on the upperborder of the yellow belt. The di�eren
e to the √

s = 7 TeV slopes 
ould beexplained by the smaller total energy √
s of the 
ollisions.5.2 The imbalan
e parameter 〈x̂h〉As stated previously the mean imbalan
e parameter in the partoni
 level 〈x̂h〉
an be obtained from a �t to the xE distribution with Eq. (24).

H(xE) = m(n− 1)
1

〈x̂h〉

(

1− xE

〈x̂h〉

)−n (47)52



Parameter n was a �xed parameter that originated from the exponential slopefrom the trigger parton spe
trum. However, based on the parent-
hild rela-tionship the slope of the in
lusive spe
trum of 
harged tra
ks 1/(2πpT)dN/dpTshould be the same. The spe
trum was �t in the range pT ∈ (5, 15) GeV andthe resulting slope was n = 6.38 [53℄. The xE distributions were �t in fullrange.I present the modi�ed Hagedorn �ts to the xE distributions in Fig. 26. Thea
quired values of 〈x̂h〉 and χ2 statisti
s I present in Tab. 6. The �ts seem tofollow the the distributions ex
ellently in the lowest three pTt bins. With thehighest three pTt bins, the la
k of statisti
s starts to show in the distributions,but the �t still des
ribes the data within the statisti
al un
ertainties. The
χ2 statisti
s were also very small with χ2/NDF staying below 1.3 in all pTtbins.
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Figure 26: Signal away side xE distributions at √s = 2.76 TeV in ea
h pTtbin with �t by the modi�ed Hagedorn fun
tion Eq. (47). The distributionshave been s
aled with negative powers of four.53



pTt-bin 〈x̂h〉 Stat.error δx̂h χ2/NDF
4− 5 0.62 0.02 1.29
5− 6 0.57 0.02 0.78
6− 7 0.57 0.02 0.63
7− 8 0.48 0.02 1.19
8− 10 0.52 0.02 0.84
10− 14 0.51 0.03 0.74Table 6: Values of 〈x̂h〉 with their errors and the χ2/NDF values extra
tedfrom the modi�ed Hagedorn fun
tion �ts of the signal xE distributions ofea
h pTt bin.I 
al
ulated the systemati
 errors for 〈x̂h〉 as des
ribed in se
tion 4.5.2.The Hagedorn �t had one extra sour
e of systemati
 error, whi
h was theslope n of the in
lusive spe
trum of 
harged tra
ks. This slope depends on the

pT range of the �t done on the spe
trum dN/dpT. To assess this e�e
t I �t the
dN/dpT spe
trum also in the ranges 8 < pT < 25 GeV and 4 < pT < 10 GeVwhi
h gave the exponents n1 = 6.41 and n2 = 6.32, respe
tively [53℄. I thena
quired the 〈x̂h〉 using these exponents as before.The relative di�eren
es of the 〈x̂h〉 I present in Fig. 27 seem to be nearthose of the exponential slope. The strongest di�eren
e is with the Kaplanset, whi
h exhibits noti
eably bigger di�eren
es than the other sets.The PHOJET set shows only a slight 
onstant deviation from the ref-eren
e. Using the pTt histogram 
aused also only a slight di�eren
e thatseems to diminish with pTt. The pTa 
ase and the tilted set show very sim-ilar behaviour as with the exponential slopes, ex
ept the deviation of thetilted set is of the opposite sign. The last point of the redu
ed ∆φ range setshows again the la
k of statisti
s that resulted from using a smaller range.Otherwise the ∆φ range set behaves as errati
 as before.Changing the power of the in
lusive 
harged hadron spe
trum seems toa�e
t 〈x̂h〉 as a 
onstant. It appears that even a slight 
hange in the power
auses noti
eable di�eren
es in 〈x̂h〉. The di�eren
es in the powers were
∆n1 = 0.03 and ∆n2 = 0.06 and they 
aused almost 1% and 2% 
hanges in
〈x̂h〉 respe
tively. In my 
ase the di�eren
e was small but in general it is54
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Figure 27: The relative di�eren
es of the imbalan
e parameter 〈x̂h〉 fromthe modi�ed Hagedorn �t between the referen
e data and ea
h sour
e ofsystemati
 error. Labels n1 = 6.40896 and n2 = 6.31638 refer to the powerof the in
lusive 
harged hadron spe
trum.possible for the di�eren
es of the power to go at least as high as 0.27 [50℄,whi
h 
an lead to signi�
ant systemati
 errors.Looking at the values of 〈x̂h〉 in Tab. 6, they seem to de
rease with pTt.In Fig. 28 I show 〈x̂h〉 as a fun
tion of pTt. It shows that the de
rease with
pTt is not very strong. It should be pointed out that while the statisti
alerrors are small, the systemati
 errors are, as with the xE slopes, quite large.With this few points to 
onsider and large systemati
 errors it's di�
ult tosay anything 
on
lusive on the behaviour of 〈x̂h〉 other than that it de
reaseswith pTt, at least up to a point.The most relevant observation that 
an be made from Fig. 28 is that itis always below 1. This is strong eviden
e for trigger-bias. It shows thatalready the trigger parton is always harder than the asso
iated parton. Sotrigger bias is present already at the partoni
 level.
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Figure 28: Mean partoni
 imbalan
e parameter 〈x̂h〉 as a fun
tion of pTt,with 1 GeV < pTa < pTt. The 〈x̂h〉 were obtained from the modi�ed Hage-dorn fun
tion (Eq. (47)) �ts to the xE distributions. The grey areas denotesystemati
 errors.6 Con
lusionsI extra
ted the away side signal distribution of h± −h± xE in p+ p 
ollisionsat √s = 2.76 TeV from raw distributions measured by ALICE. I then usedthe signal distributions to study away side fragmentation and momentumimbalan
e.I removed the ba
kground by 
al
ulating the form of the ba
kgrounddistribution, normalizing it and then subtra
ting it from the measured xEdistribution. The form I 
al
ulated using the Monte Carlo -method, by 
al-
ulating values of xE by sampling the ne
essary momentum and angle valuesfrom the appropriate distributions. I determined the normalization from theazimuthal 
orrelation fun
tion by evaluating the magnitude of the 
onstantpart under the 
orrelation peaks. The a
quired signal xE distributions rein-56



for
ed the observation made by PHENIX that the xE distributions are notsensitive to the fragmentation fun
tion in the 
ase of h± − h± 
orrelations.I studied jet imbalan
e by extra
ting the partoni
 imbalan
e parameterfrom the xE distributions through a �t. The resulting values suggested thatthe trigger partons transverse momentum p̂Tt is always larger than that of theasso
iated partons p̂Ta. This gave 
lear eviden
e that this so-
alled trigger-bias is present already at the partoni
 level.The slopes of the tails of the xE distribution have been found to be sensi-tive to 〈zt〉 = pTt/p̂Tt. The xE slopes that I a
quired were of the same orderas those previously measured in ALICE [40℄, in whi
h they 
orrespondedto 〈zt〉 ∼ 0.5. This gave further eviden
e that xE distributions at di-hadron
orrelations do not measure dire
tly the shape of the fragmentation fun
tion,but instead the measured values are a 
onvolution over two fragmentationfun
tions - one in trigger side and other away side.The xE distribution should des
ribe the fragmentation fun
tion in the
ase of isolated γ − h± 
orrelations. The above analysis done in the 
ase ofisolated trigger hadron does indeed result in slopes that are 
loser to idealgamma-hadron 
orrelations, where 〈zt〉 ≈ 1. This 
learly re�e
ts the in
reaseof the 〈zt〉 when the trigger is required to be isolated. The analysis of isolatedtriggers is not yet performed in the √s = 2.76 TeV. Also the gamma-hadronanalysis is on-going in ALICE but there are no �nal results available at thetime.
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Figure 29: Trigger pT distribution with a power law �t from p + p 
ollisionsat √s = 2.76 TeV
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Figure 30: Fit of the Kaplan fun
tion to the underlying event pTa distributionfrom p+ p 
ollisions at √s = 2.76 TeV
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Figure 31: Azimuthal 
orrelation fun
tion from p + p 
ollisions at √
s =

2.76 TeV that have been �t with a fun
tion a

ording to Eq. (43) and (45).The blue dashed line represents the underlying event pedestal and the lightblue band its error.
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