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Introdu
tionThe Large Hadron Collider (LHC) is the biggest parti
le a

elerator world-wide, built at CERN (European Organization for Nu
lear Resear
h) nearGeneva and pla
ed in an underground tunnel. This 
hallenging proje
t andthe related experiments are designed to address fundamental questions aboutmatter and the origin of the Universe. The LHC 
an 
ollide both proton andheavy-ion beams at a 
enter of mass energy never rea
hed before. Six experi-ments (ALICE, ATLAS, CMS, LHCb, LHCf, TOTEM) take data from these
ollisions. Data, 
olle
ted in the whole range of the LHC energy, should 
on-�rm the established knowledge of the Standard Model parti
le physi
s andexplore new physi
s beyond it.First proton�proton 
ollisions took pla
e on November 23rd 2009 andduring the following three weeks the LHC experiments re
orded over a millionproton�proton 
ollisions at a 
enter of mass energy of 900 GeV. After a shortshut-down, on Mar
h 30th 2010 LHC restarted to 
ollide protons at a 
enterof mass energy of 7 TeV. Finally, on November 11th 2010 the �rst heavy-ion
ollisions at a 
enter of mass energy of 2.76 TeV per nu
leon pair took pla
e.ALICE (A Large Ion Collider Experiment) is the only experiment dedi-
ated to the study of the hot and dense matter whi
h is 
reated in ultra-relativisti
 heavy-ion 
ollisions. At very high values of energy densities aphase transition is expe
ted to o

ur from ordinary hadroni
 matter to ade
on�ned state with quark and gluon degrees of freedom: the Quark-GluonPlasma (QGP). The ALICE main aim is to investigate the properties of thisnew state of matter. ALICE will also study proton�proton 
ollisions, bothas baseline sample to thoroughly understand and interpret the physi
s ofheavy-ion 
ollisions and to 
arry out genuine proton�proton studies.The energy densities for the QGP transition 
an be rea
hed in 
entral 
ol-lisions and the event-by-event determination of 
entrality of the intera
tion
an be measured by dete
ting the forward energy 
arried by non intera
tingnu
leons. Their energy is measured by means of hadroni
 
alorimeters pla
edat zero degrees with respe
t to the beam dire
tion, the so 
alled Zero De-gree Calorimeters (ZDC). The ZDC are therefore fundamental in heavy-ion1



Introdu
tion
ollisions but have been also used in proton�proton intera
tions.This thesis 
on
erns the ZDC for the ALICE experiment. The ZDCproje
t in
ludes two hadroni
 
alorimeters, one on ea
h side of the Intera
-tion Point, and an ele
tromagneti
 
alorimeter. The dete
tor has been usedduring the 2010 runs, both in proton�proton and in heavy-ion data-taking.The ZDC performan
e in proton�proton intera
tions are the main subje
t ofthe work.Chapter 1 is dedi
ated to the ALICE experiment. The experimentalapparatus is des
ribed. Then, an introdu
tion to the o�ine framework forthe analysis and simulations and the online systems developed by the ALICECollaboration are presented. Finally the main points of the ALICE physi
sand experimental program are illustrated.Chapter 2 des
ribes in details the ALICE Zero Degree Calorimeters. Themain tasks of the dete
tor in nu
leus�nu
leus, proton�nu
leus and proton-proton 
ollisions are also illustrated.In Chapter 3 the 
ode developed for realisti
 simulations of the ZDCresponse in proton�proton intera
tions is presented. The existed simulation
ode has been optimized to reprodu
e the experimental 
onditions that 
ana�e
t the ZDC response. It is in�uen
ed by two fa
tors: the alignmentwith the spot of the produ
ed parti
les and the presen
e of a LHC tertiary
ollimator that partially shadows the 
alorimeters. Its e�e
t has been studiedthrough simulations and the results are presented in this 
hapter.The ZDC performan
e in proton�proton 
ollisions are analyzed in Chap-ter 4. The energy spe
tra obtained and the dete
tor a

eptan
es have beenstudied as a fun
tion of the experimental 
onditions and 
ompared with ex-pe
tations from simulations.Chapter 5 
on
erns the use of the ZDC in the identi�
ation of di�ra
tiveevents. First, a brief des
ription of the kinemati
 properties of these eventsis given. Then, the possibility to use the ZDC information to develop ano�ine trigger strategy to identify di�ra
tive intera
tions in proton�proton
ollisions is studied.Finally, the appendix A des
ribes some te
hni
al expe
ts of the develop-ment of the ZDC Dete
tor Control System (DCS).
2



Chapter 1
The ALICE Experiment
ALICE is the only general-purpose dete
tor of the LHC designed to 
opewith the high parti
le multipli
ity produ
ed in 
entral heavy-ion 
ollisions([1℄, [2℄, [3℄). Very di�erent optimization 
riteria than those applied to theother p�p dedi
ated experiments at the LHC have been adopted for AL-ICE: the dete
tor has to tra
k and identify parti
les in a broad momentumrange, from very low (∼ 100 MeV/c) to fairly high (∼ 100 GeV/c) transversemomentum, with high-momentum resolution in an environment with large
harged-parti
le multipli
ity. The low intera
tion rate expe
ted in Pb�Pb
ollisions allows rather slow but high granularity dete
tors to be used, su
has the time-proje
tion 
hamber and the sili
on drift dete
tors. Besides that,spe
i�
 features of the apparatus, su
h as those mentioned above, make itan important 
ontributor to spe
i�
 aspe
ts of p�p physi
s at the LHC: theaim of the ALICE p�p physi
s program is not only to provide a referen
e tounderstand and interpret heavy-ion data but also to 
arry out genuine pro-ton�proton physi
s studies, for the most part 
omplementary to those thatwill be realized by the other dedi
ated experiments at LHC.The 
omplexity and dimension of the experiment have also required awide e�ort to develop and operate a 
omplete and stable framework for datapro
essing together with proper management and 
ontrol of the 
omputingresour
es. In the �rst part of the 
hapter the main dete
tor subsystemsand their performan
e will be des
ribed. The following se
tion 
ontains anoverview of the o�ine framework, developed to simulate Monte Carlo samplesand to re
onstru
t and analyze both simulated and real data. The last se
tion
ontains an overview of the �rst physi
s results published from the ALICE
ollaboration. 3



The ALICE Experiment1.1 The ALICE dete
tor1.1.1 Global dete
tor layout and design 
onsiderationsThe ALICE experimental apparatus 
onsists of 14 dete
tor subsystems whosete
hnology and design have been 
hosen 
onsidering both physi
s require-ments and experimental 
onditions expe
ted in the most 
entral Pb�Pb 
ol-lisions at the LHC.ALICE (�g. 1.1) 
onsists of a 
entral barrel part, whi
h measures hadrons,ele
trons, and photons, and a forward muon spe
trometer. The 
entral part
overs polar angles from 45° to 135° and is embedded in a large solenoid mag-net reused from the L3 experiment at LEP. From the inside out, the barrel
ontains an Inner Tra
king System (ITS) of six planes of high-resolution sil-i
on pixel (SPD), drift (SDD) and strip (SSD) dete
tors, a 
ylindri
al Time-Proje
tion Chamber (TPC), three parti
le identi�
ation arrays of Time-of-Flight (TOF), Ring Imaging Cherenkov (HMPID) and Transition Radiation(TRD) dete
tors, and two ele
tromagneti
 
alorimeters (PHOS and EMCal).All dete
tors ex
ept HMPID, PHOS, and EMCal 
over the full azimuth. Theforward muon arm (2°- 9°) 
onsists of a 
omplex arrangement of absorbers, alarge dipole magnet and ten planes of tra
king and four planes of triggering
hambers. Several smaller dete
tors (ZDC, PMD, FMD, T0, V0) for globalevent 
hara
terization and triggering are lo
ated at small angles. An array ofs
intillators (ACORDE) on top of the L3 magnet is used to trigger on 
osmi
rays. A detailed des
ription of the ALICE dete
tor and its performan
e 
anbe found in [1℄, [2℄, [3℄.The 
hoi
e and design of ALICE is driven by the physi
s requirements aswell as by the experimental 
onditions expe
ted in nu
leus-nu
leus 
ollisionsat the LHC. The most stringent design 
onstraint is the extreme parti
lemultipli
ity, whi
h 
ould be up to three orders of magnitude larger than intypi
al p�p intera
tions at the same energy and a fa
tor two to �ve stillabove the highest multipli
ities measured at RHIC. Originally, estimates for
harged parti
le multipli
ity density at mid-rapidity in 
entral Pb�Pb 
olli-sions spanned the range from dNch/dη = 2000 up to almost dNch/dη = 8000.More re
ent extrapolations from RHIC measurements point to signi�
antlylower values of dNch/dη = 1500 − 4000. ALICE measured the pseudo-rapidity density of primary 
harged parti
les at mid-rapidity from the �rstPb�Pb 
ollisions at √
sNN = 2.76 TeV. For an event sample 
orrespondingto the most 
entral 5% of the hadroni
 
ross se
tion the measured value is

1580± 4(stat.)± 76(sys.) [4℄. 4



1.1 The ALICE dete
tor

Figure 1.1: ALICE dete
tor layout: the 
entral system dete
tors, the L3 magnetand the muon spe
trometer. The HMPID is not shown in its a
tualposition (2 o'
lo
k) for sake of visibility.1.1.2 Central dete
torsThe Inner Tra
king System (ITS). The main tasks of the Inner Tra
kingSystem [5℄ are to lo
alize the primary vertex with a resolution better that100 µm, to re
onstru
t the se
ondary verti
es from the de
ays of hyperonsand D and B mesons, to tra
k and identify parti
les with momentum below200 MeV/c.The ITS 
onsists of six 
ylindri
al layers of sili
on dete
tors, lo
ated at radiibetween 4 and 43 
m. It 
overs the rapidity range of |η| < 0.9. The number,position and segmentation of layers were optimized for e�
ient tra
k �nd-ing and high impa
t-parameter resolution. In parti
ular, the outer radiusis determined by the ne
essity to mat
h tra
ks with those from TPC, andthe inner radius is the minimum allowed by the radius of the beam pipe.The �rst layer has a more extended pseudo-rapidity 
overage (|η| < 1.98) toprovide, together with the Forward Multipli
ity Dete
tor (FMD), 
ontinuous
overage for the measurements of 
harged-parti
les multipli
ity.The relative momentum resolution a
hievable with the ITS is better than 2%for pions with transverse momentum between 100 MeV/c and 3 GeV/c. The5



The ALICE ExperimentITS dete
tors have a spatial resolution of the order of a few tens of µm, withthe best pre
ision (12 µm) for the dete
tors 
losest to the primary vertex.They thus provide a resolution on the impa
t-parameter measurement ade-quate for heavy-�avored parti
le dete
tion (better than 60 µm in the rφ planefor pt > 1 GeV/c). In addition, for momenta larger than 3 GeV/c the spatialpre
ision of the ITS is an essential element of the momentum resolution.Be
ause of the high parti
le density expe
ted in heavy-ion 
ollisions atLHC, (as many as 50 parti
les per 
m2 have been predi
ted for the innerlayer), and in order to a
hieve the required impa
t parameter resolution, Sil-i
on Pixel Dete
tors (SPD) have been 
hosen for the innermost two layersand Sili
on Drift Dete
tor (SDD) for the following two layers. The two outerlayers are equipped with double-sided Sili
on mi
ro-Strip Dete
tors (SSD).The SPD are based on hybrid sili
on pixels whi
h 
onsist of sili
on de-te
tor diodes with a thi
kness of 200 µm. The �rst and the se
ond layer arepla
ed at 3.9 
m and 7.6 
m with an a

eptan
e of |η| < 1.98 and |η| < 1.4(for the nominal intera
tion point), respe
tively. In total 9.8 million 
hannelsare read out in a binary fashion, thus no energy-loss information is availableand therefore the SPD does not 
ontribute to parti
le identi�
ation. Theinformation from the SPD alone is su�
ient to form so-
alled tra
klets andthus to measure the 
harged-parti
le multipli
ity.The SPD 
an be used as Level-0 trigger. For this purpose ea
h of the 1200readout 
hips provides a so-
alled fast OR signal indi
ating that at least onepixel of a given 
hip produ
ed a signal. These signals are sent to an FPGAwhi
h is able to implement boolean logi
 fun
tions upon them. This allowstrigger possibilities that range from a minimum-bias trigger to very 
omplextrigger patterns. An example is to require a 
ertain number of two-
hip 
om-binations whi
h resemble tra
ks pointing to the same vertex. This allowsintera
tions to be triggered with an improved ba
kground reje
tion. TheSPD integrates the trigger signal over 100 ns 
orresponding to four bun
h
rossings in nominal p�p runs, therefore the bun
h 
rossing that 
aused thetrigger needs to be identi�ed with another dete
tor, e.g. the V0 (dis
ussedbelow).The Sili
on Drift Dete
tors (SDD) equip the two intermediate layers ofthe ITS. They have very good multitra
k 
apability and provide two outof the four dE/dx samples needed for the ITS parti
le identi�
ation. They
onsist of a 300 µm thi
k layer of homogeneous high-resistivity sili
on.The two outermost layers, 
alled Sili
on Strip Dete
tor (SSD), 
onsistof sensors equipped on both sides with sili
on mi
ro-strips. They provide a6



1.1 The ALICE dete
tortwo dimensional measurement of the tra
k position and in addition provide
dE/dx information to assist parti
le identi�
ation for low-momentum parti-
les.Time-Proje
tion Chamber (TPC). The Time-Proje
tion Chamber(TPC) [6℄ is the main tra
king dete
tor of the 
entral barrel and is optimizedto provide, together with the other 
entral barrel dete
tors, 
harged-parti
lesmomentum measurements with good two-tra
k separation, parti
le identi�-
ation and vertex determination.The phase spa
e 
overed by the TPC in pseudo-rapidity is |η| < 0.9 for tra
kswith full radial tra
k length (mat
hes in ITS, TRD and TOF dete
tors); forredu
ed tra
k length (at redu
ed momentum resolution) an a

eptan
e upto about |η| = 1.5 is a

essible. The TPC 
overs the full azimuth. A large
pt range is 
overed: from low pt of about 0.1 GeV/c up to 100 GeV/c withgood momentum resolution.The TPC is 
ylindri
al in shape; the a
tive volume has an inner radius ofabout 85 
m, an outer radius of about 250 
m, and an overall length alongthe beam dire
tion of 500 
m. The dete
tor is made of a large 
ylindri
al�eld 
age, �lled with 90 m3 of Ne/CO2/N2, in whi
h the primary ele
tronsare transported over a distan
e of up to 2.5 m on either side of the 
entralele
trode to the end plates. Multi-wire proportional 
hambers with 
athodepad readout are mounted into 18 trapezoidal se
tors at ea
h end plate. Thishowever leads to a ∼ 88 µm drift time whi
h is the limiting fa
tor for theluminosity in p�p 
ollisions.The study of soft hadroni
 observables requires a resolution of 1% for mo-menta between 100 MeV/c and 1 GeV/c, while the dete
tion of hard probesrequires a 10% resolution for tra
ks with pt = 100 GeV/c. The latter 
an bea
hieved by using the TPC in 
ombination with ITS and TRD. The resolu-tion on the relative momentum between two parti
les, ne
essary to measuretwo-parti
le 
orrelations, has to be better than 5 MeV/c. Finally, the TPC
an provide parti
le identi�
ation by dE/dx measurement in 
ertain momen-tum intervals from the low-momentum region up to few tens of GeV/c, in
ombination with TOF, TRD and ITS.Transition Radiation Dete
tor (TRD). The main purpose of theALICE Transition Radiation Dete
tor (TRD) [7℄ is to provide ele
tron iden-ti�
ation in the 
entral barrel for momenta above 1 GeV/c. Below this mo-mentum ele
trons 
an be identi�ed via spe
i�
 energy loss measurement inthe TPC. In 
onjun
tion with data from the ITS and the TPC it is possibleto study the produ
tion of light and heavy ve
tor-meson resonan
es and thedilepton 
ontinuum both in p�p as well as in Pb�Pb 
ollisions. Exploiting7



The ALICE Experimentthe ex
ellent impa
t parameter resolution of the ITS it is furthermore possi-ble to re
onstru
t open 
harm and open beauty in semi-leptoni
 de
ays. TheTRD was designed to derive a fast trigger for 
harged parti
les with highmomentum. It is part of the Level 1 trigger and 
an signi�
antly enhan
ethe re
orded Υ-yields, high-pt J/ψ, the high-mass part of the dilepton 
on-tinuum as well as jets.The TRD 
onsists of 540 individual read-out dete
tor modules. Ea
h module
onsists of a radiator of 4.8 
m thi
kness, a multi-wire proportional readout
hamber and its front-end ele
troni
. The TRD in
reases the ALICE pionreje
tion 
apabilities by a fa
tor of 100 for ele
tron momenta above 3 GeV/cand allows a mass resolution of 100 MeV/c2 at the Υ for B = 0.4 T.Time-Of-Flight (TOF) dete
tor. The Time-Of-Flight (TOF) [8℄ de-te
tor is a large area array that 
overs the 
entral pseudo-rapidity region(|η| < 0.9) for Parti
le IDenti�
ation (PID) in the intermediate momentumrange, below about 2.5 GeV/c for pions and kaons, up to 4 GeV/c for pro-tons, with a π/K and K/p separation better than 3σ. The TOF, 
oupledwith the ITS and TPC for tra
k and vertex re
onstru
tion and for dE/dxmeasurements in the low-momentum range (up to about 1 GeV/c), providesevent-by-event identi�
ation of large samples of pions, kaons, and protons. Inaddition, at the in
lusive level, identi�ed kaons allows invariant mass studies,in parti
ular the dete
tion of open heavy-�avored states and ve
tor-mesonresonan
es su
h as the φ meson.It has a modular stru
ture 
orresponding to 18 se
tors in φ and to 5 segmentsin z dire
tion. The whole devi
e is ins
ribed in a 
ylindri
al shell with aninternal radius of 370 
m and an external one of 399 
m. The whole devi
ethi
kness 
orresponds to 30% of a radiation length. The basi
 unit of theTOF system is a 10-gap double-sta
k Multi-gap Resistive Plate Chamber,providing an intrinsi
 time resolution of better than 40 ps and an e�
ien
y
lose to 100%.High-Momentum Parti
le Identi�
ation (HMPID).The High-Momentum Parti
le Identi�
ation Dete
tor (HMPID) [9℄, is ded-i
ated to in
lusive measurements of identi�ed hadrons at pt > 1 GeV/c.The aim is to enhan
e the PID 
apability of ALICE by enabling identi�
a-tion of 
harged hadrons beyond the momentum interval attainable throughenergy-loss (in ITS and TPC) and time-of-�ight measurements (in TOF).The dete
tor was optimized to extend the useful range for π/K and K/p dis-
rimination, on a tra
k-by-tra
k basis, up to 3 GeV/c and 5 GeV/c, respe
-tively. The HMPID was designed as a single-arm array with an a

eptan
eof |η| < 0.6 and an azimuthal 
overage of about 58°, 
orresponding to 5% of8



1.1 The ALICE dete
torthe 
entral barrel phase spa
e. The geometry of the dete
tor was optimizedwith respe
t to the parti
le yields in p�p and heavy-ion 
ollisions at LHCenergies, and with respe
t to the large opening angle required for two-parti
le
orrelation measurements. In addition the identi�
ation of light nu
lei andanti-nu
lei (d, t, 3He, α) at high transverse momenta in the 
entral rapidityregion 
an also be performed with the HMPID.The HMPID is based on proximity-fo
using Ring Imaging Cherenkov (RICH)
ounters and 
onsists of seven modules of about 1.5× 1.5 m2 ea
h.PHOton Spe
trometer (PHOS). The high resolution ele
tromagneti
spe
trometer [10℄ is designed to provide photon identi�
ation as well as neu-tral meson identi�
ation through the two-photons de
ay 
hannel. The mea-surement of single photon and di-photon spe
tra and Bose-Einstein 
orrela-tions of dire
t photons will allow testing the thermal and dynami
 propertiesof the initial phase of the 
ollision, while the dete
tion of high-pt π0 will allowinvestigation of jet quen
hing as a probe of de
on�nement.The PHOS is a single arm spe
trometer in
luding a highly segmented ele
-tromagneti
 
alorimeter made of lead-tungstenate 
rystals and a 
hargedparti
le veto dete
tor 
onsisting of a Multi-Wire Proportional Chamber with
athode-pad readout. The spe
trometer, positioned at the bottom of theALICE setup at a distan
e of 460 
m from the intera
tion point, 
overs apseudo-rapidity range of |η| < 0.12 and 100° in azimuthal angle.Ele
troMagneti
 CALorimeter (EMCal). The EMCal [11℄ is a largePb-s
intillator sampling 
alorimeter with 
ylindri
al geometry, lo
ated adja-
ent to the ALICE magnet 
oil at a radius of ∼ 4.5 m from the beam line. It
overs |η| < 0.7 and ∆φ = 107°, and is positioned approximately opposite inazimuth to the PHOS 
alorimeter. The size of the EMCal is 
onstraint by theavailable free spa
e and the maximum weight whi
h 
an be supported by theL3 magnet. The EMCal in
reases the ele
tromagneti
 
alorimeter 
overageof ALICE by nearly an order of magnitude. It provides a fast and e�
ienttrigger for hard jets, photons and ele
trons. The EMCal also measures theneutral energy 
omponent of jets, enabling full jet re
onstru
tion in all 
ol-lision systems, from p�p to Pb�Pb and enhan
es the ALICE 
apabilities forjet quen
hing measurements.ALICE COsmi
 Ray DEte
tor (ACORDE). ACORDE, the ALICE
osmi
 ray dete
tor, is an array of plasti
 s
intillator 
ounters pla
ed on theupper surfa
e of the L3 magnet. It dete
ts, in 
ombination with the TPC,TRD and TOF, single atmospheri
 muons and multi-muon events (so-
alledmuon bundles) thus allowing the study high-energy 
osmi
 rays in the en-9



The ALICE Experimentergy region of the knee in the 
osmi
 ray spe
trum. Furthermore it providesa fast Level-0 trigger signal for 
ommissioning, 
alibration and alignmentpro
edures of some of the ALICE tra
king dete
tors. ACORDE has beenused during the dete
tor 
ommissioning in 2007 and 2008.1.1.3 Forward dete
torsMuon Spe
trometer. Muon dete
tion is performed in the pseudo-rapidityregion −4.0 < η < −2.5 by the muon spe
trometer. With this dete
tor,the 
omplete spe
trum of heavy-quark ve
tor-mesons resonan
es (i.e. J/ψ,
ψ', Υ, Υ' and Υ� ), as well as the φ meson, is measured in the µ+µ− de
ay
hannel. The simultaneous measurement of all the quarkonia spe
ies withthe same apparatus allows a dire
t 
omparison of their produ
tion rate as afun
tion of di�erent parameters su
h as transverse momentum and 
ollision
entrality. In addition to ve
tor mesons, the unlike-sign dimuon 
ontinuumup to masses around 10 GeV/c2 
an be measured.The dete
tor [12℄ 
onsists of ten planes of tra
king 
hambers with highgranularity, a large dipole magnet with a 3 T·m �eld integral pla
ed outsidethe L3 magnet, a 
omposite front absorber ∼ 10 intera
tion lengths thi
k,made with layers of both high and low-Z materials, a se
ond absorber made ofiron and pla
ed at the about 16 m from the intera
tion vertex used to stopthe low-energy ba
kground parti
les and hadrons es
aped from the frontabsorber, and 4 planes of trigger 
hambers. The spe
trometer is shieldedthroughout its length by a dense absorber tube, with a diameter of about60 
m, whi
h surrounds the beam pipe.Muon identi�
ation in the LHC environment is only feasible for muon mo-menta above ∼ 4 GeV/c be
ause of the amount of absorber material requiredto redu
e the �ux of hadrons. Hen
e the measurement of low-pt 
harmoniumvia dimuon de
ays is possible only in the forward region, where the muonsare Lorentz-boosted.The tra
king 
hambers were designed to a
hieve the spatial resolution of100 µm ne
essary for an invariant mass resolution of 100 MeV/c2 at the Υmass and to operate in a maximum hit density of about 5·10−2cm−2 expe
tedin 
entral Pb�Pb 
ollisions.The trigger system of the ALICE Muon Spe
trometer 
onsists of two triggerstations (MT1 and MT2) lo
ated at about 16 m from the intera
tion pointand 1 m apart from ea
h other, pla
ed behind an iron muon �lter.Photon Multipli
ity Dete
tor (PMD). The multipli
ity and spa-10



1.1 The ALICE dete
tortial (η - φ) distribution of photons in the forward pseudo-rapidity region of
2.3 ≤ η ≤ 3.7 are measured by the Photon Multipli
ity Dete
tor (PMD) [13℄.These measurements also provide estimations of transverse ele
tromagneti
energy and the rea
tion plane on an event-by-event basis.Be
ause of the large parti
le density in the forward region, 
alorimetri
te
hniques for photon measurements are not feasible. The PMD uses thepreshower method where a three radiation length thi
k 
onverter (1.5 
mthi
k lead with a 0.5 
m stainless steel ba
king) is sandwi
hed between twoplanes of highly granular gas proportional 
ounters. The granularity andthe 
onverter thi
kness are optimized for high parti
le density so that theoverlap of photon showers is minimal. The information from the dete
torplane pla
ed in front of the 
onverter is used as 
harged parti
le veto (CPV)and the preshower data from the se
ond dete
tor plane is used for photonidenti�
ation.Forward Multipli
ity Dete
tor (FMD). The FMD [14℄ measures the
harged-parti
le multipli
ity over a large fra
tion of phase spa
e, −3.4 < η <
−1.7 and 1.7 < η < 5.0, both in full azimuth. The dete
tor is 
omposed ofsili
on strips lo
ated in �ve rings at z = 3.2 m, 0.83 m, 0.75 m, -0.63 m and-0.75 m.It will 
omplete the multipli
ity measurement together with the SPD, en-larging the a

essible pseudorapidity 
overage and a 
ross 
he
k of results ispossible in the region where it overlaps with the inner layer of the pixels.V0 dete
tor. The V0 dete
tor [14℄ is a small angle dete
tor 
onsistingof two arrays of s
intillator 
ounters, 
alled V0A and V0C, whi
h are in-stalled on either side of the ALICE intera
tion point. The V0A dete
tor islo
ated 340 
m from the vertex on the side opposite to the muon spe
trom-eter whereas V0C is �xed to the front fa
e of the hadroni
 absorber, 90 
mfrom the vertex. They 
over the pseudo-rapidity ranges 2.8 < η < 5.1 (V0A)and −3.7 < η < −1.7 (V0C) and are segmented into 32 individual 
ountersea
h distributed in four rings.The V0 is a trigger dete
tor that will provide minimum-bias trigger for all
olliding systems to the 
entral barrel dete
tors and three 
entrality trig-gers in Pb�Pb 
ollisions (multipli
ity, 
entral and semi-
entral). It has animportant role in reje
ting ba
kground from beam-gas 
ollisions exploitingthe relative time-of-�ight measurement between the two arrays: when thebeam�gas 
ollision takes pla
e outside the region between the two arrays,parti
les arrive 6 ns before or after the time of a beam�beam 
ollision. If thebeam�gas 
ollision takes pla
e in between the two arrays it is not possible toreje
t it and an o�ine trigger has to be employed. The V0 also parti
ipate in11



The ALICE Experimentthe measurement of luminosity in p�p 
ollisions with a fairly good pre
ision(about 10%).T0 dete
tor. The T0 dete
tor [14℄ 
onsists of two arrays of 12 Cherenkov
ounters ea
h, mounted around the beam-pipe. One of the arrays, T0C, ispla
ed 72.7 
m from the nominal vertex. Su
h a small distan
e had to be
hosen be
ause of the spa
e 
onstraints imposed by the front 
one of themuon absorber and other forward dete
tors and 
over the pseudo-rapidityrange of −3.28 ≤ η ≤ −2.97. On the opposite side of the Intera
tion Point(IP), the distan
e of the array T0A is about 375 
m.It measures the 
ollision time with a pre
ision of 50 ps. This information isused as a time referen
e for the TOF dete
tor and to determine the vertexposition with a pre
ision of about 1.5 
m. Furthermore, the T0 dete
tor 
analso send a pretrigger to the TRD.Zero Degree Calorimeter (ZDC). The Zero Degree Calorimeter [15℄is used to measure the 
entrality of the 
ollision by measuring the energy
arried in the forward dire
tion (at 0° relative to the beam dire
tion) bynon-intera
ting (spe
tator) nu
leons. The 
entrality information providedby the ZDC is also used for triggering at Level 1. Finally, the ZDC beingalso a position-sensitive dete
tor, 
an give an estimate of the rea
tion planein nu
lear 
ollisions. In p-p 
ollisions the ZDC will not provide a triggersignal to the experiment but 
an be used to identify di�ra
tive events andto measure parti
le produ
tion in a very forward region. The Zero DegreeCalorimeter 
onsists of two sets of hadroni
 
alorimeters lo
ated at 114 mon either side of the IP. In addition, two small ele
tromagneti
 
alorimeters(ZEM) are pla
ed at about 7 m from the IP, on both sides of the LHC beampipe, opposite to the muon arm. Spe
tator protons are spatially separatedfrom neutrons by the magneti
 elements of the LHC beam line. Therefore,ea
h ZDC set is made by two distin
t dete
tors: one for spe
tator neutrons(ZN), pla
ed between the beam pipes at 0° relative to the LHC axis, and onefor spe
tator protons (ZP), pla
ed externally to the outgoing beam pipe onthe side where positive parti
les are de�e
ted. The ZN and ZP are installedon lifting platforms, in order to lower them out of the horizontal beam plane(where the radiation levels are highest) when not in use. A detailed des
rip-tion of the dete
tor and its performan
es measured with p�p 
ollisions willbe given in the following 
hapter.A summary of the pseudorapidity 
overage of the ALICE dete
tors 
anbe found in �g. 1.2. 12



1.2 Online systems

Figure 1.2: ALICE pseudorapidity 
overage.1.2 Online systemsThe 
ontrol of the ALICE experiment is based on several independent `onlinesystems'. Every online system 
ontrols operations of a di�erent type belong-ing to a di�erent domain of a
tivities: Dete
tor Control System (DCS), DataA
quisition (DAQ), Trigger system (TRG), and High-Level Trigger (HLT).The online systems are independent, may intera
t with all the dete
tors andallow partitioning. Partitioning is the 
apability to 
on
urrently operategroups of ALICE dete
tors. In the �nal setup the dete
tors work all togetherto 
olle
t physi
s data. In the 
ommissioning phase, however, dete
tors aredebugged, and tested as independent obje
ts. While this mode, 
alled `stan-dalone mode', is absolutely vital in the 
ommissioning and testing phase, it isalso required during the data-taking phase to perform 
alibration pro
edureson individual dete
tors. Therefore it remains essential during the whole life
y
le of ALICE.In the following a brief des
ription of the ALICE online systems will begiven.1.2.1 The trigger systemALICE has a two-layer trigger ar
hite
ture [16℄. The low-level trigger is ahardware trigger 
alled Central Trigger Pro
essor (CTP). The High-Level13



The ALICE ExperimentTrigger (HLT) is implemented as a pure software trigger.The CTP 
ombines inputs from di�erent trigger sour
es, i.e. the varioussubdete
tors. These inputs are either single signals like a hit in the dete
toror logi
 
ombinations of signals that are performed in the subdete
tors. TheHLT allows the implementation of sophisti
ated logi
 for the triggering. In
ontrast to the CTP, whi
h governs the readout of the subdete
tors, the HLTre
eives a 
opy of the data read out from the subdete
tors and pro
esses it.The Central Trigger Pro
essorThe hardware trigger 
ombines the trigger signals of the various subdete
torsto de
ide if an event is a

epted whi
h means that it is read out and writtento disk. Three trigger levels redu
e the event rate depending on the inputsignals. The �rst level, 
alled L0, is delivered after 1.2 µs: the laten
y of thisfast signal is due both to the time required by the ele
troni
s to elaboratethe signal (order of tenth ns) and to the time needed to propagate throughthe 
ables (order of hundreds µs). The laten
y is �xed in order to knowthe time of 
ollision. The L0 signal is too fast to be able to re
eive all thetrigger inputs, therefore a L1 signal is sent at 6.5 µs to pi
k up all remainingfast inputs. The laten
y of L1 (∼ 6.5 µs) has been 
hosen to allow thebu�erization of the SDD of the ITS, whose drift time is of the order of5 µs. The �nal trigger, L2, is delivered after 100 µs, upon 
ompletion of thedrift time in the TPC. Only after an L2 trigger the event is �nally stored.Another task of the hardware trigger is to issue a pretrigger to wake up theTRD ele
troni
s whi
h is needed in less than 900 ns after the intera
tion.A past-future prote
tion ensures that events are not superimposed by toomany pile-up 
ollisions. The readout times of the di�erent dete
tors varysigni�
antly, therefore the window in whi
h pile-up is re
ognized depends onthe dete
tors that are part of the 
urrent partition as well as on the 
ollisionsystem. The trigger logi
 a
ts upon numerous inputs: up to 24 L0, 24 L1and 12 L2 input signals. Out of these inputs up to 50 trigger 
lasses 
an bede�ned. However, not all the inputs 
an be 
onne
ted in an arbitrary way,for more information see [16℄.The rates of di�erent trigger 
lasses are very di�erent. By de�nitionminimum-bias triggers have the highest rate, other triggers that look for raresignals have mu
h lower rates. Therefore, downs
aling fa
tors 
an be appliedto the trigger 
lasses individually. The total re
ording rate is limited bythe maximum bandwidth of data that 
an be re
orded to disk and tape. Toprevent losing pre
ious events due to the fa
t that no spa
e is available on thetemporary memory and disk bu�ers in a moment where a trigger that looksfor a rare signal o

urs, the trigger system implements an event prioritization14
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heme. Therefore, trigger 
lasses are grouped into 
ommon triggers and raretriggers. In the 
ase that the utilization of the temporary storage is above a
ertain value (high-water mark) only rare triggers are a

epted; as soon asthe utilization drops below a given low-water mark all triggers are a

eptedagain. This s
heme signi�
antly in
reases the a

eptan
e of rare events.The High Level Trigger (HLT)ALICE's software trigger, 
alled HLT, is a farm of multipro
essor 
omputerspro
essing the data in parallel allowing an online analysis of the events. Atrigger de
ision is derived from mu
h more 
omplete information than theone that is available for the hardware trigger. Therefore, it allows for moresophisti
ated triggers. Examples in
lude triggers on high-energy jets or onmuon pairs. Furthermore, the HLT 
an signi�
antly redu
e the event size bysele
ting regions of interest (partial readout of subdete
tors) and by further
ompression of the data.The HLT re
eives a 
opy of the raw data and performs per dete
tor re
on-stru
tion, partly aided by hardware 
opro
essors. Subsequently, the triggerde
ision is based on the global re
onstru
ted event. In the same step a regionof interest 
an be sele
ted. In the last optional step, if the trigger de
isionis positive, the data is 
ompressed. The trigger de
ision, partial readout in-formation, 
ompressed data, and the re
onstru
tion output is sent to LDCsand subsequently pro
essed by the DAQ. In terms of the overall DAQ ar
hi-te
ture, data sent by HLT is treated like stemming from a subdete
tor.1.2.2 Data A
Quisition (DAQ)The fun
tion of the Data A
Quisition DAQ system (DAQ) is to realize thedata�ow from the dete
tor up to the data storage, in
luding the data�owto and from the High-Level Trigger farm as well as sub-event and 
ompleteevent building. The DAQ system also in
ludes software pa
kages for rawdata integrity and system performan
e monitoring and overall 
ontrol of theDAQ system.The DAQ is designed to pro
ess a data rate of up to 1.25 GB/s in heavy-ion runs. Event building is done in two steps. Data from the subdete
torsis re
eived by Dete
tor Data Links (DDLs) on Lo
al Data Con
entrators(LDCs). The LDCs assemble the data into sub-events that are then shippedto Global Data Colle
tors (GDCs). A GDC re
eives all sub-events from agiven event and assembles them into a 
omplete event. Subsequently, theseevents are stored on a system 
alled Transient Data Storage (TDS) thatprovides at present 45 TB of data storage. The DAQ has at present 8315



The ALICE ExperimentLDCs and 43 GDCs while the fully equipped DAQ setup will 
omprise 200LDCs and 60 GDCs.The raw data taken by the subdete
tors have to be pro
essed before itis available in the form of re
onstru
ted events for further analysis. Thishappens in several stages. Data originating from the subdete
tors are pro-
essed by LDCs, global events are built by GDCs. The so-
alled publishagent registers the assembled events into the AliEn system and ships themto the CERN 
omputing 
enter where they are stored �rst on disks and thenpermanently on tapes by the CASTOR system.During data-taking the subdete
tors also produ
e 
onditions data that isrelevant for the 
alibration of individual dete
tor signals. Conditions dataprovides information about the dete
tor status and environmental variablesduring data-taking. Examples are ina
tive and noisy 
hannel maps, distri-butions that des
ribe the response of a 
hannel, temperatures and pressurein a dete
tor, and dete
tor 
on�guration. Many of the 
onditions data 
ouldin prin
iple be 
al
ulated from the raw data and extra
ted o�ine after data-taking.1.2.3 Dete
tor Control System (DCS)The primary task of the ALICE Control System is to ensure safe and 
orre
toperation of the experiment. It provides remote 
ontrol and monitoring ofall experimental equipment to allow the entire experiment to be operatedfrom the ALICE Control Room (ACR) at LHC point 2, through a unique setof operator panels. The DCS provides the optimal operational 
onditions sothat the physi
s data taken by the experiment is of the highest quality.The 
ontrol system has been designed to redu
e the downtime of theexperiment to a minimum and hen
e 
ontribute to a high running e�
ien
y.It also maximizes the number of readout 
hannels operational at any time,and measures and stores all parameters ne
essary for e�
ient analysis of thephysi
s data.Although 
overing a wide variety of 
omponents and being developed byvarious groups in parallel, the DCS is a 
oherent and homogeneous system,and allows for easy integration of 
omponents. The DCS is �exible and s
al-able, to a

ommodate the 
hanges of the experiment during its lifetime. Asthe 
ontrol system is supposed to be operational throughout all operationalphases of the experiment (data taking, shutdown et
.), it is able to 
ope withdi�erent operational modes, and allows independent and 
on
urrent opera-tion of ea
h sub-dete
tor, or any part of it. All data required to 
on�gurethe experiment equipment are stored in databases. All data relevant for theanalysis of the physi
s data are stored in a database and are easily a

essible16
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Figure 1.3: The DCS 
ontext.from the o�ine system.The 
ore of the 
ontrols system is a 
ommer
ial Supervisory Control andData A
quisition (SCADA) system named PVSS [37℄. It 
ontrols and moni-tors the dete
tor devi
es, provides 
on�guration data from the 
on�gurationdatabase and ar
hives a
quired values in the ar
hival database. Softwareframework built on top of PVSS allows for data ex
hange with external ser-vi
es and systems through a standardized set of interfa
es, mostly basedon CERN LHC Data Inter
hange Proto
ol (DIP). The DCS subs
ribes to alarge amount of data published by external providers and provides feedba
kto them. Parameters 
riti
al for physi
s data re
onstru
tion are extra
tedfrom the Ar
hival Database and sent to O�ine Conditions database at theend of ea
h run. The intera
tion between the DCS and the Trigger, the DAQand the HLT is syn
hronized by the Experiment Control System (ECS). Thefull 
ontext of the ALICE DCS is summarized in �g. 1.3.The development of the DCS for the Zero Degree Calorimeter is treated indetail in the Appendix.1.2.4 Experiment Control System (ECS)The Experiment Control System (ECS) 
oordinates the operations 
ontrolledby the online systems. It permits independent, 
on
urrent a
tivities on partof the experiment by di�erent operators and 
oordinates the fun
tions of theonline systems for all the dete
tors and within every partition. The 
om-17



The ALICE Experimentponents of the ECS re
eive status information from the online systems andsend 
ommands to them through interfa
es based on Finite-State Ma
hines(FSM). The implementation of these interfa
es is based on the SMI++ pa
k-age [38℄. The interfa
es between the ECS and the `online systems' 
ontaina

ess 
ontrol me
hanisms that manage the rights granted to the ECS: the`online systems' 
an either be under the 
ontrol of the ECS or be operated asindependent systems. In the se
ond 
ase the `online systems' provide statusinformation to the ECS, but do not re
eive 
ommands from it.1.3 O�ine frameworkIn this se
tion the software and the main tools developed to pro
ess andanalyze data will be reviewed. First the ALICE o�ine framework will beintrodu
ed, then a short des
ription of the simulation, re
onstru
tion andanalysis ar
hite
ture will be given. Finally the tools for distributed analysiswill be listed. Details 
an be found in [17℄.1.3.1 AliRoot frameworkThe proje
t for the ALICE o�ine framework, AliRoot [18℄, started in 1998and has been 
ontinuously developed by the o�ine 
ore team and 
ollabo-ration members. AliRoot is entirely based on Obje
t Oriented te
hnology(C++) and depends on the ROOT [19℄ framework, whi
h provides an envi-ronment for the development of software pa
kage for event generator, dete
torsimulation, event re
onstru
tion and data a
quisition and analysis. The �nalobje
tives of the AliRoot framework are:� the simulation of the primary 
ollisions and the resulting dete
tor re-sponse;� the re
onstru
tion of the physi
s data (raw-data) 
oming from simu-lated and real events;� the (distributed) analysis of re
onstru
ted data.The AliRoot design was guided by the basi
 prin
iples of re-usability andmodularity, whi
h minimize the amount of user 
ode unused or rewritten andmaximize the parti
ipation of the physi
ists in its development. A s
hemati
pi
ture of the framework layout is shown in �g. 1.4: the 
ore of the systemis the STEER module, whi
h provides steering, run management, interfa
e
lasses and base 
lasses. The 
odes from the di�erent dete
tors are indepen-dent so that di�erent dete
tor groups 
an work 
on
urrently on the system18



1.3 O�ine framework

Figure 1.4: S
hema of the AliRoot framework.while minimizing the interferen
e. The use of an Obje
t Oriented program-ming language, allowing a de�ned 
lass hierar
hy, realizes the modularitystru
ture in a natural way.The hadroni
 
ollision 
an be simulated with di�erent Monte Carlo eventgenerators, like, for example, Pythia [20℄, Phojet [21℄ and Hijing [22℄, whi
hare interfa
ed to the framework in a 
ompletely transparent way to the users.The dete
tor response simulation follows the same logi
, allowing the user toswit
h among di�erent transport pa
kages like GEANT3 [23℄, GEANT4 [24℄and FLUKA [25℄, without 
hanging the 
ode: only a di�erent shared libraryhas to be loaded.The role of the framework is shown s
hemati
ally in �g. 1.5. The leftbran
h of the 
urve represents the simulation phase: the Monte Carlo truthis degraded to reprodu
e the dete
tor response. On the 
ontrary, the rightbran
h is the re
onstru
tion phase: the real or simulated data are re
on-stru
ted in order to retrieve ba
k the kinemati
s of the dete
ted parti
les.The primary intera
tions are simulated via event generators and the re-sulting kinemati
 tree is then used in the transport pa
kage. The tree 
on-tains the produ
ed �parti
les�, de�ned through a set of kinemati
 variables,su
h as momenta and energies, and keeps tra
k of the produ
tion history (interms of mother-daughters relationship and produ
tion vertex). Ea
h parti-
le is then transported into the set of dete
tors: the point where the energy19
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Figure 1.5: Data pro
essing framework.is deposited together with the amount of su
h energy 
onstitutes an hit. Thehits 
ontain also information about the parti
le that generated them.At the next step the dete
tor information is taken into a

ount, the infor-mation on the parent tra
k is lost and the spatial position is translated intothe 
orresponding dete
tor readout element (e.g. strips, pads, et
.), thusgenerating the digits. There are two types of digits: the �summable digits�,where zero-thresholds are used and the results 
an be summed when di�erentevents are superimposed (event merging), and the �digits�, where real thresh-olds are used and the result is similar to what one would get in a real datataking. In the last step, the data is stored in the spe
i�
 hardware formatof the dete
tor (raw data). At this stage the raw data 
orresponds to thesignals that would be produ
ed by an intera
tion of the same kind withinthe dete
tor. The subsequent re
onstru
tion is identi
al, both for simulatedas well as real events. The �nal output is an Event Summary Data (ESD), aroot �le 
ontaining all the output of the re
onstru
tion relevant for physi
sstudies. Meta-data information of re
onstru
ted events in the ESD �le (like,for instan
e, the muon multipli
ity) are stored in the Tag database of Ali-Root: this is important in the analysis sin
e it allows to sele
t only thoseevents of interest for the spe
i�
 analysis 
onsidered, with a fast query to thedatabase. The sele
tion, performed through a train of �analysis tasks�, re-sults in the 
reation of Analysis Obje
t Data (AOD) �les, whi
h 
ontains all20



1.3 O�ine frameworkthe information needed for a spe
i�
 analysis and 
an be more easily handledby end users.1.3.2 Distributed 
omputing and the GridThe 
omputing resour
es required to pro
ess the ALICE data are su
h thatthey 
annot be 
on
entrated in a single 
omputing 
enter. Therefore datapro
essing is distributed onto several 
omputing 
enters lo
ated worldwide.Grid Middleware allows treatment of this heterogeneous 
olle
tion of dis-tributed 
omputing resour
es as an integrated 
omputing 
enter.The ALICE interfa
e to the Grid is AliEn (Ali
e Environment) [26℄. Thisframework has been developed to o�er the ALICE user 
ommunity a simpli-�ed and transparent but fun
tional a

ess to the 
omputing resour
es dis-tributed worldwide through a single interfa
e, shielding the user from theunderlying 
omplexity and heterogeneity of the Grid world.The AliEn system is built around 
ommon Open Sour
e 
omponents andon top of the latest Internet standards for information ex
hange and authen-ti
ation. AliEn provides a virtual �le 
atalog that allows transparent a

essto distributed data sets and a number of 
ollaborating Web servi
es whi
himplement the authenti
ation, job exe
ution, �le transport and performan
emonitor.A detailed des
ription of the ar
hite
ture and the 
omponents of theAliEn system 
an be found in [27℄. It has been tested in produ
tions for sev-eral years, showing its 
apability to implement the ALICE Computing Modelfor simulation and re
onstru
tion des
ribed in [17℄. The AliEn 
apability torun analysis has been exer
ised and is now the part of the framework morerapidly evolving.1.3.3 The Parallel ROOT Fa
ilityPROOF (Parallel ROOT Fa
ility) allows intera
tive parallel analysis on alo
al 
luster to pro
ess large amounts of data minimizing the response time.Intera
tive means that users 
an see the results without waiting for the jobto �nish; parallel means that several nodes pro
ess subsets of data at thesame time. PROOF itself is not related to Grid but 
an be used in the Grid.Using PROOF is aimed to be transparent, so users 
an exe
ute the sameanalysis 
ode lo
ally and on a PROOF system, provided they follow 
ertainrules.The CERN Analysis Fa
ility (CAF) is a 
luster at CERN running PROOFfor ALICE. Simulated data and measured data are available on the CAF. It
an be used to perform analysis (p�p data, pilot analysis on Pb�Pb data),21
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alibration and alignment (both for p�p and Pb�Pb ) during the day and asa bat
h queue to run Grid jobs during the night.The aim of the CAF is 
on
eptually di�erent from analysis on the Grid:due to the limited disk spa
e not all data taken by ALICE will be a

essible onthe CAF, however it gives mu
h faster feedba
k than the Grid, thus allowingvery fast development 
y
les. This is 
ru
ial to analyze the �rst real datafor an early and prompt dis
overy of important features of data. The designgoal for the CAF is a system with 500 CPUs. At least 50 TB of sele
ted datawill be available. The CAF will also interfa
e with the CERN Castor 2 disk
a
he to retrieve raw data or ESDs sele
ted for analysis.
1.4 ALICE experimental programOne of the main physi
s aims of the ALICE experiment is to dete
t andstudy the phase transition from nu
lear matter to a de
on�ned state in whi
hquarks and gluons are free, the so-
alled �Quark�Gluon Plasma� (QGP)phase. ALICE will fully 
hara
terize and study the QGP properties: theexisten
e of su
h a phase and its properties are key issues in QCD for theunderstanding of the 
on�nement and 
hiral-symmetry restoration. ALICEwill also study equilibrium and non-equilibrium physi
s of strongly intera
t-ing matter in the energy density regime ǫ ∼ 1−1000 GeV/fm3 . In addition,the aim is to gain insight into the physi
s of parton densities 
lose to phasespa
e saturation, and their 
olle
tive dynami
al evolution towards hadroniza-tion (
on�nement) in a dense nu
lear environment. Therefore, studying thestru
ture of the QCD phase diagram and the properties of the QCD phase.In general, to establish experimentally the 
olle
tive properties of the hotand dense matter 
reated in nu
leus�nu
leus 
ollisions, both systemati
s-and luminosity-dominated questions have to be answered at LHC. Thus,the ALICE program for heavy-ion 
ollisions is �rstly to a

umulate enoughintegrated luminosity in Pb�Pb 
ollisions at √sNN = 2.36 and 5.5 TeV, tomeasure rare pro
esses. Data from di�erent 
olliding systems than Pb�Pb,that is lighter nu
lei, proton�proton and proton-nu
leus 
ollisions, are neededas referen
e data to measure the same observables under the same 
onditionsto spot e�e
ts of the formation of the hot medium.Proton�proton studies of unique interest, 
omplementary to the ones per-formed by the other p�p dedi
ated experiments, will also be 
arried out asexplained in the following se
tions. 22



1.5 Heavy - Ion observables in ALICE1.5 Heavy - Ion observables in ALICETo observe the properties of the 
reated QCD matter and relate them to thepredi
ted transition to the QGP, good probes are needed. Good probes arethose whose behavior and 
hara
teristi
s are well understood in p�p 
ollisionsand possibly strongly a�e
ted by the de
on�ned QCD medium. The proposedexperimental probes are sensitive to di�erent stages of the matter as it rapidlyexpands and evolves ba
k to normal matter.Some of the observables and probes that ALICE 
an measure and that arerelevant to the physi
s goals of the experiment are presented in the following.Parti
le Yields and Ratios. Parti
le yields and ratios depend on thestate of the system at the 
hemi
al freeze-out. Statisti
al models allow the
al
ulation of hadron yields of an equilibrated system. In turn, the measuredyields 
an be used to 
al
ulate the parameters of the equilibrated system,in parti
ular the 
hemi
al freeze-out temperature and the baryo
hemi
al po-tential.Heavy-quark and quarkonium produ
tion. Heavy quarks (
harmand bottom) provide sensitive probes of the 
ollision dynami
s both at shortand long times
ales: their produ
tion takes pla
e on the times
ale of 1/mQ,where mQ is the mass of the quark, and their lifetimes are long enough tolet them go through the thermalization phase of the plasma so that they 
anbe a�e
ted by its presen
e. Produ
tion of heavy-quark pairs 
an also takepla
e: these pairs 
an form quarkonium states that 
an very likely dissolvesin
e their binding energy is 
omparable to the mean energy of the plasma(
olor s
reening of the cc̄ potential by the surrounding 
olor 
harges). As aresult, open heavy �avors emerge in the �nal state. Therefore quarkoniumstates should be suppressed and open heavy �avor enhan
ed. However, athigh-pt open heavy �avors are expe
ted to be suppressed due to the partonenergy loss through the medium. To extra
t information about the QGPphase from the features of heavy-quark and quarkonium produ
tion, a deepknowledge of the same pro
esses in p�p and p�A 
ollision is mandatory.Flow. Radial �ow is 
aused by the matter-density gradient betweenthe 
enter of the �reball and the boundary region. Additionally, ellipti
�ow o

urs in non-
entral 
ollisions due to the asymmetri
, almond shaped,
ollision region whi
h results in an anisotropi
 expansion. This e�e
t is self-quen
hing in the sense that the expansion redu
es the anisotropy and thus theellipti
 �ow. Therefore, the measurement of ellipti
 �ow 
arries signatures ofthe earlier 
ollision stages. The analysis of transverse momentum spe
tra at
entral rapidity with respe
t to the rea
tion plane in an event allows ellipti
�ow o

urring in the 
ollision to be analyzed.Jet Quen
hing. Partons traversing the dense medium s
atter and pre-23



The ALICE Experimentdominantly lose energy by radiating gluons. This energy loss results in asuppression of high-pt parti
les, the so-
alled jet quen
hing. It 
an be ob-served via a pt dependen
e of RAA
1 whi
h requires the p�p measurement asreferen
e. Model 
omparisons allow the gluon density in the medium to beextra
ted from the observed jet quen
hing.The ba
k-to-ba
k 
orrelation that 
an be usually observed in two-jet eventsdue to momentum 
onservation in the hard parton�parton intera
tion isstrongly in�uen
ed by the medium. This 
orrelation is broadened; one jetmay even be 
ompletely absorbed. Jet produ
tion rates measured in p�p
ollisions, again, provide an essential referen
e here.Dilepton and Photon Spe
tra. Leptons and photons are produ
edthroughout the entire evolution of the 
ollision. However, leptons and pho-tons produ
ed in the earliest and hottest phase of the 
ollision do not intera
tstrongly with the �reball. Therefore, they are a probe of the phase at its high-est temperature. In the measurement, both of them are dominated by largeba
kgrounds from hadroni
 pro
esses, for example from pions, kaons and ρ.The yields of dileptons and photons are 
ompared between heavy-ion andp�p 
ollisions to extra
t signals from the early 
ollision phase.1.6 Proton - Proton physi
s in ALICEALICE will take and study proton�proton data at a 
enter of mass energyup to 14 TeV both as a ben
hmark for the understanding of heavy-ion dataand to explore p�p physi
s in a new energy domain. The apparatus has sev-eral features that makes it an important 
ontributor to genuine p�p physi
sstudies as well. Indeed, ALICE 
an identify parti
les over a broad momen-tum range, it has powerful tra
king with good two-tra
k resolution (from100 MeV/c up to 100 GeV/c) and an ex
ellent determination of se
ondaryverti
es. The low material budget (≤ 10% X0 in the full tra
king volume)and rather weak magneti
 �eld (0.5 T) will provide a unique 
apability ofdete
ting low-pt phenomena in p�p at the LHC. This will allow several ba-si
 QCD measurements to be performed, as des
ribed in the following. Inaddition, it will also 
ontribute to understanding the underlying events andminimum-bias event properties. These events 
onstitute the ba
kground forthe hight-pt rare pro
esses of interest for the other dedi
ated p�p experimentsat the LHC.1This quantity is de�ned as the ratio between parti
le yield in nu
leus�nu
leus 
olli-sions, normalized to the number of binary 
ollisions given by the Glauber model 
al
ula-tion, to the 
orresponding yield in p�p 
ollisions. If there is no medium e�e
t, the yieldshould s
ale with the number of binary 
ollisions and the ratio is 1.24



1.6 Proton - Proton physi
s in ALICE1.6.1 Ben
hmark for heavy-ion physi
sStudying p�p 
ollisions and measuring the same observables at the samespe
i�
 energy is needed to identify genuine 
olle
tive phenomena in A�A
ollisions (i.e. not present in a superimposition of p�p 
ollisions). Some ofthe observables useful to this intent are listed below.Parti
le multipli
ities: di�eren
es in parti
le multipli
ities betweenp�p and A�A 
ollisions are related to the features of parton distributions inthe nu
leon with respe
t to parton distributions in nu
lei and to the onsetof saturation phenomena o

urring at small x.Jet fragmentation fun
tions: these are predi
ted to be modi�ed from
al
ulations of medium-indu
ed parton-energy loss.Slopes of transverse-mass distribution: the 
omparison will allow
olle
tive e�e
ts su
h as transverse �ow, present in A�A and absent in p�p ,to be spotted.Parti
les yields and ratios: these are indi
ative of the a
hieved 
hem-i
al equilibration in A�A 
ollisions and should be 
ompared to those in p�p
ollisions.Ratios of momentum spe
tra: at high momenta these spe
tra allowthe di�erentiation of partoni
 energy-losses of quarks and gluons.Strangeness enhan
ement: strangeness produ
tion shows a very regu-lar behavior in p�p 
ollisions from 10 up to 1800 GeV with an almost 
onstantratio between newly produ
ed s and u quarks, while a strangeness enhan
e-ment is observed in heavy-ion 
ollisions between 2 and 10 GeV. Changes inthis ratio indi
ate new produ
tion me
hanisms, as provided, for example, bynew 
olle
tive e�e
ts or by the signi�
ant 
ontributions of jet fragments tototal multipli
ity.Heavy-quark and quarkonium produ
tion 
ross se
tion: possi-ble suppressions or enhan
ement, as well as parton energy-loss, have to beestimated and 
ompared to the p�p yields. In addition more pre
ise mea-surements of these yields are needed.Dilepton spe
tra: dileptons from resonan
e de
ays 
arry informationabout in-medium modi�
ations in A�A 
ollisions.Photon spe
tra: in p�p this measurement is needed to 
alibrate photonprodu
tion in order to estimate the ba
kground to the thermal photon pro-du
tion in heavy-ion 
ollisions. Referen
e values for the γ-jet 
ross se
tionsin p�p are also important.Measurements with the same dete
tor set-up have also the advantage ofminimizing systemati
 e�e
ts in the 
omparison.25



The ALICE Experiment1.6.2 Genuine proton�proton physi
s with ALICEAs already mentioned above, ALICE interest in the p�p LHC program goesbeyond the need to provide referen
e data for Pb�Pb. Its unique dete
tion
apabilities will allow a number of important studies within p�p physi
s to beaddressed. The most interesting aspe
ts of spe
i�
 p�p studies are 
onne
tedto the exploration of a new energy domain and the a

ess to the region oflow Bjorken-x values.In the study of some observables ALICE has a unique 
apability, orat least is 
ompetitive with the other LHC experiments: this is parti
u-larly true for the low-pt domain (below 1 GeV/c) for whi
h the dete
tor hasbeen optimized. Indeed the p�p ALICE physi
s program aims to study non-perturbative strong-
oupling phenomena related to 
on�nement and hadroni
stru
ture sin
e the main 
ontribution to the 
ross-se
tion relevant for thesestudies is in the low-pt region. Some spe
i�
 issues in p�p physi
s are outlinedand brie�y dis
ussed in the following.Charged-parti
le multipli
ity. Measuring 
harged-parti
le multipli
-ity will allow the dNch/dη dependen
e on the 
enter of mass energy to bestudied. Measurements of multipli
ity will allow 
omparisons with the KNOs
aling and the predi
tions from other models. Sear
h for substru
tures, ina model-independent way, would be important to distinguish between softand semi-hard 
omponents in the minimum-bias p�p intera
tions. Studies inthe high multipli
ity region (e.g. multipli
ities above 10 times the averagein minimum-bias 
ollisions) are also very interesting: these events 
an givea

ess to initial states where new physi
s, su
h as high density e�e
ts andsaturation phenomena, sets in.Charged-parti
le spe
tra. Charged-parti
le spe
tra, both in
lusiveand for identi�ed spe
ies, will be measured in rapidity and transverse mo-mentum. Correlations between mean pt and multipli
ity are of great interest,for example studied for ea
h parti
le spe
ie, sin
e at Tevatron di�erent 
or-relations were found. This will be relevant, in parti
ular, in issues related tostrangeness produ
tion.Baryon-number transfer in rapidity. The me
hanism by whi
h thebaryon number is transported to the 
entral rapidity region in hadroni
 
ol-lisions is an open question: there are models explaining the transfer withdi�erent me
hanisms (quark�diquark string breaking). ALICE will measurewith abundant statisti
 baryons in several 
hannels in the 
entral-rapidityregion to 
larify this issue. The baryon-number asymmetry will be studiedfor identi�ed baryons (protons, λ, Ξ and Ω) at low-pt and as a fun
tion ofparti
le multipli
ity.Two-parti
le 
orrelations. In parti
ular, studying two-parti
le 
orre-26



1.7 LHC running 
onditions for ALICElations will allow the energy dependen
e and the dependen
e on parti
le typeof the two-parti
le pseudorapidity 
orrelations to be determined.Heavy-�avor produ
tion. Measuring heavy-quark produ
tion 
rossse
tions will help in understanding dis
repan
ies found between theoreti-
al predi
tions and measurements at SPS, Tevatron, HERA and LEP. Themeasurements will be extended to very low-pt, improving the pre
ision withrespe
t to existing results.Jets. In p�p 
ollisions the main interest is in 
hara
terizing events withseveral jets at relatively low-pt . ALICE will be also able to study jet fragmen-tation as it 
an measure and identify parti
les in a highly dense environment,this being 
ru
ial for the re
onstru
tion of jet topology.Di�ra
tive physi
s. The interest in di�ra
tive physi
s ranges from un-derstanding Pomeron ex
hange in Regge theory to small-x phenomena. Inparti
ular ALICE should be able to observe large rapidity gaps, due to itswide 
overage in 
entral and forward pseudorapidity, as well as for low-xphenomena (down to 10−6). Di�ra
tive pro
esses will have a sizable e�e
tsin
e single and double-di�ra
tive disso
iation 
ross-se
tions are predi
tedto in
rease at the LHC. Investigation of the hadroni
 stru
ture of the �nalstate produ
ed in di�ra
tive pro
esses 
an provide, as well as parti
le identi-�
ation, important informations on the me
hanism of high-energy hadroni
intera
tions.Double-parton 
ollisions. In
reasing the energy of p�p 
ollisions,multi-parton 
ollisions be
ome in
reasingly important sin
e the parton �uxin
reases. Su
h a measurement has already been performed at Tevatronshowing that the stru
ture of the proton is mu
h ri
her than the indepen-dent superposition of single-parton distribution fun
tions a

essible by deep-inelasti
 s
attering. At the LHC a signi�
ant 
ross-se
tion is estimated fordouble-parton 
ollisions into �nal states with four jets and three jets and onephoton.1.7 LHC running 
onditions for ALICEIn 2008, ALICE took 
osmi
-ray data and was ready to dete
t �rst 
ollisions.At this stage most subdete
tors had �nished their 
omplete installation ex-
ept for the TRD (4 out of 18 supermodules were installed), PHOS (1 out of5 PHOS modules was installed without CPV), PMD (25% were installed),and EMCal, whose 
onstru
tion has only started in 2008.In 2008, millions of 
osmi
-ray events and some events during the 
ir
u-lating LHC beams were taken. These data have been used for 
ommissioningand alignment purposes [28℄. 27
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Figure 1.6: Integrated luminosity and number of re
orded trigger during p�p 2010data taking at √s = 7 TeV. Three di�erent trigger 
lasses are 
onsid-ered.At the end of 2009 the ALICE experiment started its p�p data taking.The availability of the �rst low luminosity 
ollisions at √
s =900 GeV and√

s=2.36 TeV allowed to improve and extend the 
alibration and alignmentpro
edures, started with 
osmi
 rays in 2008, and to perform the �rst analysisof the 
harged parti
les pseudorapidity densities and pseudorapidity distri-butions.At the beginning of 2010, LHC started to a

elerate parti
les at 7 TeVwith in
reasing luminosity. Fig. 1.6 shows the integrated luminosity duringthe 2010 and the number of re
orded triggers in three trigger 
lasses duringthe p�p data taking.Between the November 7th and the De
ember 6th, ALICE 
olle
ted datain heavy ion 
ollisions. Fig. 1.7 shows the integrated luminosity during the2010 and the number of re
orded triggers in three trigger 
lasses during thePb�Pb data taking.1.8 First results from p�p 
ollisionsCurrent models of hadron-hadron 
ollisions at high energies, su
h as theevent generators PYTHIA and PHOJET 
ombine perturbative QCD for thedes
ription of hard parton intera
tions with phenomenologi
al approa
hesto model soft 
omponent of produ
ed parti
le spe
trum. Data on 
harged-parti
le produ
tion in hadron-hadron 
ollisions will have to be used to tunethese models before they 
an provide a detailed des
ription of the exist-ing measurements and predi
tions for parti
le produ
tion 
hara
teristi
s inp�p 
ollisions at highest LHC energies. These data in
lude the measure-ment of multipli
ity, pseudorapidity and transverse momentum distributions28
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ollisions

Figure 1.7: Integrated luminosity and number of re
orded events during Pb�Pb2010 data taking. Three di�erent trigger 
lasses are 
onsidered.of 
harged parti
les and 
orrelations, su
h as the dependen
e of the averagetransverse momentum on the 
harged multipli
ity. Su
h studies are also im-portant for understanding of ba
kgrounds for measurements of hard and rareintera
tions.As a 
onsequen
e, the �rst ALICE results are related to these topi
s. AL-ICE measured the 
harged parti
le pseudorapidity densities and multipli
itydistributions in p�p 
ollisions at a 
enter-of-mass energy √
s = 0.9, 2.36 and7 TeV, the transverse momentum spe
trum of primary 
harged parti
les andthe 
orrelation between 〈pt〉 and the 
harged parti
le multipli
ity.Charged parti
le multipli
ityALICE has measured the pseudorapidity density of 
harged-parti
les pro-du
ed in proton-proton 
ollisions at a 
enter-of-mass energy √

s = 900 GeVwith low statisti
s from the �rst 
ollisions at the LHC [29℄. Then, the samemeasurement have been performed at √
s = 900 GeV with a higher statis-ti
s, at √

s = 2.36 TeV and at √
s = 7 TeV ([30℄, [31℄) and using di�erentnormalizations:� inelasti
 (INEL): this 
orresponds to the sum of all inelasti
 intera
-tions (non-di�ra
tive ND, single-di�ra
tive SD, and double-di�ra
tiveDD) with the trigger biases 
orre
ted for ea
h event 
lass individuallya

ording to their respe
tive estimated abundan
es and trigger e�
ien-
ies; 29
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Figure 1.8: Measured pseudorapidity dependen
e of dNch/dη at √
s = 0.9, 2.36and 7 TeV for inelasti
 
ollisions having at least one 
harged parti
lein |η| < 1.� non-single-di�ra
tive (NSD): here the 
orre
tions are applied to non-di�ra
tive and double-di�ra
tive pro
esses only, while removing, onaverage, the single-di�ra
tive 
ontribution;� INEL> 0(|η|<1): an event 
lass de�ned requiring at least one 
hargedparti
le in the pseudorapidity interval |η|<1 to minimize the modeldependen
e of the 
ross se
tion. It was introdu
ed sin
e at 7 TeV thereis no experimental information available about the 
ross se
tions andthe kinemati
s of di�ra
tive pro
esses: therefore it was impossible tonormalize the results to the INEL or NSD 
lasses.Fig. 1.8 shows the 
harged-parti
le density as a fun
tion of pseudorapidityobtained in the 
lass INEL> 0(|η|<1) for the three energies.The relative in
rease of pseudorapidity densities of 
harged parti
les be-tween the measurement at 0.9 TeV and the measurements at 2.36 TeV and7 TeV was evaluated. An in
reasing of 57.6% ± 0.4%(stat.)+3.6

−1.8%(syst.) be-tween the 0.9 TeV and 7 TeV data was observed, 
ompared with an in
reaseof 47.6% obtained from the 
losest model, PYTHIA tune ATLAS-CSC (see�g. 1.9). All the measurements 
on�rm the observation that the measuredmultipli
ity density in
reases with in
reasing energy signi�
antly faster thanin any of the models 
onsidered.In �g. 1.10, it is 
ompared the 
enter of mass energy dependen
e ofthe pseudorapidity density of 
harged parti
les for the INEL>0|η|<1 
lassto the evolution for other event 
lasses (inelasti
 and non-single-di�ra
tive30



1.8 First results from p�p 
ollisions

Figure 1.9: Relative in
rease of the 
harged-parti
le pseudorapidity density, forinelasti
 
ollisions having at least one 
harged parti
le in |η| < 1. Cor-responding ALICE measurements are shown with verti
al dashed andsolid lines; the width of shaded bands 
orrespond to the statisti
al andsystemati
 un
ertainties added in quadrature.events), whi
h have been measured at lower energies. Note that INEL>0|η|<1values are higher than inelasti
 and non-single-di�ra
tive values, as expe
ted,be
ause events with no 
harged parti
les in |η| < 1 are removed.Finally, the multipli
ity distributions were measured in di�erent pseudo-rapidity intervals. The multipli
ity distributions were �tted with a Negative-Binomial distribution (NBD). At the two lower energies satisfa
tory des
rip-tions were obtained while at 7 TeV, the NBD �t slightly underestimates thedata at low multipli
ities (Nch < 5) and slightly overestimates the data athigh multipli
itiesNch > 55). At the three energies, a 
omparison of the datato the multipli
ity distributions with event generators has been performed.The shape of the measured multipli
ity distribution is not 
ompletely repro-du
ed by any of the event generators 
onsidered. The dis
repan
y does notappear to be 
on
entrated in a single region of the distribution, and varieswith the model. Details 
an be found in [31℄.Transverse momentum spe
tra of 
harged parti
lesThe pre
ise measurement of the transverse momentum spe
trum of 
hargedparti
les produ
ed in p�p 
ollisions in the energy range of the LHC o�ersunique information about soft and hard intera
tions. As it is shown from the�rst analysis, the models require further tuning to su

essfully des
ribe the31



The ALICE Experiment

 (GeV)sEnergy 
210 310 410

η
/d

ch
Nd

0

2

4

6

ISR (pp) INEL
) INELpUA5 (p

PHOBOS (pp) INEL
ALICE (pp) INEL
ALICE (pp) INEL>0

) NSDpUA1 (p
) NSDpUA5 (p

STAR (pp) NSD
) NSDpCDF (p

CMS (pp) NSD
ALICE (pp) NSD

Figure 1.10: Charged-parti
le pseudorapidity density in the 
entral pseudorapidityregion |η| < 0.5 for inelasti
 and non- single di�ra
tive 
ollisions, andin |η| < 1 for inelasti
 
ollisions with at least one 
harged parti
le inthat region (INEL>0|η|<1), as a fun
tion of the 
enter of mass energy.The lines indi
ate the �t using a power-law dependen
e on energy.obtained data.With the �rst p�p 
ollisions at√s = 900 GeV ALICE measured the trans-verse momentum spe
trum of primary 
harged parti
les and the 
orrelationbetween pt and the 
harged parti
le multipli
ity. The measurement was per-formed in the 
entral rapidity region (|η| < 0.8) and was 
overed a pt range
0.15 < pt < 10 GeV/c, where both hard and soft pro
esses are expe
ted to
ontribute to parti
le produ
tion.A detailed des
ription of the measurements performed 
an be found in[32℄. In the analysis, the obtained spe
tra have been 
ompared with previousexperiments like UA1: good agreement is found up to pt = 1 GeV/c. Athigher pt, the data exhibit a harder momentum spe
trum of primary 
hargedparti
les than other measurements in p�p and p�p 
ollisions at the sameenergy: this is most likely related to the di�erent pseudorapidity intervalsstudied. Data have been 
ompared to MC, as it is showed in �g. 1.11:none of the models and tunes investigated des
ribes the pt spe
trum and the
orrelation between 〈pt〉 and nch. In parti
ular in the low pt region, wherethe bulk of the parti
les are produ
ed, the models require further tuning.The average transverse momentum 〈pt〉 as a fun
tion of the multipli
ityof a

epted parti
les in INEL p�p 
ollisions at √s = 900 GeV was also mea-sured. A signi�
ant in
rease of 〈pt〉 with multipli
ity is observed. Data arealso 
ompared with model 
al
ulations. None of the models gives a good32



1.8 First results from p�p 
ollisions

Figure 1.11: Comparison of the primary 
harged parti
le di�erential yield in INELp�p 
ollisions at √s = 900 GeV (|η| < 0.8) to results from PYTHIAand PHOJET. The ratio between the Monte Carlo simulation andthe data is showed in the bottom part. The shaded area indi
ates thestatisti
al and systemati
 error added in quadrature.
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Figure 1.12: The average transverse momentum of 
harged parti
les in INEL p�pevents at √s = 900 GeV as a fun
tion of nch in 
omparison to mod-els. The error bars and the shaded area indi
ate the statisti
al andsystemati
 errors of the data, respe
tively. In the lower panels, theratio Monte Carlo over data is shown. The shaded areas indi
ate thestatisti
al and systemati
 un
ertainty of the data, added in quadra-ture.
34



1.9 First results from Pb�Pb 
ollisionsdes
ription of the entire measurements (see �g. 1.12).1.9 First results from Pb�Pb 
ollisionsThe ALICE dete
tor 
olle
ted data at a 
enter of mass energy per nu
leonpair √sNN = 2.76 TeV during November 2010. These 
ollisions are expe
tedto generate matter at unpre
edented temperatures and energy densities inthe laboratory, opening a new frontier in the study of QCD matter.The �rst step in 
hara
terizing the system produ
ed in these 
ollisionsis the measurement of the 
harged-parti
le pseudorapidity density, whi
h
onstrains the dominant parti
le produ
tion me
hanisms and is essential toestimate the initial energy density [34℄. The dependen
e of the 
harged-parti
le multipli
ity density on energy and system size re�e
ts the interplaybetween hard parton�parton s
attering pro
esses and soft pro
esses. Predi
-tions of models that su

essfully des
ribe parti
le produ
tion at RHIC varyby a fa
tor of two at the LHC.For an event sample 
orresponding to the most 
entral 5% of the hadroni

ross se
tion the pseudo-rapidity density of primary 
harged parti
les at mid-rapidity is 1584 ± 4(stat.) ± 76(sys.), whi
h 
orresponds to 8.3 ± 0.4(sys.)per parti
ipating nu
leon pair. This represents an in
rease of about a fa
tor1.9 relative to p�p 
ollisions at similar 
ollision energies, and about a fa
tor2.2 to 
entral Au�Au 
ollisions at √sNN = 0.2 TeV.Beside this, in
lusive transverse momentum spe
tra of primary 
hargedparti
les have been measured for 
entral and peripheral 
ollisions, 
orre-sponding to 0-5% and 70-80% of the hadroni
 Pb�Pb 
ross se
tion [35℄. Themeasured 
harged parti
le spe
tra in |η| < 0.8 and 0.3 < pt < 20 GeV/chas been 
ompared to the expe
tation in p�p 
ollisions at the same √
s
NN

,s
aled by the number of underlying nu
leon-nu
leon 
ollisions. The 
ompar-ison is expressed in terms of the nu
lear modi�
ation fa
tor RAA. The resultindi
ates only weak medium e�e
ts (RAA ≈ 0.7) in peripheral 
ollisions. In
entral 
ollisions, RAA rea
hes a minimum of about 0.14 at pt = 6−7 GeV/cand in
reases signi�
antly at larger pt. The measured suppression of high-ptparti
les is stronger than that observed at lower 
ollision energies, indi
atingthat a very dense medium is formed in 
entral Pb�Pb 
ollisions at the LHC.Finally a �rst measurement of 
harged parti
le ellipti
 �ow has been done[36℄. The measurement is performed in the 
entral pseudorapidity region(|η| < 0.8) and transverse momentum range 0.2 < pt < 5.0 GeV/c. Theellipti
 �ow signal v2, measured using the 4-parti
le 
orrelation method, av-eraged over transverse momentum and pseudorapidity is 0.087±0.002(stat.)±
0.004(sys.) in the 40-50% 
entrality 
lass. The di�erential ellipti
 �ow v2(pt)35



The ALICE Experiment

Figure 1.13: Charged parti
le pseudo-rapidity density per parti
ipant pair for 
en-tral nu
leus-nu
leus and non-single di�ra
tive p�p /p�p 
ollisions, asa fun
tion of √sNN . The energy dependen
e 
an be des
ribed by(√sNN )0.15 for nu
leus-nu
leus, and (
√
sNN )0.11 for p�p /p�p 
olli-sions (top) and 
omparison of this measurement with model predi
-tions. Dashed lines group similar theoreti
al approa
hes (bottom).
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1.9 First results from Pb�Pb 
ollisionsrea
hes a maximum of 0.2 near pt = 3 GeV/
. Compared to RHIC Au�Au 
ollisions at 200 GeV, the ellipti
 �ow in
reases by about 30%. Somehydrodynami
 model predi
tions whi
h in
lude vis
ous 
orre
tions are inagreement with the observed in
rease.
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Chapter 2The Zero Degree CalorimetersThe number of parti
ipant nu
leons is the observable most dire
tly relatedto the geometry of nu
leus�nu
leus 
ollisions. It 
an be estimated by mea-suring the energy 
arried in the forward dire
tion (at 0° relative to the beamdire
tion) by non intera
ting (spe
tator) nu
leons.In ALICE, spe
tator nu
leons are dete
ted by means of Zero DegreeCalorimeters (ZDC). The 
entrality measurement is the main task of theZDC but it will be used in proton-nu
leus and proton-proton 
ollisions aswell. In p�A it will allow the determination of the 
entrality of the 
ollision.In p�p it will be used to measure the energy �ow in the very forward regionand to improve the ALICE 
apability to sele
t event samples enri
hed ofdi�ra
tive events.In this 
hapter a detailed des
ription of the 
hara
teristi
s of the dete
torwill be given together with a des
ription of its use in the di�erent data taking
onditions.2.1 Dete
tor LayoutIn ALICE two sets of hadroni
 ZDC are lo
ated at 114 m on either side of theIntera
tion Point (IP). In addition, two small ele
tromagneti
 
alorimeters(ZEM) are pla
ed at about 7 m from the IP, on both sides of the LHC beampipe, opposite to the muon arm (see �g. 2.1).Spe
tator protons are spatially separated from neutrons by the magneti
elements of the LHC beam line. Therefore, ea
h ZDC set is made by two dis-tin
t dete
tors: one for spe
tator neutrons (ZN), pla
ed between the beampipes at 0° relative to the LHC axis, and one for spe
tator protons (ZP),pla
ed externally to the outgoing beam pipe on the side where positive par-ti
les are de�e
ted. Both ZN and ZP are installed on lifting platforms, in39
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Figure 2.1: S
hemati
 top view of the beam line from ALICE intera
tion point(ATLAS side) till the ZDC lo
ation.

Figure 2.2: Photo of one set of ZDC 
alorimeters on the movable platform on thesurfa
e.order to lower them out of the horizontal beam plane (where the radiationlevels are highest) when not in use (see �g. 2.2).2.1.1 Hadroni
 
alorimetersThe hadroni
 ZDC are quartz �bers sampling 
alorimeters [39℄: the 
hargedparti
les of the shower generated by in
ident parti
les in a dense absorber(the so-
alled `passive' material) produ
e Cherenkov radiation in quartz �bers(`a
tive' material) interspersed in the absorber.Due to the small amount of available spa
e the dete
tors are very 
ompa
t.Parti
ularly for the neutron 
alorimeter, whose transverse size 
an not belarger than 7 
m, a very dense W-alloy was used as passive material tomaximize the 
ontainment of the showers. For the proton 
alorimeter there40
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tor Layout

Figure 2.3: Front fa
e of neutron (left) and proton (right) 
alorimeters.are no su
h stringent spa
e 
onstraints; moreover, the spe
tator protons spothas a wide spatial distribution. Therefore, a larger dete
tor made out ofbrass was built.The passive material is a sta
k of metalli
 plates grooved along the beamdire
tion; quartz �bers are pla
ed inside the grooves. The �ber spa
ing issmaller than the radiation length of the absorber, in order to avoid ele
tronabsorption in the passive material leading to non-uniformity in the response.The front fa
es of the ZN and ZP 
an be seen in �g. 2.3.The ZDC will operate in a harsh radiation environment, up to 104 Gy/dayat a luminosity of 1027 
m−2 s−1. For this reason, quartz �bers were 
hosen,due to their intrinsi
 radiation hardness. In parti
ular, �bers with a puresili
a 
ore, sili
a �uorinated 
ladding and a hard polymer 
oat have beenused. Their numeri
al aperture is 0.22.Cherenkov 
alorimeters are known to provide a very fast signal, due tothe intrinsi
 velo
ity of the emission pro
ess and have very low sensitivity toindu
ed radioa
tivity thanks to their threshold behavior.The �bers 
ome from the rear fa
e of the 
alorimeters and the opti
alreadout has been divided into �ve photomultipliers. One out of two �beris sent to a 
ommon photomultiplier (PMTC), while the remaining �bersare 
olle
ted in bundles and sent to four di�erent photomultipliers (PMT1to PMT4) forming four independent towers (as shown in �g. 2.4). Theinformation 
oming from the PMTC provides a 
omplementary measurementof the shower's energy, in parti
ular useful for 
alibration purposes. Moreoverusing the responses 
oming from the four ZN towers it is experimentallypossible the estimate of the 
entroid of the spe
tator neutrons spot on the
alorimeter from fa
e. In this way it is possible to 
ontinuously monitor the41



The Zero Degree CalorimetersDete
tor ZN ZPDimensions 7.2 ×7.2 ×100 cm3 22.8 ×12 ×150 cm3Filling ratio 1/22 1/65Absorber W-alloy brassDensity 17.6 g/cm3 8.48 g/cm3Number of slabs 44 30Slab's thi
kness 1.6 mm 4 mmNumber of �bers 1936 1680Fiber spa
ing 1.6 mm 4 mmFiber diameter (sili
a 
ore) 365 µm 550 µmNumeri
al aperture 0.22 0.22Number of PM 5 5Type of PM Hamamatsu R329-02 Hamamatsu R329-02Table 2.1: ZDC main parameters
Figure 2.4: S
hemati
 
onne
tions of the �bers to the PMTs for ZN (left) and ZP(right) dete
tors. White �bers bring the light to the 
ommon photo-multiplier while 
olored �bers bring the light to the other four photo-multipliers.beam 
rossing angle at IP2 [40℄ and to measure event plane. For ZP thesegmentation allows to 
he
k the relative behavior of the di�erent towers.Moreover the informations 
oming from the four ZP independent towers arehelpful when the Zero Degree Calorimeters are used to measure the 
entralityin p-A 
ollisions, by means of the dete
tion of the �grey and bla
k nu
leons�.i.e. the slow nu
leons emitted in this kind of 
ollisions [41℄.Table 2.1 summarizes the main 
hara
teristi
s of the dete
tors (further details
an be found in [15℄).The physi
s performan
e of the dete
tor is related to the resolution onthe number of spe
tator nu
leons hitting the 
alorimeters, whi
h in turn de-pends on the energy resolution of the ZDC.Tests of the ZN were performed with a hadron beam at the SPS, at energies42



2.1 Dete
tor Layoutbetween 50 and 150 GeV. The 
alorimeter resolution, as a fun
tion of energy,is given by: (σ/E)2 = (2.57 ± 0.03/E(GeV ))2 + (0.103 ± 0.006)2 [40℄. Ex-trapolating this result to LHC energy (2.76 TeV) an expe
ted resolution of
∼11.4% 
an be obtained.For ZP, beam tests provided a resolution given by
(σ/E)2 = (2.37± 0.02/E(GeV ))2 + (0.125± 0.002)2 , leading to a resolutionof ∼13% at LHC energy [42℄. All these results are in fair agreement withdetailed simulations performed within the AliRoot o�ine framework.Finally, thanks to the four tower segmentation, the ZN 
alorimeters 
anbe 
onsidered as a rough position sensitive devi
e. The impa
t position ofthe beam on the dete
tor 
an be estimated by means of the relations:

x =

∑4
i=1 xiwi

∑4
i=1wi

;

y =

∑4
i=1 yiwi

∑4
i=1wi

;

wi =
√

ADCiwhere xi and yi are the 
oordinates of the 
enter of the i-th tower and ADCis the digitized value of the 
orresponding PM signal. The resolution on theimpa
t point of a 100 GeV hadron hitting the front fa
e of the 
alorimeter is
∼ 3 mm [43℄. A similar resolution is expe
ted at LHC energy. This lo
alizing
apability will be surely used in the ALICE experiment both to monitor thebeam 
rossing angle at IP and to estimate the rea
tion plane of ion�ion
ollisions, de�ned by the beam dire
tion and the impa
t parameter.Finally, the expe
ted resolution on the measurement of the Pb�Pb 
ol-lision impa
t parameter, based on the aforementioned simulation, is of theorder of 1 fm [44℄.2.1.2 Ele
tromagneti
 
alorimetersTwo ele
tromagneti
 
alorimeters (ZEM) 
omplement the hadroni
 ZDC. Asit will be explained in the following, these devi
es are useful to distinguishbetween 
entral and peripheral events. They measure, event by event, theenergy of parti
les emitted at forward rapidity (mainly photons generatedfrom π0 de
ays).The dete
tion te
hnique is similar to the one used for the hadroni
 
alorime-ters: the absorber is made of 40 lead plates, ea
h one 3 mm thi
k, with quartz�bers sandwi
hed in layers between the plates. The �ber 
ores have a diam-eter of 550 µm and the a
tive to passive volume ratio is about 1/11. The43



The Zero Degree CalorimetersZEM �bers and plates are oriented at 45° with respe
t to the LHC axis. This
hoi
e maximizes the dete
tor response, be
ause Cherenkov light produ
tionhas a pronoun
ed peak around 45°. An air light guide positioned on top ofthe dete
tor 
olle
ts the light from the �bers up to a photomultiplier.The resulting 
alorimeter dimensions are 7×7×21 cm3, the total absorberlength 
orresponding about 30 radiation lengths. This 
ondition assures thetotal 
ontainment of the showers generated.In order to allow a dete
tion of a signi�
ant number of parti
les produ
edin the intera
tion, the 
hosen position for the ZEM 
alorimeters is at about7 m from the IP, just before the 
oils of the �rst 
ompensator dipole. Twodevi
es are pla
ed on the same side relative to the IP, on the side oppositeto the dimuon arm. In this 
on�guration the ele
tromagneti
 devi
es 
overthe pseudorapidity range 4.8 < η < 5.7.The dete
tors prototype has been tested at SPS energies and a resolution:
σ

E
=

0.69
√

E(GeV )has been obtained. Extrapolating this resolution to the LHC 
onditions,energy resolution < 1% for 
entral 
ollisions is expe
ted, in
reasing up to1.8% for peripheral events [3℄.2.1.3 Signal transmission and readoutThe analogue signals from the photomultipliers are transmitted through215 m long low-loss 
oaxial 
ables to the 
losest 
ounting room. They arethen fanned out, sending an output to the trigger logi
 and another one tothe readout 
hain.For the trigger in A�A 
ollisions, signals from the 
ommon photomulti-pliers of the hadroni
 ZDC and from the photomultipliers of the ZEM aredis
riminated. The signals from the towers are summed and then dis
rimi-nated. An appropriate 
ombination of these signals will provide three ALICEL1 triggers, de�ning di�erent 
entrality intervals (
entral events, semi-
entralevents, and minimum bias events) and a mutual ele
tromagneti
 disso
iationtrigger.The analogue signals from the photomultipliers are digitized by 
ommer-
ial ADC modules (CAEN V965) hosted in a VME 
rate. When a Level0 (L0) trigger is re
eived, the ZDC readout ele
troni
s will start to 
onvertthe signals and make them available for the ALICE DAQ where a L1 triggeris re
eived. The module CAEN V965 is a VME unit housing 16 Charge-to-Digital Conversion 
hannels. For ea
h 
hannel two range are provided:44
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tor Layout
0 ÷ 900 pC (200 fC/
h) in the high range and 0 ÷ 100 pC (25 fC/
h) inthe low range. This allows to avoid saturation with big 
harge pulses whilein
reasing resolution with small one.A 
opy of the analogue signals 
oming from the photomultipliers are dis-
riminated by means of CES dis
riminators. These are low level ultra fastdi�erential dis
riminators. The maximum input signal amplitude a

eptedis -500 mV. The maximum rate allowed is 250 MHz. The applied e�e
tivethreshold is 5 mV. In a few runs the CES dis
riminators have been repla
edby CAEN N844. These are 8 
hannel low threshold (leading edge type) dis-
riminators. They have been used with a 5 mV e�e
tive threshold. Finally,
ustom di�erential dis
riminators have been introdu
ed and used in additionto the CES dis
riminators. The employed te
hnique is similar to that usedby the CES dis
riminators but the maximum signal amplitude is ∼ 1.5 V.The time of arrival of dis
riminated signals 
oming from all the PMTs isregistered by a TDC multi-hit CAEN V1290A. The interesting information,that is then used for the analysis, is the di�eren
e between these time arrivaland the one of the L0 signal.
2.1.4 Monitoring and 
alibrationTwo monitoring pro
edures are implemented for the ZDC. The �rst is basedon the dete
tion of 
osmi
 rays 
rossing the absorber material by means ofs
intillators pla
ed above and below the 
alorimeters. These events indu
e avery small amount of Cherenkov light that may give a single photoele
tronsignal in the PMTs. With appropriate statisti
s it is possible to measure thesingle photoele
tron peak, dire
tly related to the PMT gain.The se
ond pro
edure is based on a pulsed laser sour
e. The laser lightis brought dire
tly to the PMTs by means of a subsample of �bers insidethe 
alorimeters. The position of the peak of the resulting amplitude distri-bution from the 
alorimeters PMTs depends on the PMT gain and on thelight transmission e�
ien
y of the �bers. The stability of the lasers lightis monitored by a referen
e PMT. With these two pro
edures it is possibleto monitor both the PMTs gain and the light transmission e�
ien
y in the�bers, whi
h is expe
ted to deteriorate with the radiation dose. Furtherdetails 
an be found in [45℄. 45



The Zero Degree Calorimeters2.2 ZDC in A-A, p-A and p-p 
ollisions2.2.1 ZDC for 
entrality determination in A-A 
ollisionsIn ion�ion intera
tions, the determination of the variables that 
hara
ter-ize the geometry of the 
ollision is an essential prerequisite to the studyof any physi
s observable. The impa
t parameter b and other quantitiesrelated to it by geometry (e.g. number of parti
ipant nu
leons Npart or num-ber of nu
leon�nu
leon 
ollisions Ncoll) 
an be extra
ted in a rather model-independent way from either 
harged-parti
le multipli
ity or from zero degreeenergy, 
orresponding to the energy 
arried by spe
tators nu
leons dete
tedin the Zero Degree Calorimeters.In a 
entral 
ollision almost all nu
leons are involved in the 
ollision andloose large amount of energy in a small volume. It is in this ex
ited hotregion, 
alled �reball, that one 
ould expe
t to attain the 
onditions for theQGP formation. Few nu
leons survive the intera
tion and arrive to the ZDC:hen
e a small amount of energy in the ZDC is dete
ted.In a peripheral 
ollision, on the 
ontrary, only few parti
ipants undergoa 
ollision and release their energy in the �reball. Almost all other nu
leonshold their dire
tion, 
arrying the same energy as the beam nu
leons. Thosenu
leons �y towards the ZDC and a large energy is dete
ted in the ZDC.In the ideal 
ase in whi
h all spe
tators are dete
ted, the estimate of thenumber of parti
ipants would be simply provided by the following relation-ships:
EZDC = Eper nucleon ·Nspectators

Nparticipants = A−NspectatorsHowever, in heavy ion 
ollisions nu
lear fragments are produ
ed and,unfortunately, at 
olliders they are lost in the beam pipes owing to theirmagneti
 rigidity very 
lose to that of the beam. As it is shown in �g. 2.5,
onsidering fragments produ
tion, the monotoni
 
orrelation between EZDCand the impa
t parameter is 
onserved only up to ∼ 11 fm, but it is destroyedfor very peripheral events [15℄.Therefore the dete
tion of the spe
tator energy 
an not be used to unam-biguously determine 
entrality. For this reason, the information provided bythe forward ele
tromagneti
 
alorimeters is used to identify very peripheral
ollisions and to remove the ambiguity. As 
an be seen in �g. 2.6 the energydete
ted in su
h 
alorimeters is anti-
orrelated with the impa
t parameter.The 
orrelation between the total energy dete
ted in the ele
tromagneti

alorimeters and the energy measured by ZDC is shown in �g. 2.7. Fromthe EZDC vs. EZEM 
orrelation 
entrality 
lasses 
an be de�ned by sele
ting46
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ollisions

Figure 2.5: Number of spe
tators Nspec as a fun
tion of the impa
t parameterwithout (left) and with (right) fragment produ
tion. The simulationis performed used the HIJING generator and a simple model for thefragment produ
tion.

Figure 2.6: Energy deposition in the ele
tromagneti
 
alorimeter as a fun
tion ofthe impa
t parameter obtained from HIJING simulations.
47
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Figure 2.7: Left: EZDC vs. EZEM 
orrelation in Pb-Pb 
ollisions. Center: Npartdistributions for simulated sample obtained with HIJING generator.Right: Npart distributions for re
onstru
ted sample.
σi

σTOT
(%) NGEN

part NREC
part RMS(Npart)0-5 386 384 145-10 333 332 1510-15 285 284 1515-20 242 240 1720-30 189 186 1930-40 131 128 2140-50 86 85 1850-60 54 57 1260-70 31 29 1070-80 15 14 8Table 2.2: Mean values from simulated and re
onstru
ted Npart distributions withHIJING generator.events 
orresponding to 
ertain fra
tions, xi, of the inelasti
 
ross se
tion

σinel
A−A:

∫

EZEMi

∫

EZDCi

d2σ

dEZEMi
dEZDCi

= xiσinelA−AEvents from ea
h sele
ted bin 
orrespond to a well de�ned distribution in the
hosen 
entrality variable, b or Npart. Mean values from simulated and re
on-stru
ted Npart distributions are in very good agreement and the separationbetween adja
ent re
onstru
ted mean values is signi�
antly larger than theresolution. Moreover the resolution weakly depends on the 
entrality [46℄.48



2.2 ZDC in A-A, p-A and p-p 
ollisions2.2.2 ZDC for 
entrality determination in p-A 
ollisionsIn p�A intera
tions the number of nu
leon-nu
leon 
ollisions, Ncoll, deter-mines the �nal state multipli
ity and provides therefore an estimate of the
entrality of the 
ollision. However the in
lusive measurement of 
hargedmultipli
ity is poorly 
orrelated with the number of 
ollisions and does notallow to perform a 
entrality sele
tion. The method proposed to sele
t 
en-trality relies on slow nu
leons dete
tion by means of the ZDC.The terminology of �slow� parti
les derives from pioneering emulsionwork. The emitted slow parti
les are 
lassi�ed, a

ording to the grain den-sity left in the dete
tion material, as �bla
k� (p<250 MeV/c ) or �grey�(250 MeV/c <p<1 GeV/c ). These slow parti
les are produ
ed by di�er-ent me
hanisms: grey nu
leons are essentially soft nu
leons kno
ked out bywounded nu
leons, while bla
k nu
leons are emitted during the nu
leus de-ex
itation. In pra
ti
e, ea
h 
ollision provides independent produ
tion ofprompt grey parti
les with ex
itation of the nu
leus, leading to the followingemission of bla
k nu
leons. At 
olliders the slow nu
leons emitted in p�Aintera
tions are Lorentz-boosted ant therefore the ideal dete
tor for theirmeasurement is the ZDC. Fixed target experimental results show that thefeatures of produ
ed parti
les are highly independent of proje
tile energyin the range from 1 GeV to 1 TeV. This suggests that the emission of slowparti
les depends essentially on the nu
lear geometry.The model used to study the dete
tor performan
e for slow nu
leon de-te
tion is based on the parametrization of the existing experimental results[48℄. Simulations have been performed to evaluate the ZDC response for slownu
leon dete
tion and to study the 
entrality determination in p�A 
ollisions.Details about the model used for the simulations and the obtained results
an be found in [41℄.Fig. 2.8 shows the spatial distribution of bla
k and grey parti
les overthe dete
tor front fa
es.The energy dete
ted by the proton and neutron 
alorimeters is shownin �g. 2.9. It is possible to sele
t 
entrality by 
utting the ZDC energydistribution in four di�erent 
lasses that 
orrespond to well de�ned fra
tionsof the total p�A 
ross se
tion. The events from di�erent 
lasses have di�erentdistribution of the number of 
ollisions. Fig. 2.9 shows the four obtainedNcolldistributions.The results obtained for the sele
ted 
entrality bins (reported in table2.3) show that it is possible to sele
t 
entrality in p�A 
ollisions by dete
tingslow nu
leons in the ZDC. The a

ura
y depends on 
entrality and is around20% if averaged on the whole 
entrality range.49



The Zero Degree Calorimeters

Figure 2.8: Impa
t point distributions of �slow� parti
les over the ZDC front fa
esin p�A 
ollisions obtained with HIJING simulation. Solid lines indi-
ates the neutron and proton front fa
es and their segmentation. Theneutron spot is not 
entered over the ZN front fa
e sin
e the beam
rossing angle is not in
luded in simulation.

Figure 2.9: ZDC responses in p�A 
ollisions (up) and Ncoll distributions (down)obtained with HIJING simulation.50



2.2 ZDC in A-A, p-A and p-p 
ollisions% σp−A EZDC (TeV) <Ncoll>
0÷ 5 > 163 14.2 (2.9)
5÷ 25 123÷ 163 10.8 (2.8)
25÷ 50 80÷ 123 7.2 (2.4)
50÷ 100 < 80 2.1 (1.3)Table 2.3: Mean value (RMS) of Ncoll distributions for the 4 
entrality bins sele
tedfrom the ZDC energy spe
trum.2.2.3 ZDC for di�ra
tive events sele
tion in p-p 
olli-sionsThere are two kinds of events in proton�proton 
ollisions: elasti
 and inelas-ti
. Elasti
 events are those in whi
h the protons may s
atter but remaininta
t. Inelasti
 
ollisions involve the break-up of at least one of the protons,
ausing fragmentation whi
h leads to the generation of �nal state parti
les.In most inelasti
 
ollisions, protons ex
hange 
olored gluons and both arebroken up, leaving tra
ks at all rapidities. However, some inelasti
 
ollisions
an be �di�ra
tive�. These events leave 
hara
teristi
 rapidity gaps. Single-di�ra
tive (SD) pro
esses are events where one of the protons is disso
iatedand the other remains inta
t. This leaves a rapidity gap in the very forwardregion, where the inta
t proton es
apes down the beam pipe. In doubledi�ra
tion (DD) both protons are disso
iated and the rapidity gap is in the
entral region. Another di�ra
tive pro
ess is Double Pomeron Ex
hange(DPE), whi
h leaves two rapidity gaps away from mid-rapidity.The pseudorapidity 
overage of ZN is |η|>8.7. On the 
ontrary, the pseu-dorapidity a

eptan
e of ZP varies as a fun
tion of the beam energy. Proton�proton simulations at √s = 7 TeV shows that the pseudorapidity 
overage atthis energy is |η|>7.9. Thanks to its pseudorapidity 
overage the ZDC 
anbe used to improve the ALICE 
apability to identify di�ra
tive events andto measure the energy �ux in a very forward region.Di�ra
tive events and the ZDC 
apability to identify di�ra
tive eventswill be des
ribed in 
hapter 5.2.2.2.4 ZDC for luminosity monitoringIn A�A the ZDC 
an also be used to measure and monitor the LHC lumi-nosity.The absolute luminosity 
an be dedu
ed by measuring the rate of mutualele
tromagneti
 disso
iation in the neutron 
hannel. These pro
esses 
an be51



The Zero Degree Calorimetersidenti�ed by dete
ting simultaneously one neutron in ea
h of the neutron
alorimeters. The mutual EMD pro
ess has been 
hosen sin
e it is almostba
kground free and is dete
ted with full a

eptan
e by neutron ZDC, assur-ing a rather pre
ise measurement of the intera
tion rate. The measured rateis proportional to the luminosity:
dNM

EMD

dt
= σM

EMD · LTherefore, the luminosity 
an be immediately dedu
ed sin
e the 
rossse
tion for mutual e.m. disso
iation in the neutron 
hannel for Pb�Pb inter-a
tions is known. For heavy-ion 
ollisions at √sNN = 2.76 TeV the value ofthe nu
lear 
ross se
tion is σnuc ∼ 7.88 b. The 
ross se
tions for the singleand mutual ele
tromagneti
 disso
iation are respe
tively σsingle
EMD = 185.2 band σM

EMD = 5.862 b.LHC luminosity 
an be monitored by ZDC during the data taking mea-suring the rate of single ele
tromagneti
 disso
iation.During the De
ember 2010 data-taking with heavy ion beams at √sNN =
2.76 TeV the ZDC has already been used to monitor the luminosity. Themeasured rate was given by the logi
 signal (ZNAorZNC). ZNA is the
oin
iden
e of the dis
riminated signal from PMTC and the dis
riminatedsignal of the analogue sum of the four tower of ZNA. ZNC is the same 
oin-
iden
e for the 
alorimeter on the C side. The threshold of the dis
riminatorwas set to ∼ 6− 8 mV 
orresponding to an energy of ∼ 500 GeV.Then the luminosity 
an be obtained from:

Rate(ZNAorZNC) = L · (2 · σEMD − σmutual EMD + σnuc)

52



Chapter 3Optimization of Monte CarlosimulationsThe experimental 
onditions 
hanged several times during the data taking(in some 
ases also run by run). As a 
onsequen
e the ZDC behavior isnot 
onstant during the time. This means that, on one side, it is ne
essaryto monitor the dete
tor response run-by-run and on the other side the ex-perimental 
onditions must be reprodu
ed on a run-by-run basis to allow areliable 
omparison between distributions from data and from Monte Carlo.Therefore, some modi�
ations have been introdu
ed in the simulation
ode in order to obtain a more realisti
 des
ription of the experimental 
on-ditions. The main experimental parameters that in�uen
e the dete
tor re-sponse and 
an 
hange run-by-run are the beam 
rossing angle, the 
ollima-tors apertures, the β∗ of the beam.In this 
hapter, �rst a des
ription of the main parameters that in�uen
ethe ZDC response will be presented. Then a brief review of the 
lassesmodi�ed in the AliRoot framework will be given. Finally, the e�e
t of theaforementioned parameters on the dete
tor response will be evaluated bymeans of simulations.3.1 Experimental 
onditions and dete
tor re-sponse3.1.1 The beam 
rossing angleThe muon arm dipole and its 
ompensators along the beam line (see �g.3.1) produ
e a magneti
 �eld bending the beam parti
les and introdu
ing aninternal 
rossing angle. It depends from the beam energy (Ebeam) and the53
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Figure 3.1: S
hemati
 view of the ALICE magneti
 elements along the beam line.
urrent in the muon arm dipole (IMBAW ) in the following way:
Crossing angle = 140 · (7TeV/Ebeam) · (IMBAW/6000A)µradAt 900 GeV the total internal 
rossing angle is 2 mrad, while at 7 TeV it is140 µrad. As a 
onsequen
e of the 
rossing angle the spot of the produ
edparti
les is no more 
entered on the nominal beam axis. The parti
les arebent upwards or downwards a

ording to the dipole polarity as shown in �g.3.2.In order to maximize the dete
tor a

eptan
e it is useful to realign thedete
tor and 
hange the devi
es position following the 
rossing angle applied.It is experimentally possible to move the dete
tors sin
e they are pla
ed onmovable platforms. The e�e
t of the beam 
rossing angle and the possibilityof 
hange the dete
tor position have been implemented in the simulations.3.1.2 The 
ollimators apertureAlong the beam line there are some 
ollimators, 
alled TCTVB, for theinner triplets prote
tion. They are pla
ed at ∼ 74.5 m from the intera
tionpoint and are used to prote
t the LHC triplets from a

idental losses of thein
oming beam. The jaws aperture 
an vary up to 58 mm. Fig. 3.3 showsthe TCTVB position along the beam line.The 
ollimators presen
es in�uen
e only the neutron 
alorimeters re-sponse sin
e two quadrants are shadowed. The 
ollimators have no in�uen
eon the response of the proton 
alorimeters. In �g. 3.4 the red shapes are theproje
ted shadows of the 
ollimators at the ZN lo
ation when the 
ollimatorsfull gap is 16 mm. On ZNC the left towers (T1 and T3) are shadowed whileon ZNA the e�e
t is visible on the right towers (T2 and T4). The e�e
t ofthe TCTVB is 
learly visible in the re
onstru
tion of the 
entroid.54



3.1 Experimental 
onditions and dete
tor response

Figure 3.2: L3/Dipole magneti
 
on�guration and dire
tion of the produ
ed parti-
les.

Figure 3.3: TCTVB position along the beam line.
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Optimization of Monte Carlo simulations

Figure 3.4: TCTVB shadows over the front fa
es of the neutron 
alorimeters.3.2 Code modi�
ationIn order to obtain a realisti
 des
ription of the data-taking 
onditions somemodi�
ations have been introdu
ed in the simulation 
ode. Parti
ularly:� the simulation of the beam 
rossing angle has been implemented to
orre
tly simulate the position of the spot of the produ
ed parti
les;� the possibility to simulate the TCTVB 
ollimators in di�erent positionsand with di�erent apertures has been introdu
ed;� the 
ode to simulate di�erent 
alorimeters positions has been intro-du
ed.3.2.1 Simulation of the 
rossing angleIn the AliRoot framework, primary parti
le generation is managed by thevirtual base 
lass AliGenerator. This 
lass 
ontains methods to generateprimaries and to put them on the GEANT sta
k for transport. It has alsofun
tions to set the kinemati
 region allowed for produ
ed parti
les and tode�ne vertex position. In addi
tion AliGenerator owns two purely virtualmethods, Init and Generate, that need to be implemented in derived 
lassesrespe
tively to initialize the generator and to start the generation me
hanism.Some realizations of this 
lass do not generate the parti
les themselves butdelegate the task to an external generator through the TGenerator interfa
e.The 
lass AliGenMC inherits from AliGenerator and it is the base 
lassfor external MC generators, like Pythia and Phojet that have been used forthe simulations. It provides basi
 fun
tionality su
h as setting of kinemati

uts on de
ay produ
ts and parti
le sele
tion. In this 
lass also the methodto simulate beam 
rossing angle has been introdu
ed.56



3.2 Code modi�
ationIn the 
lass AliGenMC, two new data member are provided to set anhorizontal and a verti
al 
rossing angle:Float_t fXingAngleX; // Crossing angle XFloat_t fXingAngleY; // Crossing angle YThe fXingAngleX is usually equal to 0, sin
e only a verti
al 
rossing angle isforeseen while fXingAngleY 
an be set to the proper value.Two new virtual methods have been de�ned:virtual void SetCrossingAngle(Float_t phiX, Float_t phiY);virtual void BeamCrossAngle();The method SetCrossingAngle is used in the 
on�guration �le of thesimulation to set the 
rossing angle values. The method BeamCrossAnglee�e
tively implements the simulation of the 
rossing. The used method 
al-
ulate the impulse of the 
enter of mass: if there is no 
rossing the 
enter ofmass is in rest while if a 
rossing angle is applied in the verti
al dire
tion itmoves upwards or downwards. Therefore, sin
e the impulse of the in
omingparti
les is:
~p1 = (p1,x, p1,y, p1,z) = (0, (E2

p −m2
p) · Senθcr, (E2

p −m2
p) · Cosθcr);

~p2 = (p1,x, p1,y, p1,z) = (0, (E2
p −m2

p) · Senθcr,−(E2
p −m2

p) · Cosθcr);(where θcr is the 
rossing angle, Ep is the energy of the in
oming protonand mp is its mass) then we 
an 
al
ulate the impulse of the 
enter of mass:
~pCM = (pCM,x, pCM,y, pCM,z) = (0, 2 ·

√

E2
p −m2

p · Senθcr, 0)and the parameter β of the boost:
~β = ~pCM/ECMThen, the method applies a the Lorentz transformation to ea
h generatedprimary parti
le. Finally, the new values of the impulse of the parti
le arestored in the sta
k. The method 
an be used by all the external generatorsif their interfa
e 
lass inherits from AliGenMC.3.2.2 Geometry optimizationAliZDCv3 is the 
lass implemented in the AliRoot framework to des
ribe theZDC geometry. It inherits from AliZDC that is the base 
lass for the ZDCdete
tors.AliZDCv3 has many data members, used to de�ne the parameters for
alorimeter geometries, sensitive tra
king media and the arrays for Cherenkovlight produ
tion in �bers. They are reported below:57



Optimization of Monte Carlo simulations// Sensitive mediaInt_t fMedSensF1; // Sensitive medium F1Int_t fMedSensF2; // Sensitive medium F2Int_t fMedSensZP; // Sensitive medium for ZPInt_t fMedSensZN; // Sensitive medium for ZNInt_t fMedSensZEM; // Sensitive medium for EM ZDCInt_t fMedSensGR; // Other sensitive mediumInt_t fMedSensPI; // Beam pipe and magnet 
oilsInt_t fMedSensTDI; // Cu materials along beam pipeInt_t fMedSensVColl; // W jaws of verti
al 
ollimatorsInt_t fMedSensLumi; // luminometer medium// Parameters for light tablesInt_t fNalfan; // Number of Alfa (neutrons)Int_t fNalfap; // Number of Alfa (protons)Int_t fNben; // Number of beta (neutrons)Int_t fNbep; // Number of beta (protons)Float_t fTablen[4℄[90℄[18℄; // Neutrons light tableFloat_t fTablep[4℄[90℄[28℄; // Protons light table// Parameters for hadroni
 
alorimeters geometryFloat_t fDimZN[3℄; // Dimensions of proton dete
torFloat_t fDimZP[3℄; // Dimensions of proton dete
torFloat_t fPosZNC[3℄; // Position of neutron dete
tor side CFloat_t fPosZNA[3℄; // Position of neutron dete
tor side AFloat_t fPosZPC[3℄; // Position of proton dete
tor side CFloat_t fPosZPA[3℄; // Position of proton dete
tor side AFloat_t fFibZN[3℄; // Fibers for neutron dete
torFloat_t fFibZP[3℄; // Fibers for proton dete
tor// Parameters for EM 
alorimeter geometryFloat_t fPosZEM[3℄; // Position of EM dete
torFloat_t fZEMLength; // ZEM length// Parameters for proton a

eptan
y studiesInt_t fpLostITC, fpLostD1C, fp
VCollC,fpDete
tedC, fnDete
tedC; // Side CInt_t fpLostITA, fpLostD1A, fpLostTDI,fp
VCollA, fpDete
tedA, fnDete
tedA; // Side A// Parameters to des
ribe verti
al 
ollimator aperture58



3.2 Code modi�
ationFloat_t fVCollSideCAperture; // Semi-aperture of TCTVB jawsFloat_t fVCollSideCCentreY; // Centre of TCTVB jaw aperturesFloat_t fVCollSideAAperture; // Semi-aperture of TCTVB jawsFloat_t fVCollSideACentreY; // Centre of TCTVB jaw aperturesFloat_t fLumiLength; // Luminometer lengthData members for dete
tor geometries are initialized in AliZDCv3 
on-stru
tor. The 
onstru
tor also 
he
ks that beam pipe, muon absorber, beamshielding and magneti
 dipole are swit
hed on, otherwise ZDC is not built.In fa
t, these modules are needed for ZDC simulations sin
e their geometryand the magneti
 �elds a�e
t proton traje
tories and 
onsequently dete
tora

eptan
es.The member fun
tions for this 
lass are:virtual void CreateGeometry();virtual void CreateBeamLine();virtual void CreateZDC();virtual void CreateMaterials();virtual Int_t IsVersion() 
onst {return 1;}virtual void DrawModule() 
onst;virtual void AddAlignableVolumes() 
onst;virtual void Init();virtual void InitTables();virtual void StepManager();//Set fun
tions for the TCTVB positions and aperturesvoid SetVCollSideCAperture(Float_t aperture){if(aperture<3.5) fVCollSideCAperture = aperture;else printf("\n\n AliZDCv3: WARNING!SideA TCTVB aperture set to max.: 3.5 
m\n\n");}void SetVCollSideCCentre(Float_t 
entre){fVCollSideCCentreY = 
entre;}void SetVCollSideAAperture(Float_t aperture){if(aperture<3.5) fVCollSideAAperture = aperture;else printf("\n\n AliZDCv3: WARNING!SideA TCTVB aperture set to max.: 3.5 
m\n\n");}void SetVCollSideACentre(Float_t 
entre)59



Optimization of Monte Carlo simulations{fVCollSideACentreY = 
entre;}void SetLumiLength(Float_t length) {fLumiLength = length;}//Set fun
tions for the verti
al position of the dete
torvoid SetYZNC(Float_t yZNC) {fPosZNC[1℄ = yZNC;}void SetYZNA(Float_t yZNA) {fPosZNA[1℄ = yZNA;}void SetYZPC(Float_t yZPC) {fPosZPC[1℄ = yZPC;}void SetYZPA(Float_t yZPA) {fPosZPA[1℄ = yZPA;}The method CreateGeometry 
alls �rst CreateBeamLine to de�ne beamline geometry from the end of the dimuon arm till the hadroni
 ZDC andthen CreateZDC to 
reate the 
alorimeter geometry. In CreateBeamLinea va
uum mother volume for ZDC is de�ned. Inside this volume the beampipe and the magnet elements are pla
ed, starting from the end of the se
ond
ompensator dipole, 20 m far from the IP, to the se
ond bending dipole D2,121.5 m from the IP. CreateZDC 
reates 
alorimeter geometries. Neutron andproton 
alorimeters are des
ribed as box volumes, ea
h one divided in fourtowers to simulate the experimental signal readout. The 
lass 
ontains alsoa method to evaluate the energy losses and light yields from pre-
al
ulatedtables every time that a parti
le is inside one of the 
alorimeter. As it isexplained in [15℄, the �ber's light output depends on the dire
tion of the par-ti
le with respe
t to the �ber's axis (be
ause Cherenkov photons are emittedalong the surfa
e of a 
one), on the distan
e of the 
losest approa
h betweenthe parti
le's traje
tory and the �ber's axis and on the parti
le velo
ity. Ta-bles of the number of emitted photons as a fun
tion of these parameters havebeen obtained from simulations. Then, the shower parti
les are tra
ked byGEANT in the absorber until they traverse a �ber. The impa
ting angle
α, the parti
le velo
ity β and distan
e from the �ber axis are then used toobtain the photon yield dire
tly from the tables, thus redu
ing the requiredCPU time.The de�nition of materials and tra
king media for beam pipe, magneti
elements and 
alorimeter is done in the CreateMaterial method. The Initmember fun
tion is used to 
all the InitTables method that initializes datamembers for light produ
tion in �bers.The ZDC StepManager is 
alled by the 
lass AliRun every time a parti
leis inside a ZDC sensitive volume, namely every time a parti
le is inside oneof the 
alorimeters. The aim of the StepManager is to evaluate energy lossesand light yields for ea
h tower and then to 
all AddHit method to 
reate the60



3.3 Simulations resultsZDC hits, that 
ontain su
h information.The set methods SetVCollSideCAperture, SetVCollSideCCentre are usedto de�ne TCTVB aperture and position of the 
enter of the gap with respe
tthe nominal beam axis.Finally SetYZNC, SetYZPC, SetYZNA and SetYZPA are member fun
-tions used to de�ne the dete
tors position with respe
t to the nominal beamaxis.3.3 Simulations resultsSome simulations have been performed lo
ally on the Turin farm to 
he
kthe 
orre
t implementation of the beam 
rossing angle simulation and of the
alorimeters positions. Lo
al simulations have also been used to evaluate thee�e
t of the 
ollimators aperture on the dete
tor e�
ien
ies.The modularity of the AliRoot framework allows to simulate only theinteresting dete
tors, saving time and resour
es. For su
h studies only theresponse of the ZDC has been simulated.It is interesting to noti
e that in simulation it is possible to disentanglethe e�e
t of the beam 
rossing angle and of the 
ollimators aperture. In fa
tit is possible to evaluate the pure 
rossing angle e�e
t (without simulatingthe 
ollimators) or simulate the 
ollimators (without introdu
ing the 
rossingangle). During the data-taking the two e�e
ts are always 
ombined, ex
eptin a few runs where no 
rossing angle has been introdu
ed.3.3.1 Crossing angle e�e
tSimulations have been performed using both Pythia and Phojet generatorsin the following 
onditions:� Pythia simulation without magneti
 �eld (L3/Dipole). Thus no 
ross-ing angle is introdu
ed and the 
alorimeters are 
entered with the nom-inal beam axis.� Pythia simulation with a negative magneti
 �eld both for L3 and dimuondipole. The 
rossing angle applied is +140 µrad and the 
alorimetersposition is 1.6 
m above the nominal position.� Pythia simulation with a positive magneti
 �eld both for L3 and dimuondipole. The 
rossing applied is −140 µrad and the 
alorimeters positionis 1.6 
m below the nominal position.61



Optimization of Monte Carlo simulations� Phojet simulation with a negative magneti
 �eld both for L3 and dimuondipole. The 
rossing applied is +140 µrad and the 
alorimeters positionis 1.6 
m above the nominal position.� Phojet simulation with a positive magneti
 �eld both for L3 and dimuondipole. The 
rossing applied is−140 µrad and the 
alorimeters positionis 1.6 
m below the nominal position.The mean x and y values of the re
onstru
ted 
entroid of the parti
leshitting the neutron 
alorimeter have been used as observable to evaluate the
orre
t position of the spot of the produ
ed parti
les and the 
alorimetersalignment. With a 
rossing angle of +140 µrad (−140 µrad) the spot isexpe
ted at 1.6 
m above (below) the nominal axis. Thus, if the position ofthe 
alorimeter is well aligned, the mean x and y values of the re
onstru
ted
entroid should be around zero.The top plots in �g. 3.5, 3.6, 3.7 show the re
onstru
ted 
entroid (event-by-event) for the three Pythia simulations (the 
rossing angle is respe
tively0, +140 and −140 µrad). Left 
olumn refers to the neutron 
alorimeter onside C while right 
olumn refers to the one on side A. In the middle andbottom plots the proje
tions respe
tively along the x and y axis are shown.The top plots of �g. 3.8 and 3.9 are the same for the Phojet simulations (the
rossing angle is respe
tively +140 and −140 µrad). In the plots the systemof 
oordinates is 
entered in the 
enter of the 
alorimeters.In all the simulations the mean x and y values (see table 3.1 and 3.2) ofthe distribution of the re
onstru
ted 
entroid is 
ompatible with 0 and thisis an indi
ation of the 
orre
t implementation of the 
rossing angle and ofthe dete
tor position in both generators. Another proof is the symmetry ofthe proje
tion plots in all the 
ases.It is also possible to 
al
ulate the subdete
tors a

eptan
es. The a

ep-tan
e is de�ned as the number of events giving a signal in a 
alorimeter andthe total number of minimum-bias events. Tables 3.3 and 3.4 report thea

eptan
es 
al
ulated for all the hadroni
 
alorimeters using these simula-tions. The values are independent from the 
on�guration of the magneti
�elds. The a

eptan
es obtained with Pythia are systemati
ally higher thanthe one obtained with Phojet. The di�eren
e between the Pythia and Pho-jet simulation is ∼12% for the neutron 
alorimeters while it is ∼11% for theproton ones.These values of the a

eptan
e 
an not be dire
tly 
ompared to databe
ause the 
ollimators are not simulated.62



3.3 Simulations results
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Figure 3.5: Centroid re
onstru
tion obtained by a lo
al simulation without 
rossingangle and without TCTVB at √
s = 7 TeV. Calorimeters are alignedwith the nominal beam 
rossing angle. The generator used is Pythia.63



Optimization of Monte Carlo simulations
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Figure 3.6: Centroid re
onstru
tion obtained by a lo
al simulation with a 
rossingangle of 140 µrad and without TCTVB at √s = 7 TeV. The 
alorime-ters position is 1.6 
m above the nominal position. The generator usedis Pythia. 64



3.3 Simulations results
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Figure 3.7: Centroid re
onstru
tion obtained by a lo
al simulation with a 
rossingangle of −140 µrad and without TCTVB at √s = 7 TeV. The 
alorime-ters position is 1.6 
m below the nominal position. The generator usedis Pythia. 65



Optimization of Monte Carlo simulations
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Figure 3.8: Centroid re
onstru
tion obtained by a lo
al simulation with 
rossingangle of 140 µrad and without TCTVB at √s = 7 TeV. The 
alorime-ters position is 1.6 
m above the nominal position. The generator usedis Phojet. 66



3.3 Simulations results
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Figure 3.9: Centroid re
onstru
tion obtained by a lo
al simulation with 
rossingangle of −140 µrad and without TCTVB at √s = 7 TeV. The 
alorime-ters position is 1.6 
m below the nominal position. The generator usedis Phojet. 67



Optimization of Monte Carlo simulationsPythia(0 0) Pythia(- -) Pythia(+ +)L3/Dipole 0 0 - - + +position (
m) 0 +1.6 -1.6X ZNC (
m) 0.02± 0.02 0.06± 0.02 0.05± 0.02Y ZNC (
m) 0.02± 0.02 −0.01 ± 0.02 0.02± 0.02X ZNA (
m) −0.03± 0.02 −0.03 ± 0.02 −0.005± 0.021Y ZNA (
m) −0.002± 0.017 −0.05 ± 0.02 −0.04± 0.2Table 3.1: Mean x and y values of the re
onstru
ted 
entroid for the three Pythiasimulations.
Phojet(- -) Phojet(+ +)L3/Dipole - - + +position (
m) +1.6 -1.6X ZNC (
m) 0.005± 0.020 0.04± 0.02Y ZNC (
m) 0.01± 0.02 0.03± 0.02X ZNA (
m) −0.005± 0.021 −0.02± 0.02Y ZNA (
m) −0.06± 0.02 −0.018± 0.020Table 3.2: Mean x and y values of the re
onstru
ted 
entroid for the two Phojetsimulations.

Pythia(0 0) Pythia(- -) Pythia(+ +)L3/Dipole 0 0 - - + +position (
m) 0 +1.6 -1.6ZNC a

eptan
e (%) 40.4± 0.6 40.6± 0.6 40.3± 0.6ZPC a

eptan
e (%) 14.06± 0.4 15.8± 0.4 15.5± 0.4ZNA a

eptan
e (%) 36.0± 0.6 36.5± 0.6 35.6± 0.6ZPA a

eptan
e (%) 15.3± 0.4 16.7± 0.4 16.7± 0.4Table 3.3: Subdete
tor a

eptan
es for the Pythia simulations as a fun
tion of theapplied 
rossing angle. 68



3.3 Simulations resultsPhojet(- -) Phojet(+ +)L3/Dipole - - + +position (
m) +1.6 -1.6ZNC a

eptan
e (%) 35.6± 0.6 35.9± 0.6ZPC a

eptan
e (%) 14.0± 0.4 14.3± 0.4ZNA a

eptan
e (%) 31.4± 0.6 31.5± 0.6ZPA a

eptan
e (%) 14.7± 0.4 15.2± 0.4Table 3.4: Subdete
tor a

eptan
es for the Phojet simulations as a fun
tion of theapplied 
rossing angle.3.3.2 Collimators e�e
tTo evaluate the e�e
t of the TCTVB presen
e on the dete
tor response fewsimulations have been performed lo
ally on the Turin farm 
hanging the
ollimators aperture. The values of the full gap simulated are: 16 mm, 26mm, 36 mm and 46 mm. The L3 and muon arm dipole are swit
hed o�, no
rossing angle is simulated and the 
alorimeters are in the nominal position.This means that the 
enter of the neutron 
alorimeters is aligned with the zaxis. The generator used for the simulations is Pythia.The top plots of the �g. 3.10, 3.11, 3.12 and 3.13 show the e�e
t of theTCTVB on the 
entroid re
onstru
tion. Left 
olumn refers to the neutron
alorimeter on side C while right 
olumn refers to the one on side A. The e�e
tof the TCTVB is more evident when the jaws are more 
losed and it be
omesless important as soon as the gap in
reases. The middle and bottom plotsof the same �gures show the proje
tion along the x and y axis respe
tively.It is possible to noti
e that the 
ollimators introdu
e an asymmetry in the
x distributions. The asymmetry is parti
ularly important when the gap isat 16 mm, while for a gap bigger than 40 mm it is not relevant and the x
oordinate of the 
entroid 
an be measured without bias. Table 3.5 reportsthe mean values of the distribution of the re
onstru
ted 
entroid for both theneutron 
alorimeters as a fun
tion of the TCTVB gap.Table 3.6 summarizes the a

eptan
es for all the hadroni
 
alorimeters asa fun
tion of the simulated gap. It is possible to see that also the dete
tora

eptan
e is strongly in�uen
ed by the TCTVB gap and they in
rease withthe gap aperture.
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Optimization of Monte Carlo simulations
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Figure 3.10: Centroid re
onstru
tion obtained by a lo
al simulation with 16 mmTCTVB gap and no 
rossing angle at √
s = 7 TeV. The generatorused is Pythia. 70



3.3 Simulations results
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Figure 3.11: Centroid re
onstru
tion obtained by a lo
al simulation with 26 mmTCTVB gap and no 
rossing angle at √
s = 7 TeV. The generatorused is Pythia. 71



Optimization of Monte Carlo simulations
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Figure 3.12: Centroid re
onstru
tion obtained by a lo
al simulation with 36 mmTCTVB gap and no 
rossing angle at √
s = 7 TeV. The generatorused is Pythia. 72



3.3 Simulations results

 (cm)centroidx
-3 -2 -1 0 1 2 3

 (
cm

)
ce

nt
ro

id
y

-3

-2

-1

0

1

2

3

CentroidZNC
Entries  2785

Mean x  0.03533

Mean y  0.006004

RMS x  0.7342

RMS y  0.7202

CentroidZNC
Entries  2785

Mean x  0.03533

Mean y  0.006004

RMS x  0.7342

RMS y  0.7202

Centroid ZNC

L3/Dipole = 00
crossing angle = 0 microrad
y position = 0 cm
TCTVB aperture = 46 mm

 (cm)centroidx
-3 -2 -1 0 1 2 3

 (
cm

)
ce

nt
ro

id
y

-3

-2

-1

0

1

2

3

CentroidZNA
Entries  2552

Mean x  -0.008305

Mean y  -0.05663

RMS x   0.737

RMS y  0.7244

CentroidZNA
Entries  2552

Mean x  -0.008305

Mean y  -0.05663

RMS x   0.737

RMS y  0.7244

Centroid ZNA

L3/Dipole = 00
crossing angle = 0 microrad
y position = 0 cm
TCTVB aperture = 46 mm

CentroidZNC_px

Entries  2785

Mean   0.03533

RMS    0.7342

 (cm)centroidx
-3 -2 -1 0 1 2 3

C
ou

nt
s

0

10

20

30

40

50

60

70

80

CentroidZNC_px

Entries  2785

Mean   0.03533

RMS    0.7342

Centroid ZNC CentroidZNA_px

Entries  2552

Mean   -0.008305

RMS     0.737

 (cm)centroidx
-3 -2 -1 0 1 2 3

C
ou

nt
s

0

10

20

30

40

50

60

70

80

CentroidZNA_px

Entries  2552

Mean   -0.008305

RMS     0.737

Centroid ZNA

CentroidZNC_py

Entries  2785

Mean   0.006004

RMS    0.7202

 (cm)
centroid

y
-3 -2 -1 0 1 2 3

C
ou

nt
s

0

10

20

30

40

50

60

70

80

90

CentroidZNC_py

Entries  2785

Mean   0.006004

RMS    0.7202

Centroid ZNC CentroidZNA_py

Entries  2552

Mean   -0.05663

RMS    0.7244

 (cm)
centroid

y
-3 -2 -1 0 1 2 3

C
ou

nt
s

0

10

20

30

40

50

60

70

80

CentroidZNA_py

Entries  2552

Mean   -0.05663

RMS    0.7244

Centroid ZNA

Figure 3.13: Centroid re
onstru
tion obtained by a lo
al simulation with 46 mmTCTVB gap and no 
rossing angle at √
s = 7 TeV. The generatorused is Pythia. 73



Optimization of Monte Carlo simulations
TCTVB CentroidAperture X ZNC (
m) Y ZNC (
m) X ZNA (
m) Y ZNA (
m)16 mm 0.24± 0.02 0.003± 0.019 0.26± 0.02 0.02± 0.0226 mm 0.17± 0.01 −0.014± 0.013 −0.10± 0.02 −0.02± 0.0136 mm 0.07± 0.01 −0.02± 0.01 −0.06± 0.01 −0.03± 0.0146 mm 0.03± 0.01 0.01± 0.01 −0.01± 0.01 −0.06± 0.01Table 3.5: Mean x and y values of the re
onstru
ted 
entroid for di�erent valuesof the 
ollimators apertures.

TCTVB A

eptan
esAperture ZNC (%) ZPC (%) ZNA (%) ZPA (%)16 mm 31.5± 0.2 13.3± 0.2 27.6± 0.2 14.7± 0.226 mm 34.9± 0.6 14.1± 0.4 30.7± 0.6 15.1± 0.436 mm 38.1± 0.6 14.3± 0.4 33.8± 0.6 15.1± 0.446 mm 39.7± 0.6 14.8± 0.4 35.4± 0.6 16.3± 0.4Table 3.6: Hadroni
 
alorimeter a

eptan
es for the di�erent values of the 
ollima-tors apertures.
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Chapter 4ZDC performan
e measured inp-p 
ollisionsThe Zero Degree Calorimeters have been taking data sin
e November 2009,when the �rst proton�proton 
ollisions at LHC o

urred. Sin
e then, ALICE
olle
ted data at three di�erent energy values (√s = 0.9, 2.36, 7 TeV).The ZDC performan
e have been measured at two energies: at √s = 0.9and 7 TeV. Data at 2.36 TeV have not been used sin
e the beam 
onditionswere not stable.As it was des
ribed above, the shower parti
les produ
e Cherenkov lightin the quartz �bers of the 
alorimeters. The light is 
olle
ted from 5 PMTsfor ea
h hadroni
 
alorimeter, 
onverted in an ele
troni
 signal and sent to anADC. Finally, the ADC values are stored for o�ine analysis. They representa measurement of the energy released in the dete
tor event-by-event.In total, 22 
hannels must be monitored (5 PMTs x 4 hadroni
 
alorimetersand 1 PMT for 2 ele
tromagneti
 
alorimeters).The analysis of the ZDC performan
e has been 
arried on through thefollowing steps:� sele
tion of good runs;� sele
tion of events in the 
orre
t trigger 
lasses;� 
he
k of the stability of the mean value of ADC pedestals distributionsand their RMS as a fun
tion of the time;� evaluation of subdete
tor a

eptan
e and study of the dependen
e fromLHC parameters like beam 
rossing angle and 
ollimators aperture;� study of the energy distributions measured;75



ZDC performan
e measured in p-p 
ollisions� study of the 
orrelation between the ADC values measured in the 
om-mon photomultiplier and the total energy released in the photomulti-pliers of the 4 quadrants.� improvement of the events sele
tion using also the TDC informationprovided by the ZDC subdete
tors.4.1 Runs and events sele
tionThe whole data taking period is divided in shorter subperiods lasting about 5weeks (the time between two LHC te
hni
al stops). In ea
h subperiod, withthe help of tools like the Monalisa Run Condition Table [50℄ it is possible toidentify samples of so 
alled �good runs� in whi
h no problems o

urred andthe dete
tors involved were in good 
onditions.As fas as it 
on
erns the events sele
tion, it is important to identify eventsin the 
orre
t trigger 
lass. More trigger 
lasses are a
tive at the same timein a run.A trigger 
lass is de�ned by the following elements:� des
riptor : it is a logi
al fun
tion of the trigger inputs;� bun
h 
rossing mask : it is a mask de�ning for whi
h bun
h 
rossingsin the orbit the trigger is a
tivated;� past-future prote
tion s
heme: it is a 
ode de�ning whi
h 
onditions areimposed on the presen
e of triggers in the bun
h 
rossings pre
edingand following the trigger bun
h 
rossing;� dete
tor 
luster : it is a 
ode de�ning whi
h dete
tors are to be read-out;� rare �ag : it �ags the trigger 
lass as rare and spe
ial time intervals arereserved ex
lusively for these 
lasses.In the present s
heme, the information on these elements is expli
itly en
odedin the 
lass name.The trigger 
lass 
ommonly used for this analysis is the CINT1B-ABCE-NOPF-ALL 
lass. The 
ode means that at trigger level L0 at least 1 �red
hip in the SPD or a beam-beam �ag in either V0A or V0C is required. It isalso required that the events are not �agged as beam-gas by either V0A orV0C, that no past-future prote
tion 
onditions are used for this trigger 
lassand all the ALICE dete
tors are read out.Other trigger 
lasses are used to evaluate the ba
kground. These 
lassesare usually identi�ed by the names: 76



4.2 Pedestal stability� CINT1A-ABCD-NOPF-ALL: the dete
tors are read out when onlybun
hes 
oming from side A are present;� CINT1C-ABCD-NOPF-ALL: the dete
tors are read out when onlybun
hes 
oming from side C are present;� CINT1-E-NOPF-ALL: the dete
tors are read out when there are nobun
hes 
rossing at the IP. Therefore the dete
tors response in empty-empty intera
tions 
an be evaluated.A se
ond step of the events sele
tion is performed o�ine, in the frameworkof the AliRoot 
ode using the AliPhysi
sSele
tion 
lass. It sele
ts o�ineevents that have the 
orre
t event type (physi
s), the 
orre
t intera
tiontrigger (CINT1B) and ful�ll the Minimum Bias (MB) trigger 
ondition. TheMB 
ondition is equal to the hardware 
ondition required at L0 level. It isreplayed using o�ine signals and requiring at least 1 �red 
hip in the SPD ora beam-beam �ag in either V0A or V0C. It is also required that the eventsare not �agged as beam-gas by either V0A or V0C.4.2 Pedestal stabilityAs already explained, the analogue signal 
oming from ea
h ZDC photomul-tiplier is sent to an ADC module where it is measured. Even if no signalis produ
ed by the in
oming parti
les the ZDC ADCs re
eive an amount ofenergy that represents the pedestal 
ontribution to the signal.ALICE DAQ allows the subdete
tors to run some standalone runs for
alibration and monitoring purposes. One of the available standalone runsfor the ZDC is the so 
alled �PEDESTAL EVALUATION RUN�. It allowsthe pedestal determination for all the photomultipliers by reading events inwhi
h there is no deposition of energy from in
oming parti
les in the 
alorime-ters. As an example, the ADC distributions obtained during a �PEDESTALEVALUATION RUN� (run number 124845) for the photomultipliers of ZNAand ZPA are shown in �g. 4.1 and 4.2. The pedestal distributions for ZNC,ZPC and ZEM are similar.The mean values and the RMS of the pedestal distributions are stored inthe O�ine Condition Database (OCDB) on the GRID. Then, the values areused in the following physi
s runs: the pedestal mean values are subtra
tedevent-by-event from the ADC values 
oming from readout. Finally, the ADCvalues with pedestal subtra
ted are stored in the Event Summary Data (ESD)and used for the physi
s analysis. 77
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Figure 4.1: Pedestal distributions for the photomultipliers of ZNA �tted with aGaussian 
urve.Fig. 4.3 and 4.4 show the pedestal distributions and the RMS of thepedestals for the 
ommon photomultipliers as a fun
tion of the run numberfor the period LHC10d. The mean values of ZPC, ZNA and ZPA and all theRMS values are 
onstant over the whole data taking period 
onsidered. Thismeans that no important 
hanges in the hardware readout 
hain o

urred.The mean value of the pedestal of ZNC shows some �u
tuations and, asa 
onsequen
e, it is important to subtra
t the right pedestal values beforestoring the ADC value in the ESDs.As it will be des
ribed in the following, it is parti
ularly important tomonitor the stability of the RMS values sin
e the width of the distribution78



4.2 Pedestal stability
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Figure 4.2: Pedestal distributions for the photomultipliers of ZPA �tted with aGaussian 
urve.
an in�uen
e the a

eptan
e of the dete
tor. The values of the RMS rangefrom 0.5 to 3 ADC 
hannels. Thus, in order to reje
t the pedestal eventsan energy 
ut is applied. A threshold is �xed at 7 ADC 
hannels and thesubdete
tor is 
onsidered ��red� if the ADC value measured is above thisthreshold. This value 
orresponds to 7 � 
ut w.r.t. the beam energy sin
eparti
les with the same energy of the beam give signal at 
hannel 1000 of theADC (high range).The threshold value has been 
hosen to allow the reje
tion of signalsdue to ele
troni
 noise without 
ut too many physi
al events. The appliedenergy 
ut reje
ts events with very low energy deposition and a

epts a very79
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Figure 4.3: Mean values of the pedestal distributions as a fun
tion of the run num-ber for the LHC10d period for the 
ommon photomultipliers of thehadroni
 
alorimeters.low fra
tion of pedestal events. The pro
edure used to evaluate the fra
tionsof reje
ted good events and a

epted pedestal ones will be des
ribed in thefollowing, after the des
ription of the ADC spe
tra obtained.
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4.2 Pedestal stability
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Figure 4.4: RMS values of the pedestal distributions as a fun
tion of the run num-ber for the LHC10d period for the 
ommon photomultipliers of thehadroni
 
alorimeters.
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Figure 4.5: Mean value (left) and RMS (right) of the pedestal distributions ofthe photomultipliers of the ele
tromagneti
 
alorimeters for the periodLHC10d.

82



4.3 Energy spe
tra4.3 Energy spe
traAs an example, the ADC spe
tra obtained for the 
ommon photomultipliersof the hadroni
 
alorimeters from run 126177 (period LHC10d, √s = 7 TeV)are shown in �g. 4.6. The events are sele
ted requiring the physi
s sele
tionto be veri�ed and a signal above the 7 ADC 
hannels threshold.From simulations, it is known that the peak at low ADC 
hannels isessentially due to low energy gamma produ
ed from 
harged parti
les alongthe beam line or in the luminometer that is lo
ated in front of the neutron
alorimeters. The tail of the distribution is instead produ
ed from neutron(in the ZN) or protons (in the ZP) hitting the front fa
e of the 
alorimeters.The spe
tra obtained from 
ollisions at √
s = 900 GeV are similar. Infa
t, the high voltage applied to the photomultipliers (and as a 
onsequen
ethe PMT gains) have been tuned in order to have the highest signal alwaysat the ADC 
hannel 1000.4.4 Dete
tor a

eptan
eThe dete
tor a

eptan
e is an important parameter to monitor during data-taking. It is possible to de�ne an a

eptan
e for ea
h subdete
tor as theratio between the number of events in whi
h the subdete
tor is ��red� andthe number of Minimum Bias (MB) events. The number of MB events isobtained using the AliPhysi
sSele
tion 
lass as des
ribed above: it sele
tso�ine events belonging to the trigger 
lass CINT1B, having at least one�red 
hip in the SPD or a 
ount in the V0 dete
tor and not �agged asba
kground. The ZDC subdete
tor is 
onsidered ��red� if the ADC signal isabove a 7 ADC 
hannels threshold.The a

eptan
e 
an be measured run-by-run: if the experimental 
on-ditions 
hange then an e�e
t on the subdete
tor a

eptan
e is observed.Looking at the whole data-taking period it is possible to see that the run-ning 
onditions are not stable during the time. Therefore, it is ne
essarystudy the dete
tor performan
e as a fun
tion of the experimental 
onditions.Parti
ularly, the a

eptan
e is in�uen
ed by:� beam energy, sin
e the parti
les produ
tion in the forward dire
tion isdi�erent at the two used energies;� RMS of the pedestal and energy 
ut applied;� beam 
rossing angle, due to the magneti
 �eld of the muon arm dipoleand its 
ompensators; 83
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Figure 4.6: ADC spe
tra for the 
ommon photomultipliers of the hadroni

alorimeters from run 126177 (period LHC10d, √s = 7 TeV).
84



4.4 Dete
tor a

eptan
e
RUN no.

119000 120000 121000 122000 123000 124000 125000 126000

ZN
A

 a
cc

ep
ta

nc
e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RUN no.
119000 120000 121000 122000 123000 124000 125000 126000

Z
N

C
 a

cc
ep

ta
nc

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RUN no.
119000 120000 121000 122000 123000 124000 125000 126000

Z
PA

 a
cc

ep
ta

nc
e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RUN no.
119000 120000 121000 122000 123000 124000 125000 126000

Z
P

C
 a

cc
ep

ta
nc

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RUN no.
119000 120000 121000 122000 123000 124000 125000 126000

Z
E

M
1 

ac
ce

pt
an

ce

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RUN no.
119000 120000 121000 122000 123000 124000 125000 126000

Z
E

M
2 

ac
ce

pt
an

ce

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 4.7: ZDC subdete
tor a

eptan
es as a fun
tion of the run number duringthe period LHC10d.� aperture of the tertiary 
ollimators (TCTVB) that are beam line ele-ments used to prote
t the LHC inner triplets. Parti
les hitting the
ollimators are absorbed and do not rea
h the ZDC.Fig. 4.7 shows the a

eptan
es of all the subdete
tors as a fun
tion ofthe run number. In the plot only the runs from the periods LHC10d aretaken into a

ount. As it is shown, the a

eptan
e are not 
onstant overthe time but there are some �u
tuations. The average a

eptan
e are: 30%for the hadroni
 
alorimeters and 70% for the ele
tromagneti
 ones. Thehigher a

eptan
e 
al
ulated in the runs between 124000 and 125000 is dueto pile-up be
ause of the in
reasing of the beam luminosity.4.4.1 E�e
t of the energy 
utAs already said above, the energy 
ut applied has an e�e
t on the subdete
tora

eptan
e. Using as an example run 126177 (at √s = 7 TeV) the fra
tion ofphysi
al events reje
ted by the energy 
ut and the fra
tion of pedestal eventsa

epted have been 
al
ulated. 85



ZDC performan
e measured in p-p 
ollisionsA

eptan
esDete
tor Raw (%) Corre
ted(%)ZNC 32.69± 0.04 34.99± 0.04ZPC 27.68± 0.03 30.89± 0.04ZNA 28.89± 0.04 30.93± 0.04ZPA 24.79± 0.03 28.07± 0.04ZEM1 74.83± 0.06 82.14± 0.07ZEM2 74.48± 0.06 80.73± 0.07Table 4.1: Raw a

eptan
es obtained the data 
ompared with the 
orre
ted a

ep-tan
es at √s = 7 TeV evaluated from run 126177.To evaluate the number of physi
al events reje
ted, the low signal part ofthe spe
trum (between 
hannel 7 and 
hannel 100) has been �tted with anexponential fun
tion. Then the obtained 
urve has been extrapolated below
hannel 7. Finally, the integral of the fun
tion between 
hannel 0 and 7represents the number of reje
ted good events. For the two ele
tromagneti

alorimeters, the 7 
h. threshold reje
t ∼10% of the physi
al events, whilefor the other 
alorimeters the fra
tion of the physi
al events reje
ted is 1%.Table 4.1 reports the raw a

eptan
es 
al
ulated using the threshold and the
orre
ted ones.To evaluate the number of pedestal events a

epted, the part of the spe
-trum below 
hannel 0 has been �tted with a Gaussian 
urve sin
e this regionis signal free. Then, 
onsidering the pedestal distribution symmetri
, theGaussian has been extrapolated above 
hannel 0. Finally the integral of thefun
tion above 
hannel 7 represents the number of pedestal events a

epted.Fig. 4.8 shows the Gaussian �t with the extrapolation of the exponential
urve. The fra
tion of pedestal events a

epted is very low. In fa
t ZNA,ZPC, ZPA threshold at 7 ADC 
hannels is 3σ above the pedestal mean value.While for ZNC, ZEM the Gaussian is larger but the thresholds allow pedestalreje
tion.4.4.2 E�e
t of the beam energyAs already said above, ALICE took data at two di�erent beam energies: at√
s = 0.9 and 7 TeV.At the lower energy the produ
tion of parti
les at very forward rapiditiesis suppressed and the measured a

eptan
es are of the order of few per
ent forthe hadron 
alorimeters and of the order of the 60% for the ele
tromagneti
ones. Table 4.2 reports the raw and 
orre
ted values of the a

eptan
es at 90086
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Figure 4.8: Gaussian �t of the pedestal distributions of the PMTs of the ele
tro-magneti
 
alorimeters and of the 
ommon PMTs of the four hadroni

alorimeters. The extrapolation of the exponential 
urves is also shown.The spe
tra are obtained from run 126177 of the period LHC10d.

87



ZDC performan
e measured in p-p 
ollisionsA

eptan
eDete
tor Raw (%) Corre
ted (%)ZNC 2.29± 0.04 2.46± 0.04ZPC 1.78± 0.03 1.89± 0.03ZNA 1.82± 0.03 2.01± 0.04ZPA 1.74± 0.03 1.86± 0.03ZEM1 57.9± 0.2 70.4± 0.2ZEM2 60.9± 0.2 71.7± 0.2Table 4.2: Raw a

eptan
es obtained the data 
ompared with the 
orre
ted a

ep-tan
es at √s = 900 GeV evaluated from run 104824.GeV. The 
orre
ted a

eptan
es have been 
al
ulated using the pro
eduredes
ribed in the previous se
tion. In
reasing the energy from 900 GeV to7 TeV the a

eptan
es in
rease 
onsiderably.4.4.3 E�e
t of the beam 
rossing angleAs explained in se
tion 3.3.1, the muon dipole and its 
ompensators magnetsprodu
e a magneti
 �eld bending the beam parti
les. The resulting internal
rossing angle is proportional to the beam energy and the 
urrent in thedipole. The LHC magnets 
an provide an external 
rossing angle that is usedto avoid the overlap of intera
tions in di�erent bun
hes and to 
ompensatethe internal 
rossing angle. At the beginning of the data taking, when thenumber of 
ir
ulating bun
hes was very low, only the internal 
rossing anglewas present. As soon as the number of 
ir
ulating and intera
ting bun
hesin
reased an external 
rossing has been introdu
ed. Starting from periodLHC10f an internal 
rossing angle of 140 µrad plus an external 
rossing angleof 110 µrad have been used.Fixing the 
alorimeters position and 
hanging the 
on�guration of themagneti
 �elds (and as a 
onsequen
e of the beam 
rossing angle) it hasbeen possible to study the dependen
e of the a

eptan
e from the beam
rossing.Table 4.3 shows the a

eptan
e as a fun
tion of the run number for threeruns at 900 GeV 
hara
terized by three di�erent 
on�gurations of the mag-neti
 �elds. The 
alorimeters were aligned with the nominal beam axis andthe TCTVB aperture was the same for the three runs. The a

eptan
e of thehadroni
 
alorimeters is lower when the dipole is ON while it is higher whenthe dipole is OFF as it is expe
ted. In fa
t, with dipole OFF the 
alorimetersare 
entered on the beam spot while they are not when a 
rossing angle is88



4.4 Dete
tor a

eptan
erun number 104155 104321 104845L3/Dipole + + - 0 - -Crossing Angle −2 mrad 0 +2 mradZNC (%) 2.1± 0.4 2.9± 0.1 1.8± 0.1ZPC (%) 1.9± 0.4 2.6± 0.1 1.5± 0.1ZNA (%) 1.5± 0.3 2.3± 0.1 1.5± 0.1ZPA (%) 1.8± 0.3 2.1± 0.1 1.4± 0.1Table 4.3: A

eptan
e as a fun
tion of the beam 
rossing angle at √s = 900 GeV.run number 114931 116102L3/Dipole + + - -Crossing Angle −140µrad +140µradZNC (%) 18.00± 0.08 28.96± 0.09ZPC (%) 14.82± 0.07 24.39± 0.09ZNA (%) 15.87± 0.07 26.41± 0.09ZPA (%) 13.71± 0.07 22.69± 0.08Table 4.4: A

eptan
e as a fun
tion of the beam 
rossing angle at √s = 7 TeV.present (with a 2 mrad 
rossing the beam spot is moved 23 
m). Anyway,at 900 GeV the distribution of the produ
ed parti
les is very large and thedi�eren
e in the a

eptan
es is not so evident.Table 4.4 shows the a

eptan
e as a fun
tion of the 
rossing angle at7 TeV. The two runs 
onsidered belong to the period LHC10b. The 
alorime-ters were 
entered with the nominal beam axis. A run in the same 
onditionsbut without magneti
 �elds does not exist and it is only possible to 
omparethe a

eptan
es of the runs with +/- 140 µrad. The values 
al
ulated fromrun 114931 (L3/dipole 
on�guration: - -) are higher than the ones obtainedfrom run 116102 (L3/dipole 
on�guration: ++). The di�eren
e is due to thefa
t that the position 
onsidered as nominal (with the dete
tor aligned withthe nominal beam axis) was not 
orre
t. As a 
onsequen
e an alignment ofthe dete
tor was ne
essary.Sin
e the hadroni
 
alorimeters are pla
ed on a movable platform, it ispossible to align them with the beam spot in order to maximize the dete
tora

eptan
e. A position s
an has been performed to 
al
ulate the optimalposition and it is des
ribed in the following.89



ZDC performan
e measured in p-p 
ollisionsrun ZN Position (A/C) ZP Position (A/C)119033 195/195 mm 207/207 mm119038 190/190 mm 202/202 mm119040 185/185 mm 197/197 mm119042 180/180 mm 192/192 mm119043 175/175 mm 187/187 mm119045 182/178 mm 194/190 mmTable 4.5: Runs used for the position s
an and positions of the hadroni
 
alorime-ters. The 0 mm position 
orresponds to the lowest possible positionrea
hable by the dete
tors. The positions of run 119045 are the ones
hosen as �nominal� positions without magneti
 �eld.
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Figure 4.9: Ratio between the mean value of the ADC spe
tra of the upper andlower quadrants of the neutron 
alorimeters.Position S
anIn May 2010 some runs with B=0 (and, as a 
onsequen
e, no internal 
rossingangle) have been used to 
orre
tly align the hadroni
 
alorimeters with thenominal beam axis.The neutron 
alorimeters have been moved with steps of 5 mm in theverti
al dire
tion. At ea
h step the ratios between the energy 
olle
ted inthe upper and lower quadrants (T1/T3 and T2/T4) have been 
al
ulated: ifthe ratio was equal to one it was possible to 
onsider the dete
tor aligned withthe beam spot. Fig. 4.9 shows this ratio as a fun
tion of the run number.Table 4.5 reports a summary of the measurements. The last line of the tablereports the position that will be 
onsidered as nominal for runs without any
rossing angle applied.After the evaluation of the dete
tor 
orre
t position without magneti
90



4.5 Collimators aperture and 
entroid re
onstru
tionrun number 119061 119159 122374L3/Dipole 0 0 + + - -Crossing Angle 0 −140µrad +140µradZNC (%) 33.70± 0.05 31.99± 0.05 31.29± 0.03ZPC (%) 28.15± 0.04 27.26± 0.05 25.83± 0.03ZNA (%) 31.67± 0.05 30.42± 0.05 29.34± 0.03ZPA (%) 26.68± 0.04 25.09± 0.04 24.79± 0.03Table 4.6: A

eptan
e as a fun
tion of the beam 
rossing angle at √
s = 7 TeV.The 
enter of the 
alorimeters is aligned with the 
enter of the beamspot. After the position s
an the a

eptan
es are 
omparable.�eld, the position of the devi
es when a positive or negative 
rossing angle isused, 
an be easily 
al
ulated knowing the displa
ement of the beam spot:

h = 114m · tan(θcrossing)A 
rossing angle of 140µrad results at 114 m in a displa
ement of 1.6 
m.Anyway, if the displa
ement is higher than 2.8 
m, the dete
tor 
an not bealigned with the beam spot due to me
hani
al limits.Table 4.6 report the a

eptan
es of the hadroni
 
alorimeters as a fun
tionof the run number for three runs 
hara
terized by di�erent values of the
rossing angle. The 
alorimeters are not aligned with the nominals LHC axisbut are aligned with the expe
ted beam spot. It is possible to see that thea

eptan
e are 
omparable independently from the beam 
rossing applied.4.5 Collimators aperture and 
entroid re
on-stru
tionAs it was des
ribed above, the neutron 
alorimeters are position sensitivedevi
es due to their segmentation. Therefore, the information provided bythe photomultipliers of the 4 quadrants 
an be used to 
al
ulate the 
entroidof the spot on the front fa
e a

ording with the following formula:
xcentroidi =

∑

i x
ZN
i · wi

∑

i wi

;

ycentroidi =

∑

i y
ZN
i · wi

∑

i wi91



ZDC performan
e measured in p-p 
ollisionswhere wi is the square root of the energy in the i-th PMT and xi and yi arethe 
oordinates of the 
enter of i-th quadrant.Anyway, the presen
e of some 
ollimators for the prote
tion of the LHCinner triplets in�uen
e the ZDC response as des
ribed in se
tion 3.3.2. Sin
etwo towers of the neutron 
alorimeters are shadowed, the 
entroid re
on-stru
tion is biased.Fig. 4.10 shows the re
onstru
ted 
entroid for run 119061 of the periodLHC10
. In this run both the L3 magnet and the muon dipole were OFFand the 
rossing angle was 0 rad. The 
alorimeters were in the nominalposition (evaluated with the previous position s
an). Top plots represent the
entroid re
onstru
tion on the front fa
e of the 
alorimeters. The 
oordinatesystem is 
entered in the 
enter of the 
alorimeter. Middle plots represent theproje
tion in the x dire
tion while bottom plots are the proje
tion in the ydire
tion. Left 
olumn refers to the neutron 
alorimeter on side C while right
olumn refers to the one on side A. In the plots it is 
learly visible the e�e
t ofthe 
ollimators: the two left quadrants of ZNC and the two right quadrantsof ZNA are shadowed. An asymmetry in the x dire
tion is measured: theobtained values for xcentroid are +0.2 
m for ZNC and −0.2 
m for ZNAwhile values 
loser to 0 were expe
ted. The obtained values for ycentroid are
−0.02 
m for ZNC and −0.06 
m for ZNA, indi
ating that the jaws were
entered on the nominal position.Fig. 4.11 shows the re
onstru
ted 
entroid for run 122374 of the periodLHC10d. During this run the both L3 and dipole were swit
hed on in the
on�guration - -. The 
rossing angle applied was +140 µrad. The 
alorime-ters position was 1.6 
m higher with respe
t to the nominal position. Alsoin this run the 
ollimators e�e
t is 
learly observable. Due to the position ofthe neutron 
alorimeters, the top left tower of ZNC and the top right towerof ZNA are shadowed. The 
entroid distribution is asymmetri
 both in xand y dire
tion. The e�e
t of the 
ollimators in�uen
e the dete
tor responseand must be 
orre
ted in the Monte Carlo simulations.4.6 Comparison between data and simulation4.6.1 ADC spe
traMeasured spe
tra have been 
ompared with the simulated ones. The experi-mental 
onditions should be reprodu
ed in the Monte Carlo to have realisti
simulations. Both Pythia and Phojet generators are used to 
ompare the re-sults. The analyzed data sample are the LHC10f6 (for Phojet) and LHC10f6a(for Pythia). 92



4.6 Comparison between data and simulation
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Figure 4.10: Centroid re
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tion for run 119061.93
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Figure 4.11: Centroid re
onstru
tion for run 122374.94



4.6 Comparison between data and simulationIn �g. 4.12 a 
omparison between measured and simulated (with Pythiaand Phojet) spe
tra is presented for all the 
ommon photomultipliers of thehadroni
 
alorimeters. The distributions are obtained simply requiring asignal above 7 ADC 
hannels and are normalized to unity. It is possibleto see that the shape of the simulated and measured distributions is quitedi�erent espe
ially in the low ADC values region and for ZP.
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Figure 4.12: Comparison of the ADC spe
tra obtained from Pythia (red line) andPhojet (bla
k line) simulation with the ones obtained from data (blueline). The run used is the 126177 at √s = 7 TeV.It is also possible to evaluate the subdete
tors a

eptan
es from the sim-ulations and 
ompare them with the measured ones (see table 4.7). Theresults are slightly di�erent between Pythia and Phojet. For the ZN the95



ZDC performan
e measured in p-p 
ollisionsa

eptan
es 
al
ulated from data are between the values obtained from sim-ulations. For the ZP the a

eptan
es from data are 
onsiderably higher thanthe ones from simulations. This fa
t, together with the di�erent ADC spe
-tra leads to the 
on
lusion that the applied energy 
ut is not enough to sele
tonly good events. Another proof in this dire
tion is obtained looking at theenergy 
orrelation as it is des
ribed in the next se
tion. As a 
onsequen
ean improvement of the applied 
uts is needed. Besides the ADC 
ut, othertypes of 
ut have been studied and will be des
ribed in the following.A

eptan
eDete
tor Phojet Pythia run126177ZNA (%) 25.22± 0.05 30.73± 0.05 28.90± 0.04ZNC (%) 28.00± 0.05 33.67± 0.05 32.71± 0.04ZPA (%) 12.93± 0.03 15.80± 0.03 24.80± 0.04ZPC (%) 12.31± 0.03 15.09± 0.03 27.68± 0.04Table 4.7: Subdete
tors a

eptan
es at √s=7 TeV from Pythia, Phojet and data.4.6.2 Energy 
orrelationIt is interesting to analyze the 
orrelation between the energy measured inthe 4 towers (PMT1 to PMT4) and the energy in the 
ommon photomulti-plier. Sin
e the 4 quadrants and the 
ommon photomultiplier 
olle
t both ahalf of the total light, a linear 
orrelation is expe
ted. Fig. 4.13 shows the
orrelation between the energy 
olle
ted from the 4 towers and the 
ommonPMT at 7 TeV. As it 
an be seen, there are a lot of events outside of the
orrelation. The events below the 
orrelation are 
hara
terized by a largeamount of light 
olle
ted by the 
ommon photomultiplier but low light 
ol-le
ted by the towers. The 
ontrary happens for events above the 
orrelation.Energy 
orrelations as they are expe
ted from Pythia and Phojet simula-tions are shown respe
tively in �g. 4.14 and in �g. 4.15. The distributions forthe two generators are similar and they do not show events not in 
orrelation.One of the possible explanations for the di�eren
e between data and sim-ulations is that the events out of the 
orrelation are due to parti
les hittingdire
tly the opti
al �bers from the ba
k fa
e of the 
alorimeter. In fa
t the�bers from the rear of the 
alorimeter rea
h the PMTs after about 1 m inair (�naked �bers�). Forward parti
le distribution has a wide spread and
an lead to 
harged parti
les dire
tly 
rossing naked �bers and produ
ingun
orrelated signals in PMTs. 96



4.6 Comparison between data and simulation
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Figure 4.13: Total energy released in the 4 quadrants PMTs vs. energy released inthe 
ommon one for ZNC (top left), ZPC (top right), ZNA (bottomleft) and ZPA (bottom right). Run 122374 at √s = 7 TeV.
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Figure 4.14: Total energy released in the 4 quadrants PMTs vs. energy released inthe 
ommon one for ZNC (top left), ZPC (top right), ZNA (bottomleft) and ZPA (bottom right) for Pythia simulation.
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Figure 4.15: Total energy released in the 4 quadrants PMTs vs. energy released inthe 
ommon one for ZNC (top left), ZPC (top right), ZNA (bottomleft) and ZPA (bottom right) for Phojet simulation.
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ZDC performan
e measured in p-p 
ollisionsLooking at the timing information provided by the ZDC TDCs it is pos-sible to noti
e that the signals 
oming from parti
les hitting the naked �bersare faster than the good signals. In the following se
tion a study of theTDC 
uts that is is possible to use to separate the two 
ontribution will bepresented.4.6.3 Simulation of naked �bersA lo
al simulation has been performed in order to evaluate the response ofthe ZDC when parti
les hit the naked �bers. These parti
les 
an be parti
lesof the shower produ
ed in one of the 
alorimeter but laterally es
aping (ifthe shower is not 
ompletely 
ontained) or parti
les of a shower produ
ed inany other material, su
h as the supports on whi
h the dete
tor are pla
ed.Then, few volumes have been added to the dete
tor geometry: two volumes ofaluminium representing the supports of the 
alorimeters and volumes simu-lating the naked �bers of ZN and ZP. The pi
tures in �g. 4.16 show theposition and dimensions of the added volumes for ZN (left) and ZP (right).In the simulation, the parti
les produ
ed in the 
ollision have been trans-ported from the intera
tion point to the dete
tors and the shower in thedete
tor or in the support platforms have been simulated. When the showerwas produ
ed in the platforms, the produ
ed 
harged parti
les were not 
on-tained and 
ould rea
h the naked �bers, giving a signal in them. When theshower was produ
ed in the 
alorimeter, some 
harged parti
les 
ould es
apeand produ
e a signal in the naked �bers. The simulation has shown that inthese 
ases the signal formation is faster than in the 
ases where showers are
ompletely 
ontained in the dete
tor.Fig. 4.17 shows the distribution of the time intervals between the pro-du
tion of the parti
le at the IP and the produ
tion of the signal respe
tivelyfor parti
les hitting the 
alorimeters (left) and for parti
les hitting the naked�bers (right). In the �rst 
ase the mean value of the distribution is 397.1 ns,in the se
ond it is 394.7 ns. As a 
onsequen
e it is possible to verify that thesignals in the naked �bers are faster than the ones in the dete
tor and theyare separated by ∼ 3 ns.Fig. 4.18 shows the distribution of the di�eren
e between the arrivaltime of the signal of the 
ommon PMT and the arrival time of the gatesignal obtained from data. It 
an be seen that the distribution is at leastdouble pi
ked. As it was understood from simulations, faster signals 
omedire
tly from parti
les hitting the naked �bers while slower signals 
ome fromparti
les that generate a shower in the 
alorimeter. Of 
ourse, it 
an happenthat a 
ertain fra
tion of events in the faster peak will 
orrespond to parti
lesthat afterwards produ
e a shower in the 
alorimeter.100



4.7 ZDC response applying 
uts

Figure 4.16: Side view of the ZN (left) and ZP (right) lo
ation. The volumesrepresenting in the simulation the dete
tor supports and the naked�bers are also shown.It has been de
ided to try to sele
t the good ZDC events (those givingsignals in the 
alorimeters) using the TDC information. The studied 
utswill be des
ribed in the following se
tion.4.7 ZDC response applying 
utsThe ZDC performan
e has been studied as a fun
tion of the applied 
uts.Two di�erent 
uts have been de�ned. The �rst one is based on the TDCinformation while the se
ond one is based on the 
orrelation between the totalenergy released in the four towers and the energy released in the 
ommonphotomultiplier (SUM4vsPMTC).4.7.1 TDC 
utsFirst of all, a simple TDC 
ut has been applied as shown in �g. 4.18: theevents 
orresponding to the left peak (with lower TDC values), are reje
tedwhile the ones 
orresponding to the right peak (with higher TDC values), area

epted. The plots in �g. 4.19 show the 
orrelations SUM4vsPMTC for thehadroni
 
alorimeters for the a

epted events: the distributions show thata fra
tion of events outside the 
orrelation (mainly those events with moreenergy released in the 
ommon PMT than in the four towers) are reje
tedfrom the applied 
uts. This is an indi
ation that the 
ut 
an sele
t goodevents using the TDC value, but a 
ut of this type reje
ts good events sin
ethe two peaks of the TDC distributions are not 
ompletely separated.As a se
ond step, a more 
omplex 
ut has been studied. The plots in �g.4.20 show the ADC signal in the 
ommon photomultiplier for the hadroni
101



ZDC performan
e measured in p-p 
ollisions

Figure 4.17: Time of �ight distributions of parti
les hitting the 
alorimeters (left)and parti
les hitting the naked �bers (right).
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Figure 4.18: Distribution of di�eren
e between the arrival time of the signal of the
ommon PMT and the arrival time of the gate signal for the hadroni

alorimeters. The red line represents the TDC 
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Figure 4.19: Correlation between the energy released in the four towers and energyreleased in the 
ommon PMT when a TDC 
ut is applied for thehadroni
 
alorimeters.
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Figure 4.20: Correlation between the ADC value and the di�eren
e between thearrival time of the signal of the 
ommon PMT and the arrival time ofthe gate signal for the hadroni
 
alorimeters. The red line 
orrespondsto the 
ut applied to separate good events from events in the naked�bers.
alorimeters as a fun
tion of the variable (TDCSignal - TDC gate). The redline represents the 
ut applied to separate the two 
lasses of events. Theevents above the 
ut (mainly slow signals) are 
onsidered good events whilethe other are reje
ted as bad events (fast signals).The applied TDC 
ut leads to a modi�
ation of the shape of the energydistribution. As an example, �g. 4.21 (top left panel) shows the energydistribution for the neutron 
alorimeter on side A and �g. 4.22 for the proton
alorimeter on side A. The bla
k distribution is obtained simply requiring anADC value above the 
hannel 7 threshold. The green 
urve is obtainedapplying the TDC 
ut and the blue one is the energy distribution of thereje
ted events. The applied sele
tion reje
ts events mainly in the rangebetween 50 and 200 ADC 
hannels. The obtained energy distribution ismore similar, espe
ially for ZP, to the one obtained from simulations, wherethe events in the naked �bers are not present (see as an example �g. 4.12 in104
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Figure 4.21: Top left: ZNA energy spe
tra for the events a

epted (green line) andreje
ted (blue line) by the TDC 
ut. Top right: sum of the energy
olle
ted from the four towers vs. energy in the 
ommon PMT for allthe MB events. Bottom: sum of the energy 
olle
ted from the fourtowers vs. energy in the 
ommon PMT for the events a

epted by theTDC 
ut (bottom left) and for the events reje
ted (bottom right).
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Figure 4.22: Top left: ZPA energy spe
tra for the events a

epted (green line) andreje
ted (blue line) by the TDC 
ut. Top right: sum of the energy
olle
ted from the four towers vs. energy in the 
ommon PMT for allthe MB events. Bottom: sum of the energy 
olle
ted from the fourtowers vs. energy in the 
ommon PMT for the events a

epted by theTDC 
ut (bottom left) and for the events reje
ted (bottom right).
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4.7 ZDC response applying 
utsDete
tor A

eptan
e (ADC>7
h.) % A

eptan
e (TDC 
ut) %ZNA 28.90± 0.04 16.51± 0.03ZNC 32.71± 0.04 17.01± 0.03ZPA 24.80± 0.04 10.06± 0.03ZPC 27.67± 0.04 11.23± 0.02Table 4.8: A

eptan
es at √
s=7 TeV applying the standard energy 
ut and theTDC 
ut.whi
h the simulated energy distributions are shown).The other three plots of �g. 4.21 report the 
orrelation between the totalenergy 
olle
ted by the four towers and the energy in the 
ommon photomul-tipliers for all the events with ADC value above the 
hannel 7 threshold (topright panel), the events a

epted applying the TDC 
ut (bottom left panel)and the events reje
ted from the TDC 
ut (bottom right panel). This 
utleads to a de
reasing of the number of events outside the 
orrelation.The dete
tor a

eptan
es are strongly in�uen
ed by this 
ut: the valuesobtained are reported in table 4.8 together with the ones obtained by thestandard energy 
ut.The applied 
uts on one hand reprodu
e the simulated shape of the energydistribution, on the other hand reje
t a fra
tion of good events as seen fromthe a

eptan
es. In fa
t, in a fra
tion of the events it 
an happen that asignal from naked �bers and from a shower in the dete
tor is present at thesame time. In these events, the signal is reje
ted sin
e the TDC value isgiven from the faster signal.4.7.2 Cut on the 
orrelation SUM4vsPMTCIn this 
ase a 
ut on the SUM4vsPMTC distributions has been studied.The general idea is to arti�
ially reje
t those events that are outside of the
orrelation, where the limits of the 
orrelations are taken from simulation inthe following way:� �rst of all the equation of the axis of symmetry of the SUM4vsPMTC
orrelation is obtained by �tting the maximum of the distribution;� then, the points of the 
orrelation have been rotated until the axisof symmetry 
oin
ide with the x axis, as shown in �g. 4.23 for the
alorimeters on side A; 107
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Figure 4.23: Rotation of the simulated SUM4vsPMT 
orrelation for ZNA and ZPAobtained with Pythia.

Figure 4.24: Simulated SUM4vsPMT for ZNA and ZPA obtained with Pythia. Thered lines represents the 
uts that will be applied to the data.� the obtained distributions have been divided in sli
es along the x axisand ea
h sli
e has been proje
ted on the y axis: the RMS value of theproje
tion has been used to de�ne the 
ut.� the points 
orresponding to 2 ·RMS of the proje
ted distributions havebeen rotated ba
k in the orginal system of 
oordinates and they havebeen �tted to obtain the 
urves (a paraboli
 
urve in the low ADCvalues region and a stright line at high ADC values) that de�ne the
uts.Fig. 4.24 shows the simulated SUM4vsPMTC distributions for ZNA andZPA. The two red lines represent the 
uts to be applied to the data and areobtained with the pro
edure des
ribed above.The energy distributions obtained requiring an ADC signal in the 
alorime-ters above 
hannel 7 and then applying the SUM4vsPMTC 
uts are reportedin �g. 4.25 for the neutron 
alorimeter (ZNA) and in �g. 4.26 for the proton108



4.8 Energy 
alibration of the neutron 
alorimetersDete
tor A

eptan
e (ADC>7
h.) % A

eptan
e (TDC 
ut) %ZNA 28.90± 0.04 22.09± 0.03ZNC 32.71± 0.04 24.61± 0.04ZPA 24.80± 0.04 14.13± 0.03ZPC 27.67± 0.04 17.38± 0.03Table 4.9: A

eptan
es at √
s=7 TeV applying the standard energy 
ut and theSUM4vsPMTC 
ut based on the simulated distribution.one (ZPA). In the top left plots, the bla
k distribution is obtained simplyrequiring an ADC signal above 
hannel 7, the red one represents the a
-
epted events applying the SUM4vsPMTC 
ut while the yellow distributionrepresents the reje
ted events. The 
ut reje
ts events not only in the rangebetween 50 and 200 ADC 
h. but in the whole range. Anyway, the expe
teddip in the range 50 - 200 ADC 
hannels 
an still be seen but it is less evidentthat with the TDC 
ut. In this 
ase, the shape of the energy distribution isnot satisfa
tory reprodu
ed. The top right plot is the 
orrelation with the
ut superimposed. The two bottom plots of the same pi
tures report theADCvsTDC distributions for the sele
ted (left) and reje
ted (right) events.It is 
lear, that with the SUM4vsPMTC 
ut are a

epted events that werereje
ted from the TDC 
ut and vi
e-versa.Finally, the a

eptan
es have been 
ompared. The values obtained arereported in table 4.9. The a

eptan
es are still lower than the ones obtainedby the standard energy 
ut but are 
loser to ones obtained by simulations.Fig. 4.27 shows superimposed the energy spe
tra obtained applying the two
uts together with the ones obtained from Pythia Monte Carlo. The spe
traare normalized to unity.Comparing data and simulations, it is possible to 
on
lude that if a TDC
ut is applied the energy distributions from data is similar to the ones ob-tained from simulations but the obtained a

eptan
es are too low with respe
tto the ones obtained from MC. If a 
ut on the 
orrelations SUM4vsPMTCis applied, the a

eptan
es are 
loser to the ones obtained from simulationsbut the shape of the energy distributions are not similar.4.8 Energy 
alibration of the neutron 
alorime-tersIn Pb�Pb 
ollisions it is possible to 
alibrate the 
alorimeters using the ele
-tromagneti
 disso
iation. In fa
t in su
h pro
ess mainly one neutron is emit-109
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Figure 4.25: Top left: ZNA energy spe
tra for the events a

epted (red line) andreje
ted (yellow line) by the SUM4vsPMTC 
ut. Top right: sum ofthe energy 
olle
ted from the four towers vs. energy in the 
ommonPMT for all the MB; the red line represents the applied 
ut. Bottom:ADC vs. TDC distribution for the a

epted (bottom left) and for thereje
ted (bottom right) events.
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Figure 4.26: Top left: ZPA energy spe
tra for the events a

epted (red line) andreje
ted (yellow line) by the SUM4vsPMTC 
ut. Top right: sum ofthe energy 
olle
ted from the four towers vs. energy in the 
ommonPMT for all the MB; the red line represents the applied 
ut. Bottom:ADC vs. TDC distribution for the a

epted (bottom left) and for thereje
ted (bottom right) events.
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Figure 4.27: Comparison of the obtained energy distributions from data andPYTHIA Monte Carlo for the hadroni
 
alorimeters.
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4.8 Energy 
alibration of the neutron 
alorimeters

Figure 4.28: ADC spe
tra in the low range for the neutron 
alorimeter on side A.The peak of the single neutron and the 
ontribution of 2, 3, 4 neutronare 
learly visible.ted and its energy is well known and equal to the energy of a single nu
leonof the beam. The dete
tor resolution allows the identi�
ation of a singleneutron and it is possible to identify the position of the 
orresponding peak.It is shown in �g. 4.28 for the 
ommon photomultiplier of ZNA. The plotis obtained from run 138619 in whi
h only the ZDC was read out and thetrigger was given by ZNA or ZNC. The single neutron peak 
orresponds toan energy deposition of 1.38 TeV and it is lo
ated at the 
hannel 111.5 of thelow range.In p�p 
ollisions there is not an equivalent pro
ess that 
an be usedto 
alibrate the 
alorimeters. Anyway, it is possible to use the 
alibrationobtained from Pb�Pb 
ollisions to obtain the 
alibration in p�p . In thefollowing, it is reported as an example the pro
edure used to 
alibrate the
ommon photomultiplier of ZNA.In fa
t, in Pb�Pb 
ollisions the fa
tor kPbPb needed to 
onvert the ADC
hannels in GeV is easily 
al
ulable as the ratio of the energy of the neutronand the position in the ADC plot:
kPbPb = E1n/ADC1n,HVPbPb

= 0.012GeV/ADCch (low range)Sin
e the PMT gain is related to the HV applied from the relation:
G = 10a+b log10(HV )it is possible to evaluate the ratio Gpp/GPbPb. As a 
onsequen
e, the sameenergy 
arried by the same parti
le at the high voltage used for the p�p data113
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Figure 4.29: Energy spe
tra for the 
ommon photomultiplier of the neutron
alorimeter on side A after the 
alibration.taking would be obtained at the 
hannel:
ADC1n,HVPbPb

= ADC1n,HVpp
·Gpp/GPbPb.And �nally, it is possible to obtain the 
onversion fa
tor from ADC 
hannelsto GeV:

kpp = E1n/ADC1n,HVpp
= 4GeV/ADCch.It is still needed to 
onsider that the number of photons produ
ed by aneutral parti
le of the same energy is not the same in p�p and in Pb�Pb
ollisions. In fa
t, in p�p the shower is larger and it is not 
ompletely 
on-tained in the 
alorimeter. From fast simulations it has been 
al
ulated thatonly the 83% of the light produ
ed by a single neutron is 
olle
ted in p�p(while the whole light produ
ed by a neutron at the same energy is 
olle
tedin Pb�Pb 
ollisions). This is due to the distribution of the neutrons on thefront fa
e of the 
alorimeters: in p�p 
ollisions the distribution is wider andshowers produ
ed from neutrons near the edge are not 
ompletely 
ontained.Fig. 4.29 shows the energy spe
tra of the neutron 
alorimeters after the 
al-ibration. The end point of the spe
trum, 
al
ulated 
onsidering a 
ut of the6� of the events in the tail of the distribution, is at 
hannel 3554± 12 GeV.
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Chapter 5ZDC for di�ra
tive eventssele
tion
5.1 Di�ra
tion in hadron intera
tionsThe total p�p 
ross se
tion 
an be divided into two 
omponents, elasti
 andinelasti
 intera
tions. The latter 
ategory is further subdivided into non-di�ra
tive (ND) events, in whi
h there is an ex
hange of quantum numbersbetween the two intera
ting systems, and di�ra
tive events, where a 
olorsinglet with the quantum numbers of the va
uum, often termed a pomeron,is ex
hanged and one (single di�ra
tion, SD) or both (double di�ra
tion, DD)of the protons break up. The non-di�ra
tive pro
esses dominate the inelasti
intera
tions, however the di�ra
tive 
omponent 
ontributes typi
ally 20-30%of the inelasti
 
ollisions at √s = 7 TeV a

ording to the 
urrent models.Di�ra
tive intera
tions, generally at low momentum transfer, 
an only bedes
ribed by phenomenologi
al models and there is little 
onsensus in thetheoreti
al 
ommunity as to whi
h method is the best.Among others, the Regge theory turned out to be extremely su

essful. Itemerged from the e�orts to build up a fundamental theory of strong intera
-tions based primarily on the analyti
al properties and unitarity of s
atteringamplitudes in the 1960s. The Regge theory survived until today as an e�e
-tive theory of di�ra
tion.The later UA8 and HERA experiments showed that di�ra
tive s
atteringis not only a soft pro
ess, but a hard di�ra
tive 
omponent exists also. Forexample, jets with large momentum transfer were observed in addition to thes
attered proton. This stimulated later developments in whi
h the stru
tureof the di�ra
tive events was des
ribed in terms of parton density fun
tionsin a very similar way as in non-di�ra
tive produ
tion.115



ZDC for di�ra
tive events sele
tion5.1.1 Classi�
ation of proton-proton intera
tionsIn proton-proton (or more generally hadron-hadron) s
attering, intera
tionsare 
lassi�ed by the 
hara
teristi
s of the �nal states. Intera
tions 
an eitherbe elasti
 or inelasti
:� In elasti
 s
attering (p1 + p2 → p1 + p2), both protons emerge inta
tand no other parti
les are produ
ed as shown by the pink dots in �gure5.1. In elasti
 s
attering, the �nal state and initial state parti
les areidenti
al. The ex
hange of gluons 
an ex
ite a hadron. This 
an resultin the outgoing state preserving the internal quantum numbers of thein
oming parti
les but having a higher mass. This is known as quasi-elasti
 s
attering.� In inelasti
 s
attering 
olliding hadrons, that are 
olor singlets mayex
hange a 
olor o
tet gluon, making ea
h hadroni
 
luster a 
oloro
tet. As they move apart, they need 
olor lines 
onne
ting them. Tobe able to separate into two separate systems, they need to ex
hangeanother gluon and be
ome 
olorless. However, the �nal state need notbe identi
al to the initial state. Su
h pro
esses are 
alled inelasti
.When 
olor o
tets move apart, 
olor lines are stret
hed between them.Then, this system gets 
omplex and multi-parti
le produ
tion o

urs.Inelasti
 
ollisions 
an be di�ra
tive. There are several possible des
rip-tions of di�ra
tion, allowing several alternative approa
hes.A di�ra
tive rea
tion is one in whi
h no internal quantum numbers areex
hanged between the 
olliding parti
les. Di�ra
tion o

urs when the ex-
hanged Pomeron intera
ts with the proton to produ
e a system of parti
lesreferred to as the di�ra
tive system. In di�ra
tive s
attering, the energytransfer between the two intera
ting protons remains small, but one or bothprotons disso
iate into multi-parti
le �nal states with the same internal quan-tum numbers of the 
olliding protons.A

ording to the region of the spa
e in whi
h parti
les are produ
ed, itis possible to distinguish di�erent 
lasses of di�ra
tive events. A s
hemati
view is given in �g. 5.1. Pink dots represent the s
attered hadrons whileblue dots represent the parti
les of the �nal multi-parti
les system. More indetail:� if only one of the protons disso
iates then the intera
tion is SingleDi�ra
tive (SD) (p1 + p2 → p1 + X2 or p1 + p2 → X1 + p2). Thedisso
iated proton is shown as a spray of blue dots (parti
les) and thenon-disso
iated proton as the pink dot in �gure;116



5.1 Di�ra
tion in hadron intera
tions

Figure 5.1: Di�ra
tive pro
ess 
lasses and 
ross-se
tions at Tevatron and LHC at√
s = 14 TeV ([51℄).
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ZDC for di�ra
tive events sele
tion� if both the 
olliding protons disso
iate, then the pro
ess is DoubleDi�ra
tive (DD) (p1+p2 → X1+X2). A 
entral rapidity gap is present;� a di�erent topology be
omes possible with two Pomerons ex
hanged,namely Central Di�ra
tion (CD) (p1 + p2 → p1 + X + p2) or DoublePomeron Ex
hange. In this pro
ess, both the protons are inta
t andare seen in the �nal state. In addi
tion parti
les are produ
ed in the
entral region and are separated from the two protons by rapidity gaps;� in Non-Di�ra
tive (ND) intera
tions there is an ex
hange of 
olor 
hargeand subsequently more hadrons are produ
ed. ND intera
tions are thedominant pro
ess in p�p intera
tions.Finally, the total p�p 
ross se
tion 
an be written as the following series:
σtot = σelas + σinelas = σelas + σND + σSD + σDD + σCD5.1.2 Regge theory and Pomeron 
on
eptIn the Regge theory [52℄ the ex
hange of parti
les in the t-
hannel is summed
oherently to give the ex
hange of so-
alled �Regge traje
tories�, whi
h in asimple linear approximation are parametrized as

αi(t) = αi(0) + α′
i · twhere αi(0) denotes the inter
ept and α′

i the slope of the traje
tory.Donna
hie and Landsho� [53℄ showed that a large set of s
attering datais well �tted with a 
ombination of two di�erent Regge traje
tories whi
h aretraditionally 
alled the Reggeon (R) and the Pomeron (P) traje
tories.The �ts to the total 
ross-se
tion led to:
σtot(s) = APs

αP(0)−1 +ARs
αR(0)−1 (5.1)where AP and AR are normalization fa
tors. The se
ond part of equation 5.1is due to the Reggeon traje
tory and it is relevant at low energies. Whereasthe �rst 
ontribution is dominant at higher energies and it is 
alled Pomerontraje
tory. The inter
epts were found to be: αP(0) = 1.0808 and αR(0) =

0.5475In marked 
ontrast with the reggeon, the pomeron inter
ept is αP (0) > 1and 
an a

ount for the growth of the total 
ross se
tion. It should be notedthat the pomeron traje
tory is not asso
iated with any real parti
le ex
hangein the t-
hannel as for the reggeon, but really only parameterizes the partoni
a
tivity whi
h takes pla
e in hadron s
attering.118



5.1 Di�ra
tion in hadron intera
tionsThe pro
esses that involve the pomeron ex
hange are known as di�ra
-tive. The Pomeron has the quantum numbers of the va
uum and notably no
olor. The ex
hange of the va
uum quantum numbers implies no additionalhadroni
 produ
tion between the two groups of �nal state parti
les, hen
ethe large rapidity gap.In spite of the great su

ess of the Regge theory based on the reggeon andpomeron ex
hanges, there is not a real understanding what the soft pomerona
tually is in terms of QCD up to now. With respe
t to the quantum numbersof the pomeron, the ex
hange 
an be viewed in the lowest order of QCDas a two-gluon ex
hange. The pomeron does not 
orrespond to any realresonan
e, but its re
urren
es JPC = 0++, 2++,.. result in 
ompli
ated softgluon ex
hange. They are 
alled glueballs. These gluoni
 ex
hanges are notshort-distan
e intera
tions, hen
e the appli
ability of perturbative methodsto understand the real nature of the pomeron is limited.5.1.3 From soft to hard di�ra
tionThe observation of the jet produ
tion with high transverse momentum indi�ra
tive p�p s
attering in the UA8 experiment [54℄ opened up the possibil-ity to understand di�ra
tive pro
esses in terms of partons. Jet distributionswere similar to those in inelasti
 parton-parton s
attering suggesting the par-ton s
attering underneath, but the s
attered protons were dete
ted in forwardspe
trometers, and the pro
ess had no relationship with inelasti
 events inwhi
h the proton is broken up.Ingelman and S
hlein [55℄ proposed in 1985 to assign parton density fun
-tions to the pomeron and to des
ribe the pro
ess with hard jets as the s
at-tering of the proton partoni
 
omponents on the partons in the pomeron.The probability to emit a pomeron in these hard di�ra
tive events is gov-erned by the same Regge type formula as in soft di�ra
tion but the traje
tory
α(t) 
an be di�erent. The proposal marked the turning point from whi
h thepomeron started to be viewed di�erently in soft and hard events. In the �rst
ase, the pomeron is des
ribed by its traje
tory only, whereas in the latter,it is a 
ompound obje
t with a partoni
 
ontent.The understanding of di�ra
tion re
eived a great boost from studies atthe HERA 
ollider. At HERA, whi
h had 
ollisions of 27.5 GeV ele
tronsor positrons with 820 or 920 GeV protons, a large 
ontribution (about 10%)to deep inelasti
 s
attering (DIS) from di�ra
tive pro
esses was observed.These pro
esses have been des
ribed in terms of universal parton densitiesthat 
ould be used elsewhere.To understand the pro
edure how di�ra
tive density fun
tions are ob-tained, it is ne
essary to introdu
e the kinemati
 variables whi
h are used119
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Figure 5.2: S
hemati
 diagram of di�ra
tive deep inelasti
 s
attering (DDIS), ep →
eXp. The mass of the 
entrally 
reated system X isMX while the massof the proton disso
iated system Y is MY .to des
ribe the DIS pro
esses. The standard DIS variables are: the bosonvirtuality Q2 , the longitudinal momentum fra
tion of the proton 
arried bythe stru
k intera
ting parton x, and the inelasti
ity of the pro
ess y, whi
hare de�ned as

Q2 = −q2

x ≡ Q2

2P · q

y ≡ P · q
P · kwhere P and k are the four-momentum of the in
oming proton and ele
tronrespe
tively.The masses of the ele
tron(positron)-proton and gauge boson-proton sys-tem are s = (k + P )2 and W 2 = (q + P )2, respe
tively.The hadroni
 �nal state in di�ra
tive DIS (DDIS) is 
omposed of twosystems: X whi
h 
omprises the produ
ed system X in the 
enter of thedete
tor and the system Y of the proton or its disso
iated produ
ts (whi
hhave the same overall quantum numbers as the initial proton ex
ept the spinsin
e the angular momentum 
an be ex
hanged in the intera
tion). Thedi�ra
tive DIS is depi
ted in �g. 5.2. If the masses MX , MY are small
ompared to the γ-proton mass W , there is a large rapidity gap devoid ofhadroni
 a
tivity observed between the two systems. The di�ra
tive pro
ess
an then be de�ned as an ex
hange of a 
olorless obje
t of well de�ned four-momentum. The longitudinal momentum fra
tion xP of the proton 
arriedout by the 
olorless obje
t, and β the momentum fra
tion of the stru
k quark120



5.1 Di�ra
tion in hadron intera
tionswith respe
t to the 
olorless obje
t 
an then be de�ned as
xP ≡ (P − py) · q

P · q

β ≡ Q2

2(P − py) · q
=

Q2

Q2 +M2
Xif one assumes that the 
olorless obje
t is made of partons. py is the four-momentum of system Y . The β variable 
an be related to the Bjorken s
alingvariable x through x = xPβ and β 
an be interpreted as the momentumfra
tion taken by the quark from the 
olorless obje
t if it has a partoni
stru
ture. The squared four-momentum transfer of the proton is t = (P−P ′)2and is usually very small |t| < 1 GeV2 in di�ra
tive pro
esses.The su

essful des
ription of the di�ra
tive data relies on two types offa
torization whi
h allowed to des
ribe those pro
esses in the same way asthe non-di�ra
tive ones. First, it was proved that the 
ollinear fa
torizationholds not only in inelasti
 DIS but also in the di�ra
tive DIS [56℄. The 
rossse
tion is then given by a 
onvolution of the partoni
 sub-pro
ess, whi
h is thesame as in inelasti
 DIS σei

sub(x,Q
2) and of the di�ra
tive parton distributionfun
tions (DPDF) of the proton fD
i (x,Q2, xP, t):

dσep→eXY = fD
i (x,Q2, xP, t) · dσei

sub(x,Q
2)The DPDF fD

i (x,Q2, xP, t) are interpreted as a probability to �nd a parton i
arrying the proton longitudinal momentum x, having a virtuality Q2, underthe 
ondition that the proton whi
h lost a momentum fra
tion xP stayedinta
t or disso
iated to a system with the same quantum numbers as theproton (the two 
ases turn to be similar up to a normalization fa
tor of theparton densities). Sin
e the stru
k partons 
arry a 
olor from the proton,the proton system has to reorganize its stru
ture. The 
han
e that it willreorganize to exa
tly a 
olor neutral proton state is limited, thus di�ra
tivehard pro
esses have smaller 
ross se
tions than the non-di�ra
tive ones.The se
ond type of fa
torization is based on the observation of di�ra
tiveHERA data. The so-
alled proton-vertex fa
torization suggests that theDPDF 
an be further de
omposed into a �ux depending on xP and t onlyand a term depending on β and Q2

fD
i (x,Q2, xP, t) = fP/p(xP, t) · fi(β = x/xP, Q

2)In terms of this parameterization, the di�ra
tive pro
ess is viewed as an ex-
hange of a 
olorless pomeron whose parton stru
ture is des
ribed by theparton distributions fi(β,Q2), where β is the fra
tion of the pomeron mo-mentum taken out by the intera
ting parton and Q2 the quark virtuality.121



ZDC for di�ra
tive events sele
tion5.1.4 Di�ra
tive parton densitiesIn the following, the DPDFs are extra
ted in terms of a light �avor singletdistribution Σ(z) 
onsisting of u, d and s quarks and anti-quarks assumingu = d = s = 	u = 	d = 	s and gluon distribution g(z). The variable z is thelongitudinal momentum fra
tion of the proton taken by the parton parti
-ipating in the sub-pro
ess (i.e. it is z = β at leading order and β < z athigher orders of the perturbation series). The general form of the singlet andgluon distributions of the pomeron used in the �ts [57℄ is
zfP

i (z, Q
2) = Aiz

Bi(1− z)Ciwhere Ai, Bi, Ci are unknown parameters �tted to data.The DPDFs �ts determine the quark and gluon partoni
 stru
ture. Theparton densities are �tted at the initial s
aleQ2 = 2−3 GeV2, and are evolvedto the Q2 of the pro
ess using the next-to-leading DGLAP evolution equa-tions. The H1 results are given in �g. 5.3 for the quark singlet distribution(left) and the gluon distribution (right). The data 
onstrain very well thequark distribution for the whole range of β a

essible by the measurement
0.0043 < β < 0.8 and for a range of Q2 up to ∼ 1000 GeV2 . Fig. 5.3 showsalso that the pomeron is predominantly 
omposed of gluons. The fra
tion ofgluons in the pomeron in
reases with Q2 as a result of the DGLAP evolution.The understanding of the proton stru
ture in di�ra
tive disso
iation pro-
esses has developed from the Regge pi
ture of soft reggeon and pomerons,to the perturbative partoni
 stru
ture of the pomeron in semi-in
lusive pro-
esses measured at HERA. The di�ra
tive parton density fun
tions measuredin DIS are used to analyze Tevatron di�ra
tive data and also to make pre-di
tions at the LHC where new di�ra
tive phenomena are studied.5.1.5 Breaking of di�ra
tive hard-s
attering fa
toriza-tion.Parton distribution fun
tions are universal, pro
ess independent quantities.They 
an hen
e be used to des
ribe di�erent pro
esses, whenever hard-s
attering fa
torization holds. In fa
t, PDFs 
al
ulated from e�p 
ollisions atHERA 
an be transported to give predi
tions for hadron-hadron s
attering,for instan
e, in p�p 
ollisions at the Tevatron and p�p 
ollisions at the LHC.Although this is true for standard, in
lusive PDFs, in hadron-hadron 
ol-lisions di�ra
tive hard-s
attering fa
torization does not apply ([56℄, [58℄). A
entral result in di�ra
tion at Tevatron is the breaking of QCD fa
torization.In this 
ase, if the fa
torization of the single di�ra
tive 
ross se
tion holds,122



5.1 Di�ra
tion in hadron intera
tions

Figure 5.3: Di�ra
tive quark singlet and gluon distributions extra
ted from �ts byH1 
ollaboration [57℄.
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Figure 5.4: CDF results for the 
ross se
tion of di�ra
tive di-jet produ
tion witha leading antiproton in pp 
ollisions (expressed in terms of a stru
turefun
tion FJJ) [59℄, 
ompared with the predi
tions obtained from thedi�ra
tive PDFs extra
ted at HERA.the produ
tion 
ross se
tion 
ould be written as a 
onvolution of the sub-matrix 
ross se
tion, the pomeron �ux fa
tor and the parton densities of thepomeron as 
onvolution
dσpp→pjjX = fP/p(ξ, t) · fi/P(β = x/ξ, µ) · fj/p(x2, µ) · dσij

sub(β, x2, µ) (5.2)where fP/p(ξ, t) is the pomeron �ux parameterized by the pomeron traje
tory,
fi/P(β, µ) is the density fun
tion of a parton i 
arrying the pomeron momen-tum fra
tion β, fj/p(x2, µ) is the density fun
tion of a parton j 
arrying theproton momentum fra
tion x2 and µ is the fa
torization and renormalizations
ale set equal. The sub-pro
ess 
ross se
tion dσij

sub is the same as in inelasti
hadron-hadron s
attering. The di�ra
tive parton density fun
tions as mea-sured at HERA 
an be plugged into the above formula for fi/P(β, µ). Usingalso the proton PDF measured in inelasti
 s
attering the dire
t 
omparisonof the HERA predi
tion with the stru
ture fun
tion extra
ted at the Teva-tron 
an be made. It is shown in �g. 5.4. The measurement of the di�ra
tivestru
ture fun
tion FD
jj disagrees mainly in normalization. It is suppressedapproximately by a fa
tor of 10 at the Tevatron with respe
t to HERA.This suppression of the di�ra
tive 
ross-se
tion is independent of the hardsubpro
ess, as 
an be seen by 
omparing, for di�erent partoni
 subpro
esses,124



5.2 Di�ra
tive event sele
tion with the ZDCthe fra
tions of events showing rapidity gaps.A possible explanation lies in the di�erent initial states in DDIS and inproton-antiproton di�ra
tion. In the latter 
ase, additional soft s
atteringbetween the two initial hadrons 
an �ll the rapidity gap and thus destroythe signature used for identifying di�ra
tive events. Hen
e the 
ross-se
tionin eqn. 5.2 needs the �gap survival probability� |S|2 as another 
onvolutionfa
tor. |S|2 was observed by CDF to de
rease by a fa
tor 1.3ö2.4 from630 GeV to 1.8 TeV and is expe
ted to be further redu
ed at LHC energies.5.1.6 Di�ra
tion in Monte Carlo generatorsAt present, di�erent phenomenologi
al models are used to des
ribe the non-di�ra
tive and di�ra
tive pro
esses and some of them are implemented in theMonte Carlo simulation pa
kages like Pythia and Phojet among the others.The 
omparison of the di�erent generators have been made in many studies.The total 
ross se
tions from the two generators are in good agreementin the region below 700-800 GeV. For higher energies the predi
tions aredi�erent, 
oming up to 19% divergen
e at ∼10 TeV. For the LHC energy(√s = 14 TeV) Pythia 6.205 and Phojet 1.12 predi
t σpp
tot = 101.5 mb and

119 mb respe
tively [60℄. There are also large di�eren
es between the Pythiaand Phojet predi
tions for single and double di�ra
tive 
ross se
tions. Cen-tral di�ra
tive events are simulated in Phojet only. A study 
omparing thepseudorapidity (η), 
harged parti
le density (dNch/dη) and transverse mo-mentum (pT ) distributions in Pythia 6.214 and Phojet 1.12 at CM energy7 TeV is shown below. ND and SD spe
tra are 
ompared to analyze thedi�eren
e in the di�ra
tive part. A 
omparison of distributions in �g 5.5 and5.6 shows that although the multipli
ity spe
tra for ND events in Pythia andPhojet are similar, high multipli
ity SD events are not generated by Pythia.Similarly, the pT spe
tra in �g. 5.7 show that Pythia la
ks a hard di�ra
tivepart [61℄.5.2 Di�ra
tive event sele
tion with the ZDCIn proton - proton 
ollisions the ZN and ZP 
alorimeters measure respe
tivelythe energy �ow of the neutrons and protons in the forward dire
tion. Dueto its a

eptan
e, the information provided by the ZDC 
an be useful inthe sele
tion of di�ra
tive events. In fa
t, as it was des
ribed before, thedi�ra
tive events are 
hara
terized by parti
les produ
tion in well de�nedregions together with rapidity gaps a

ording to the event type.The ALICE strategy for the extra
tion of samples enri
hed of di�ra
tive125
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Figure 5.5: η distributions for (a) ND and (b) SD events at 7 TeV 
omparingPythia6 and Phojet.
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5.2 Di�ra
tive event sele
tion with the ZDC

Figure 5.6: Multipli
ity distributions for (a) ND and (b) SD events at 7 TeV 
om-paring Pythia6 and Phojet.
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Figure 5.7: pT distributions for (a) ND and (b) SD events at 7 TeV 
omparingPythia6 and Phojet.
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5.2 Di�ra
tive event sele
tion with the ZDCevents is based on the identi�
ation of large rapidity gaps 
ombining the in-formations provided by the forward dete
tors. The V0 dete
tor is parti
ularlyuseful at this purpose, sin
e it 
overs the pseudorapidity ranges 2.8 < η < 5.1(side A) and −3.7 < η < −1.7 (side C) and it has a full φ a

eptan
e. Be-side this, the ZDC information 
an improve the di�ra
tive events sele
tionof ALICE sin
e it 
overs a region at very high pseudo-rapidity values. Theneutron 
alorimeter has a full φ a

eptan
e while the proton one do not
over the 
omplete φ angle. At the moment, the two pseudorapidity regions
5.1 < η < 8 and −8 < η < −3.7 are not 
overed by any dete
tor, but ALICEplans to install two arrays of s
intillator 
ounters (
alled ADD and ADA) to
over these regions and to improve the 
apability to identify rapidity gaps.In this analysis, an attempt to study the ZDC 
apability to sele
t di�ra
-tive events has been performed. First of all, an o�ine trigger strategy toextra
t a sample enri
hed of di�ra
tive events has been outlined. Then, thetrigger 
ombination has been applied to both Monte Carlo simulations anddata.5.2.1 Monte Carlo and data samplesThe analysis presented has been performed using data and Monte Carlosamples at √

s = 7 TeV. Pythia and Phojet Monte Carlo implement thedi�ra
tive events generation in two di�erent ways. A data sample for ea
hgenerator has been used. In parti
ular:� the run number 126007 of the MC 
y
le LHC10f6, simulated with thePhojet generator.� the run number 126007 of the MC i
i
le LHC10f6a, simulated with thePythia generator.Both samples do not 
ontain elasti
 events that 
an not be identi�ed fromthe dete
tors. Central di�ra
tive events are simulated only in Phojet sin
ePythia does not implement them. The transport of the produ
ed parti
lesthrough the dete
tor is simulated using the GEANT3 pa
kage.The simulations have been performed reprodu
ing the same experimental
onditions of the run 126007 of the period LHC10d to allow the �nal 
om-parison. As a 
onsequen
e, all the relevant parameters for the simulationhave been set using the O�ine Condition DataBase (OCDB). The magneti
�eld of L3 was 0.5 � and the L3/dipole polarity was - -. A 
rossing angle of+140 µrad was present and the position of the dete
tors was 1.6 
m abovethe nominal beam axis position. 129



ZDC for di�ra
tive events sele
tionbit Sub-det.bit0 ZNAbit1 ZPAbit2 ZEM1bit3 ZEM2bit4 ZNCbit5 ZPCTable 5.1: Fired dete
tor pattern: bit-dete
tor 
orresponden
e.5.2.2 O�ine trigger strategyIn order to determine the ZDC a

eptan
e for di�erent type of p�p events(minimum bias, non di�ra
tive and di�ra
tive) a variable 
alled fESDQualityis de�ned in the o�ine 
ode at the ESD level. It provides, event-by-event, thepattern of the �red dete
tors. The least signi�
ant bits of the variable givethe information about the �red subdete
tors; the bit-dete
tor 
orresponden
eis shown in table 5.1.In the o�ine 
ode a dete
tor is 
onsidered �red when the ADC value(after the pedestal subtra
tion) of ea
h 
ommon photomultiplier (PMTC) ofthe hadron ZDC or a single PMT of the two ZEM (PMTZEMs) is abovea threshold value, �xed at 
hannel 7 in the high ADC range. The samede�nition of �red dete
tor 
an be applied to both simulations and data.5.2.3 Trigger e�
ien
yThe �red dete
tor pattern has been used to estimate the o�ine trigger e�-
ien
ies in p�p 
ollisions for di�erent type of simulated events and to evaluatethe 
apability of the ZDC to tag single di�ra
tive events.The naming 
onventions for the di�erent type of events are the following:� ND: Non di�ra
tive events;� SDA: Single di�ra
tive events with di�ra
tive system X on side A withrespe
t to the IP (pp→ Xp);� SDC: Single di�ra
tive events with di�ra
tive system X on side C withrespe
t to the IP (pp→ pX);� DD: Double di�ra
tive events;� CD: Central di�ra
tive events;130



5.2 Di�ra
tive event sele
tion with the ZDCDete
tor ZNA ZPA ZNC ZPC ZEMND (%) 26.55± 0.05 13.40± 0.03 29.55± 0.05 12.89± 0.04 72.13± 0.05SDA (%) 28.4± 0.2 14.1± 0.1 2.71± 0.07 3.04± 0.07 69.2± 0.2SDC (%) 2.13± 0.06 5.14± 0.09 30.9± 0.2 13.1± 0.1 17.2± 0.2DD (%) 32.5± 0.2 17.6± 0.1 35.6± 0.2 16.9± 0.1 58.7± 0.2CD (%) 1.14± 0.01 2.11± 0.01 2.17± 0.01 1.40± 0.01 19.52± 0.01MB (%) 25.20± 0.05 13.02± 0.03 27.92± 0.05 12.34± 0.03 67.46± 0.05Table 5.2: Fra
tion of events a

epted by subdete
tors. The sample is obtainedusing Phojet generator at 7 TeV.Dete
tor ZNA ZPA ZNC ZPC ZEMND (%) 30.29± 0.05 14.60± 0.04 33.62± 0.05 14.11± 0.04 68.06± 0.05SDA (%) 43.6± 0.2 25.2± 0.2 2.38± 0.05 2.22± 0.05 44.6± 0.2SDC (%) 1.34± 0.04 2.70± 0.06 46.8± 0.2 23.9± 0.2 14.4± 0.1DD (%) 44.2± 0.1 25.9± 0.1 47.8± 0.2 24.6± 0.1 33.8± 0.1MB (%) 30.98± 0.5 15.94± 0.04 33.87± 0.05 15.17± 0.04 58.21± 0.05Table 5.3: Fra
tion of events a

epted by subdete
tors. The sample is obtainedusing Pythia generator at 7 TeV.� MB: Total of inelasti
 events.It is important to underline that the ZDC 
an only dete
t the leadingbaryons emerging from the di�ra
tive system X , while the outgoing protonon the other side 
annot be dete
ted by the proton 
alorimeters ZP sin
e itremains in the beam pipe.Note that the standard physi
s sele
tion (as des
ribed in the previous
hapters) is always applied. Tables 5.2 and 5.3 show the a

eptan
es forea
h 
lass of events in ea
h 
alorimeter respe
tively for Phojet and Pythiagenerators. The a

eptan
e is de�ned as:
acceptancei,d =

(number of events with signal)i,d
(number of events after physics selection)iwhere d is the 
onsidered subdete
tor and i is the event 
lass 
onsidered.The se
ond and the third lines of the tables report the e�
ien
ies for singledi�ra
tive events. For SDA intera
tions, ZNA has an a

eptan
e of 28.4%(43.6%) and ZPA of 14.1% (25.2%) for Phojet (Pythia). On the 
ontrary, thea

eptan
e on the side of the leading protons are very low. The situation isthe opposite when SDC events are 
onsidered: in this 
ase, the dete
tors onthe C side have a higher a

eptan
e than the dete
tors on the A side. Thisis a 
lear sign that only the parti
les emerging from the di�ra
tive systems
an be dete
ted while s
attered protons are lost in the beam pipe.131



ZDC for di�ra
tive events sele
tionThe Pythia a

eptan
es are systemati
ally higher than the ones obtainedwith Phojet.It is also interesting to look at the a

eptan
es of the ele
tromagneti

alorimeters. They are lo
ated only on the A side. As 
onsequen
e it isexpe
ted that they give a signal only when the di�ra
tive mass is on the Aside and not when it is on the C side, as tables show.5.2.4 Sele
tion of single di�ra
tive eventsIn this se
tion the possibility of using the ZDC to tag single di�ra
tive eventsis investigated.In single di�ra
tive intera
tions a large rapidity gap, a region of the spa
edevoid of hadrons, is expe
ted between the outgoing proton and the di�ra
-tive system X .The generated pseudorapidity distributions respe
tively for stable 
hargedparti
les (top), protons (middle) and neutrons (bottom) produ
ed at theintera
tion point are plotted in �g. 5.8 for single di�ra
tive events with thedi�ra
tive system X on side A. The simulation is obtained using the Pythiagenerator.On the top �gure the shadowed area shows the η a

eptan
e of the ele
-tromagneti
 
alorimeters: in SDA events a signal is expe
ted in the ZEM,while in SDC events a low signal is expe
ted. In the middle plot the protonsdistribution shows two peaks. The peak on negative η is due to the s
atteredprotons and a
tually 
an not be dete
ted from the ZP 
alorimeters be
ausetheir traje
tory is only slightly bent from the magneti
 elements of the beamline and they remain into the beam pipe. The only protons that 
an bedete
ted are those from the A side (positive η). On the bottom �gure the
η a

eptan
e of the two ZN are superimposed. The neutrons distributionshows only one peak, on the side of the di�ra
tive system X , meaning thatno signal should be expe
ted in ZNC. A non-negligible ZNA a

eptan
e isforeseen for leading neutrons emerging from the di�ra
tive system X . Thesituation is the opposite if SDC events are 
onsidered.Taking into a

ount these informations, it is possible to de�ne triggerrequests in order to sele
t di�ra
tive events. To sele
t SDA events it ispossible to require a signal in at least one of the dete
tor on A side (ZNA orZPA) and no signals in the dete
tors on the C side (!ZNC and !ZPC). To sele
tSDC events the request is opposite. It is possible to improve the sele
tionof the SDC events using the information of the ele
tromagneti
 
alorimetersthat in most of the 
ases don't give signals in this type of events. Therefore,three trigger patterns have been studied:132



5.2 Di�ra
tive event sele
tion with the ZDC

Figure 5.8: η distributions for stable 
harged parti
les (top), protons (middle) andneutrons (bottom) produ
ed at the intera
tion point for single di�ra
-tive events with the di�ra
tive system X on side A obtained withPythia. 133



ZDC for di�ra
tive events sele
tion� (ZNA or ZPA) and (!ZNC and !ZPC) to sele
t SDA events;� (ZNC or ZPC) and (!ZNA and !ZPA) to sele
t SDC events;� (ZNC or ZPC) and (!ZNA and !ZPA and !ZEM) to sele
t SDC events.Tables 5.4, 5.5, 5.6, 5.7, 5.8, and 5.9 report the ratio between the numberof events of a 
ertain type that satisfy the trigger request and the numberof generated events of the same type. Phojet and Pythia Monte Carlo givedi�erent results of the sele
tion.Considering the Phojet produ
tion, with the trigger (ZNA or ZPA) and(!ZNC and !ZPC) the 35.3% of the generated SDA events are sele
ted. Thee�
ien
y, de�ned as the ratio between the number of the events sele
tedfrom the trigger and the total number of generated events, is 21%. Thepurity of the sample, de�ned as the ratio between the number of SDA eventssele
ted and the total number of events sele
ted is 10.5%. Looking at the SDCsele
tion, using only the hadroni
 
alorimeters the 36.4% of the generatedSDC events survive the trigger requirements. The e�
ien
y of the trigger is23%. In this 
ase the purity of the extra
ted sample is 9.2%. The purity of theSDC sample in
reases taking into a

ount the ele
tromagneti
 
alorimetersresponse: it be
omes 23.3%. As it 
an be seen in table 5.6 the fra
tion ofND events surviving the requirements is strongly suppressed. The e�
ien
yof the trigger is 14%.Considering the Pythia produ
tion, with the trigger (ZNA or ZPA) and(!ZNC and !ZPC) the 55% of the generated SDA events are sele
ted. Thee�
ien
y of the trigger is 24% and the purity of the extra
ted sample is18.3%. Considering the SDC sele
tion, using only the hadroni
 
alorimetersthe 57.3% of the generated SDC events survive the trigger requirements. Thee�
ien
y of the trigger is 26% and the purity is 16.4%. Also in this 
ase,using the ele
tromagneti
 
alorimeters the purity of the extra
ted samplein
reases (32.4%).The same trigger patterns have been applied to data: the dete
tors are
onsidered ��red� when the signal is above 7 ADC 
hannels. The fra
tions ofevents sele
ted with the three types of o�ine triggers are reported in table5.10 and are 
ompared with the values obtained from simulations.Even if the a

eptan
es of the subdete
tors measured from data are higherthan the ones predi
ted from Monte Carlo (see se
tion 4.7), requiring a 
om-bination of signals the fra
tions of events sele
ted from data are 
omparablewith the ones obtained from simulations. Parti
ularly, the fra
tions sele
tedusing only the hadroni
 
alorimeters are 
lose to the results from Pythia andPhojet. The quoted errors are only statisti
al. In
luding the ele
tromagneti
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5.2 Di�ra
tive event sele
tion with the ZDCEvent type (ZNAorZPA)and(!ZNC and !ZPC)ND (%) 21.56 ± 0.05SDA (%) 35.3 ± 0.2SDC (%) 3.33 ± 0.08SD (%) 19.8 ± 0.1DD (%) 23.7 ± 0.2CD (%) 2.2± 0.1MB (%) 21.15 ± 0.04Table 5.4: E�
ien
y for the sele
tion of SDA events using only hadroni
 
alorime-ters. Phojet generator.Event type (ZNC or ZPC) and (!ZNA and !ZPA)ND (%) 23.94 ± 0.05SDA (%) 2.86 ± 0.07SDC (%) 36.4 ± 0.2SD (%) 19.1 ± 0.1DD (%) 26.1 ± 0.2CD (%) 2.8± 0.1MB (%) 23.15 ± 0.04Table 5.5: E�
ien
y for the sele
tion of SDC events using only hadroni
 
alorime-ters. Phojet generator.Event type (ZNC or ZPC) and (!ZNA and !ZPA and !ZEM)ND (%) 6.39 ± 0.03SDA (%) 0.82 ± 0.04SDC (%) 31.5 ± 0.2SD (%) 15.7 ± 0.1DD (%) 9.5± 0.1CD (%) 2.2± 0.1MB (%) 7.51 ± 0.02Table 5.6: E�
ien
y for the sele
tion of SDC events with hadroni
 and ele
tromag-neti
 
alorimeters. Phojet generator.135



ZDC for di�ra
tive events sele
tionEvent type (ZNAorZPA)and(!ZNC and !ZPC)ND (%) 22.77 ± 0.05SDA (%) 55.1± 0.2SDC (%) 1.21 ± 0.04SD (%) 29.2± 0.1DD (%) 23.5± 0.1CD (%) /MB (%) 23.82 ± 0.04Table 5.7: E�
ien
y for the sele
tion of SDA events using only hadroni
 
alorime-ters. Pythia generator.Event type (ZNC or ZPC) and (!ZNA and !ZPA)ND (%) 25.41 ± 0.05SDA (%) 1.54 ± 0.04SDC (%) 57.3± 0.2SD (%) 28.4± 0.1DD (%) 25.3± 0.1CD (%) /MB (%) 25.84 ± 0.04Table 5.8: E�
ien
y for the sele
tion of SDC events using only hadroni
 
alorime-ters. Pythia generator.Event type (ZNC or ZPC) and (!ZNA and !ZPA and !ZEM)ND (%) 7.67 ± 0.03SDA (%) 0.82 ± 0.03SDC (%) 49.7± 0.2SD (%) 24.4± 0.1DD (%) 16.2± 0.1CD (%) /MB (%) 11.21 ± 0.03Table 5.9: E�
ien
y for the sele
tion of SDC events with hadroni
 and ele
tromag-neti
 
alorimeters. Pythia generator.136



5.2 Di�ra
tive event sele
tion with the ZDCFra
tion Sele
ted (%)Trigger pattern Data Phojet Pythia(ZNAorZPA)and 19.30 ± 0.02 21.15 ± 0.04 23.82 ± 0.04(!ZNCand!ZPC)(ZNCorZPC)and 23.13 ± 0.02 23.15 ± 0.04 25.84 ± 0.04(!ZNAand!ZPA)(ZNCorZPC)and 4.29 ± 0.02 7.51± 0.02 11.21 ± 0.03(!ZNAand!ZPAand!ZEM)Table 5.10: Fra
tions of events sele
ted as a fun
tion of the o�ine trigger pattern.
alorimeters the di�eren
e between the value from data and the value fromsimulation is higher.In any 
ase, the fra
tion of single di�ra
tive events in the the sele
tedsamples is of the order of 10% therefore it 
omes out that the ZDC in 
ombi-nation with other ALICE forward dete
tors, as an example the V0 dete
tor.
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tive events sele
tion
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Con
lusionsThe Zero Degree Calorimeter of ALICE has been designed to measure the
entrality of the intera
tion in heavy�ion 
ollisions. Anyway the dete
torsu

essfully 
olle
ted data during proton�proton intera
tions during the 2010runs: in this thesis the performan
e of the ZDC have been analyzed usingthese data.The e�e
ts of the experimental 
onditions on the dete
tor response havebeen studied. Using the 
ollisions at a 
enter of mass energy of 900 GeV thea

eptan
e of the dete
tor has been estimated to be of a few per
ent. Thisresult is 
omparable with the expe
ted value from simulations sin
e at thislow energy the produ
tion of parti
les at very high rapidities is suppressed.Therefore, it was de
ided not to use these data. At a 
enter of mass energyof 7 TeV the a

eptan
e of the ZDC is of the order of the 30% for the neutron
alorimeters and of the 25% for the proton ones. The dete
tor a

eptan
edepends on the alignment of the devi
e with the spot of the produ
ed par-ti
les: a small 
rossing angle 
an be present due to the muon dipole magnetand its 
ompensators. The 
rossing angle moves the spot of the produ
edparti
les in the verti
al dire
tion and as a 
onsequen
e it is ne
essary to movethe dete
tor to follow the spot position and maximize the a

eptan
e. Thea

eptan
e is also a�e
ted by the presen
e of a tertiary 
ollimator that par-tially shadows the dete
tor. The 
ollimator in�uen
es also the re
onstru
tionof the 
entroid of the spot of the produ
ed parti
les on the front fa
e of theneutron 
alorimeters. Simulations predi
t for ZN an a

eptan
e of 30% andfor ZP of 15%: data overestimate the a

eptan
e espe
ially for the proton
alorimeters.The shape of the energy spe
tra has been studied: the distributions ob-tained from data are slightly di�erent from the ones obtained from simula-tions for ZN, but signi�
antly di�erent for ZP. Additional 
uts, beside theone on the energy that is always applied to reje
t the pedestal events, havebeen studied. The results of the 
uts are di�erent. A 
ut based on the TDCinformation, reprodu
e the simulated shape of the energy spe
tra but notthe subdete
tor a

eptan
es: a lot of good events are reje
ted with this 
ut.139



Con
lusionsThe TDC 
ut leads to an a

eptan
e of the 17% for the neutron devi
es andto the 10% for the proton 
alorimeters. On the 
ontrary, a geometri
al 
utbased on the 
orrelation between the energy 
olle
ted by the 
ommon pho-tomultiplier and the energy in the four towers 
an partially reprodu
e theenergy spe
tra but gives a

eptan
es that are 
loser to the ones obtained bysimulations. The measured a

eptan
es are of 22% (ZN) and 15% (ZP).Then, using the lead�lead data 
olle
ted at the end of the year it hasbeen possible to 
alibrate the neutron 
alorimeters. The ele
tromagneti
disso
iation pro
esses in Pb�Pb 
ollisions lead to the emission of a singleneutron with the energy of the nu
leons of the beam. This energy 
an bemeasured by the ZN and used to 
alibrate the devi
e. The results 
an then beused to 
alibrate the dete
tor also in p�p as des
ribed at the end of 
hapter4. Finally, the possibility to use the ZDC to identify di�ra
tive events hasbeen analyzed. The di�erent di�ra
tive intera
tions produ
e a signal in the
alorimeters on one side or on the other side of the intera
tion point a

ord-ingly with their topology. The o�ine trigger strategy pointed out allows toextra
t a sample slightly enri
hed of single di�ra
tive events. Pythia andPhojet estimate two di�erent fra
tions of SD events in the sele
ted eventsample. In both 
ases the fra
tion of events sele
ted from the o�ine triggeris of the order of 20-25%. The same o�ine sele
tion applied to data sele
tthe 19% of the events with di�ra
tive mass on the A side and the 23% ofevents with the di�ra
tive mass on the C side: these values are 
lose to theones obtained from Monte Carlo.In 
on
lusion, the information provided by the ZDC will be used in addi-tion to the one provided by other ALICE dete
tors su
h as the V0 s
intillatorsand the FMD to obtain a data sample enri
hed of di�ra
tive events: the aimis to study the kinemati
 distributions (dNch/dη, pt, multipli
ity,...) of theextra
ted samples in order to tune Monte Carlo.
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Appendix ADete
tor Control System for theZDCThe 
ontrol systems for the LHC experiments have been built on the expe-rien
e gained with the LEP experiments. However, while for the four LEPexperiments the 
ontrols systems were built 
ompletely independent of ea
hother, the LHC experiments de
ided to 
ollaborate and share the develop-ments. A Joint Controls Proje
t (JCOP, [65℄) was therefore 
reated, as 
ol-laboration between CERN and the LHC experiments, to provide a dis
ussionforum and to develop a set of 
ommon tools and 
omponents.This has allowed the LHC experiments to use the same basi
 tools toimplement their 
ontrol systems and to adopt more or less the same ar
hi-te
ture.A.1 ALICE DCSA.1.1 RequirementsAlthough 
overing a wide variety of 
omponents, and being developed byvarious groups in parallel, the DCS as a whole has to stay 
oherent andhomogeneous and allow for easy integration of 
omponents. To a

ommodatethe 
hanges of the experiment during its lifetime, the DCS needs to be �exibleand s
alable. As the 
ontrol system must stay operational throughout allphases of the experiment (data taking, shutdown, et
.), it is designed to 
opewith di�erent operational modes. It allows for independent and 
on
urrentoperation of ea
h sub-dete
tor, or any part of it.Sin
e the shift 
rew is not ne
essarily expert in 
ontrols or in the oper-ation of a parti
ular sub-dete
tor, spe
ial attention has been given to the141



Dete
tor Control System for the ZDCpresentation of the system to the operator. Remote a

ess to the DCS isneeded and a stri
t a

ess 
ontrol me
hanism has been put in pla
e, basedon the origin of the a

ess and the user pro�le. Ensuring the integrity ofthe dete
tor equipment is another important task of the 
ontrol system. The
ontrol system must be reliable and allow for both hardwired and softwarea
tions in 
ase of hazardous situations.A.1.2 Software 
omponentsPVSSII: it is a 
ommer
ial SCADA (Supervisory Controls And Data A
-quisition) system and it is the 
ore software of the 
ontrol system. Thispa
kage was sele
ted already in 1999 after an extensive evaluation pro-
ess performed by JCOP. PVSSII [37℄ is now used by all four LHCexperiments, as well as by several servi
e groups at CERN providingsystems su
h as gas, safety, et
. It is used to 
onne
t to hardware (orsoftware) devi
es, a
quire the data they produ
e and to monitor theirbehavior and to initialize, 
on�gure and operate them. It o�ers manyof the basi
 fun
tionalities generally needed by a 
ontrol system. AllPVSSII appli
ations (proje
ts) are running on top of the Windows op-erating system on the Worker Nodes and on the Operator Nodes. Thedi�eren
e between Worker and Operator Nodes will be explained inA.1.3.JCOP framework: a framework was built around PVSSII as a joint e�ortbetween the four LHC experiments [68℄. This framework 
omplementsthe PVSSII system and provides tools and 
omponents for the imple-mentation of the 
ommon fun
tionalities that are expe
ted from the
ontrol system, su
h as Finite State Ma
hine (FSM), database a

ess,a

ess 
ontrol, basi
 user interfa
es, 
on�guration, et
. (�gure A.1).The JCOP-framework also in
ludes interfa
es to several hardware de-vi
es that are 
ommonly used in the LHC experiments and su
h inter-fa
e 
omponents hide mu
h of the PVSSII internals from a non-expertend-user. In the same 
ontext an ALICE framework was developedto 
ater for ALICE spe
i�
 needs. These tools are used by the sub-dete
tor experts to build their appli
ations.Communi
ation and Hardware A

ess: Communi
ation with the hard-ware is restri
ted to a limited set of 
ommuni
ation proto
ols. The twoproto
ols OPC (OLE for Pro
ess Control) and DIM (Distributed Infor-mation Management) 
over all the needs in ALICE. OPC is a widelya

epted industry standard used for 
ommuni
ation with 
ommer
ial142



A.1 ALICE DCSdevi
es. It implements a 
lient-server me
hanism, where PVSSII pro-vides a generi
 OPC 
lient and the manufa
turer of the devi
e usu-ally provides the OPC server. DIM is used to 
ommuni
ate with 
us-tom built equipment, it is available for many platforms and librariesare available for several 
omputer languages. DIM is a CERN devel-oped proto
ol and implements a 
lient-server me
hanism over TCP/IP.When a DIM-server is developed for a given pie
e of equipment, PVS-SII 
an be used to a

ess it through the DIM-
lient integrated in theframework. DIM is also the underlying 
ommuni
ation layer for theData Inter
hange Proto
ol (DIP) that is used to ex
hange data be-tween the 
ontrol system and LHC as well as with the various servi
essu
h as gas, ele
tri
ity, 
ooling et
. In addition PVSSII 
an also dire
tly
ommuni
ate with equipment through drivers.Database: Data ar
hiving is an integral part of PVSSII and allows theuser to store the history of any data available in the system that hemight need. The database servi
e 
onsists of an Ora
le RAC server(with 30 TB of fully redundant storage) lo
ated at the experimentalsite. The PVSSII ar
hive is also an essential tool for system debuggingas it 
ontains the history of any data in the system. During a physi
srun a subset of the ar
hived data is also transferred to the O�ineConditions DataBase (OCDB). The OCDB mirrors data essential foro�ine analysis and provides an easy a

ess and retrieval me
hanism.The interfa
e between the OCDB and the DCS ar
hive (AMANDA)was implemented by the 
entral team. Some of this data is also usedin 
alibration pro
edures and to prepare new 
on�gurations for thedete
tors.A.1.3 System layoutThe whole DCS 
an be seen as a 
ombination of two planes, a systems planeand an operations plane.The systems plane is responsible for the exe
ution of the 
ommands, itassures the 
ommuni
ation between the 
omponents and it provides the dataar
hival. The systems plane 
an be further logi
ally subdivided in threelayers: a �eld, a 
ontrol and a supervisory layer (�gure A.2).The operations plane is a logi
al layer built on top of the systems plane. Itprovides a hierar
hi
al representation of the DCS subsystems and it assuresthe 
oherent exe
ution of 
ontrol 
ommands.143



Dete
tor Control System for the ZDC

Figure A.1: Overview of 
ontrol system 
omponent.The �eld layer: It 
onsists of devi
es 
olle
ting informations from the sub-dete
tors and providing servi
es to them. Ea
h sub-dete
tor system islogi
ally divided into several sub-systems, ea
h 
overing di�erent typesof devi
es su
h as Low Voltage (LV), High Voltage (HV), Front Endand Readout Ele
troni
s (FERO), et
.The 
ontrols layer: It 
onsists of ∼100 
omputers exe
uting the DCStasks, 
alled Worker Nodes (WN) and a number of Programmable Logi
Controllers (PLCs) or PLC-like devi
es, whi
h 
olle
t information fromthe �eld layer and send 
ontrol 
ommands to the devi
es. Most of the
omputers run PVSS in 
onjun
tion with the OPC or FED (Front EndDevi
e) servers. They rely on infrastru
ture servers that provide theessential servi
es su
h as network, storage, database, et
.The supervisory layer: The Worker Nodes typi
ally do not allow forintera
tive work. The operators use dedi
ated servers, the OperatorNodes (ON), whi
h provide a set of standardized user interfa
es. AL-ICE ONs form the supervisory layer. User interfa
es exe
uted on theONs are remotely 
onne
ted to the individual dete
tor systems on theWNs. This ar
hite
ture separates the intera
tive work (like plotting thevalues) from 
ontrol tasks and provides a natural prote
tion against theoverload of 
riti
al systems. 144



A.1 ALICE DCS

Figure A.2: The ALICE DCS system plane.A.1.4 The Finite State Ma
hine (FSM)The behavior and fun
tionality of ea
h DCS 
omponent is des
ribed in theterms of FSM using the CERN SMI++ toolkit [38℄. Standardized statediagrams deployed in all sub-systems hide the underlying 
omplexity andprovide an intuitive representation of the system to be operated.The FSM represents the operations plane, built on top of the systemsplane. Ea
h dete
tor de�nes a hierar
hi
al stru
ture to represent the layoutof the systems to be 
ontrolled, starting from 
hannels, devi
e modules upto the 
omplete sub-systems. This tree-like stru
ture is further extended upto the ALICE top-level, whi
h 
olle
ts information from all sub-systems andsends 
ommands to them.Ea
h obje
t has a de�ned set of stable states between whi
h it 
an transit.The transition 
an be either triggered by an operator, or exe
uted automati-
ally, for example as a rea
tion to an anomaly whi
h requires an intervention.The automati
 a
tion 
an be laun
hed by a 
ommand sent by a parent (theobje
t above in the hierar
hy), or by state 
hange of the obje
ts below in thehierar
hy.There are three types of nodes; Control Units (CU), Logi
al Units (LU)and Devi
e Units (DU), that serve as a basi
 building blo
ks for the entirehierar
hi
al 
ontrol system. The DUs provide an interfa
e with the hardware:their states are 
al
ulated on the bases of the hardware states and they areable to 
onvert an in
oming a
tion from a higher node into a 
ommand forthe hardware. The LUs and the CUs group and 
ontrol many DUs or manyLUs as well. The hierar
hy 
an have an arbitrary number of levels to provide145
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Figure A.3: The hierar
hi
al stru
ture of DCS systems.the sub-dete
tors with as many abstra
tion layers as required.The des
ribed ar
hite
ture allows for automati
 and 
entralized opera-tion of all 
omponents. A single operator is able to send 
ommands, whi
hpropagate a
ross the tree and exe
ute pre-programmed a
tions. The set of
ommands used by the operator is redu
ed to a minimum, re�e
ting the AL-ICE operational needs, su
h as GO-READY, GO-STANDBY, et
. The FSMme
hanism assures that the 
ommands are exe
uted by all targeted leavesand that the a
tions are syn
hronized. The typi
al state diagram for ALICEdete
tor is shown in �g. A.4. The blue and yellow boxes are the availablestates while the white boxes 
ontained the lists of a
tions allowed in anystate. The 
entral DCS operator usually uses the two top-level states, theBEAM_TUNING and READY.The physi
al exe
ution of the a
tions is performed by PVSS on the sys-tems plane, and the status is reported ba
k to the operator via FSM on theoperations plane. The global status is 
omputed as a 
ombination of statesof all the sub-systems.PartitioningA partitioning me
hanism implemented by the SMI++ toolkit extends the
apabilities of the system and provides additional �exibility. Ea
h individual146



A.1 ALICE DCS

Figure A.4: Standardized ALICE DCS FSM diagram.
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Dete
tor Control System for the ZDCpart of the hierar
hi
al tree 
an be deta
hed from the main system andoperated separately. Thanks to this me
hanism, several operators 
an work inparallel, ea
h operating a di�erent sub-system. In addition, the logi
al viewof the system 
an be 
reated independently of the systems plane. Maskingof hierar
hy sub-trees or 
reation of trees to be operated separately from themain ALICE tree does not a�e
t the exe
ution of the PVSS systems.On
e a part of the hierar
hy is dis
onne
ted or masked, its FSM reportingis no longer propagated to the top node. To ensure a safe operation ofthe experiment, the 
entral operator is nevertheless warned about anomaliesfrom the entire system via the alert me
hanism whi
h is implemented on thesystems plane. If needed, the 
entral operator 
an take full 
ontrol of anysub-tree and perform required tasks.A.1.5 The User Interfa
eThe Graphi
s User Interfa
e (GUI) used in ALICE is distributed as a stan-dard 
omponent and it is used by all dete
tors. The supplied tools andguidelines assure similar look and feel for all 
omponents of the DCS. TheGUI provides hierar
hy browser, alert overview, a

ess to FSM and statusmonitoring. The 
ommands via the GUI are sent to the di�erent 
omponentsusing either the FSM me
hanism for standard a
tions or dire
tly via PVSSfor expert a
tions. Integrated role-based a

ess 
ontrol me
hanism assuresprote
tion against inadvertent errors [66℄.The GUI developed for the operators is divided into spe
i�
 
ontrol andmonitoring zones and it provides an intuitive overview of the system.A.2 ZDC De
te
tor Control SystemThe implementation of the ZDC DCS has been done using a set of develop-ment environments namely: PVSSII 3.6 SP2 [37℄, the Framework in PVSS(FW) [68℄ and the State Manager Interfa
e (SMI++) [38℄.The 
ontrolled hardware 
onsists of 2 CAEN system 
rate SY1527, 4 HVboards A1833N (for a total of 36 HV 
hannels), 2 VME 
rates, one CANbus
ontroller housed in the SY1527 together with the four HV boards, and �nallythe movable platform on whi
h the dete
tors are lo
ated. Fig. A.5 reportsthe s
hema of the items 
ontrolled through the DCS system.All the devi
es are 
ontrolled from one PVSS proje
t, 
alled ZDC_DCS,running on the worker node alizd
d
s001.
ern.
h with the number 181. Thisnumber allows the proje
t to be integrated in the general ALICE_DCS.148



A.2 ZDC De
te
tor Control System

Figure A.5: S
heme of ZDC items under DCS 
ontrol.
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Dete
tor Control System for the ZDCDevi
e DPTHV 
hannel FwCaenChannelSY1527 FwCaenCrateSY1527boardA1833N FwCaenBoardSY1527boardA1526P FwCaenBoardSY1527VME 
rate FwWienerCrateVMECanbus FwWienerCaenBusTable A.1: DPTs asso
iated to the standard hardware 
omponents.A further PVSS proje
t, 
alled ZDC_UI, is devoted to the ALICE UserInterfa
e and it is installed on the operator node alizd
on001.
ern.
h.A.2.1 Hardware devi
es parametrizationThe devi
e data in the PVSS database is stru
tured as Data Points (DP) ofa prede�ned Data Point Type (DPT). PVSSII allows devi
es to be modeledusing these DPTs/DPs. As su
h it allows all data asso
iated with a parti
u-lar devi
e to be grouped together rather than being held in separate variables(as is typi
al in many SCADA systems).A DPT des
ribes the data stru
ture of the devi
e (DPTs are similar to Classesin Obje
t Oriented terminology) while a DP 
ontains the information relatedto a parti
ular instan
e of su
h a devi
e (DPs are similar to Obje
ts instan-tiated from a Class in Obje
t Oriented terminology). The DPT stru
ture isuser de�nable and 
an be as 
omplex as required and may also be hierar
hi-
al. It 
an 
ontain read and write parameters as well as asso
iated displayinformation (panels), ar
hiving 
on�guration, alarm handling.In the ZDC DCS all the standard hardware 
omponents have been mod-eled using DPTs available in the Framework. Table A.1 summarizes theDPTs used for ea
h devi
e. For the 
ontrol of the movable platform, thatis a non-standard 
omponent, a spe
i�
 
ustom-made 
omponent has beendeveloped.Fig. A.6 shows the DPTs used to parametrize the HV 
hannels and theSY1527. The DPT has a tree stru
ture that groups together the informations.The folder �Settings� 
ontains all the information related to the set of the
hannel, the folder �a
tual� 
ontains the values a
tually applied, the folder�readBa
kSetting� a feed ba
k of the set values.One of the features provided by PVSSII, is the possibility to asso
iatea 
ontrol panel to the DP. Fig. A.7 shows the 
ontrol panel for the DPTfwCaenChannel. It is possible to monitor the trends of the voltages and of150
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te
tor Control System

(a) (b)Figure A.6: Data Point Type used to parametrize the HV 
hannels (a) and theCaen Crate SY1527 (b).
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Figure A.7: PVSS 
ontrol panel to monitor the HV 
hannels.the 
urrent, the voltage applied at the moment and also the set values. It isalso possible to swit
h on and o� the 
hannel. The provided panel will alsobe available for the operator in the 
ontrol room for monitoring purposes.The stru
ture of the DPT developed to deal with the ZDC table infor-mations is shown in �g. A.8. Also the position DPT has a tree stru
turewith the three folders: �readBa
kSettings�, �Settings� and �A
tual�. Fig. A.9shows the panel developed to 
ontrol the movement: through this panel itis possible to manually set the platform position. The 
onne
tion betweenPVSS and the PLC handling the ZDC movement is done via the SiemensDriver S7 that should always be running.A.2.2 ZDC FSMIn �g. A.10 a s
hema of the ZDC FSM stru
ture is shown. As des
ribed inthe previous se
tion, it is formed by Devi
e Unit (DU), Logi
al Unit (LU)and Control Unit (CU). The lower level of the hierar
hy is 
omposed by theDUs that are grouped in LUs and CUs. In �g. A.11 the ZDC FSM hierar
hyis represented as it appears when it is realized in the SMI++ environment.In this pi
ture, the yellow wheels are the CUs, the blue wheels are the LUsand the green i
ons are the DUs.The upper node of the hierar
hy (parent) 
an send 
ommands to all nodesbelow (
hildren). It 
olle
ts and evaluates information from 
hildren, and152



A.2 ZDC De
te
tor Control System

Figure A.8: Data Point Type used to monitor the position of the movable platformof the ZDC.

153



Dete
tor Control System for the ZDC

Figure A.9: Panel used to monitor the position of the ZDC movable platform of theneutron 
alorimeter on side A. The panels for the other 
alorimetersare similar.rea
ts a

ording to programmed logi
. Ea
h entity of the dete
tor is repre-sented as a node and presents a �nite set of states (i.e. ON, OFF, RAMP-ING...). Ea
h state is asso
iated to a �nite set of 
ommands that 
an be givenby an operator (i.e. SWITCH_ON or CONFIGURE if in state OFF). Thestates and 
ommands are standardized a
ross ALICE, taking into a

ountspe
i�
 dete
tor needs.In the ZDC proje
t the DU are the HV 
hannels, the VME 
rates andpower supply. As an example, the available states and a
tions for the HV
hannels are shown in �g. A.12.The higher level of the hierar
hy is 
alled �ZDC_DCS�. Its state is 
al-
ulated on the basis of all its 
hildren. The de�nition of the state of the topnode are given by the ACC and are the following:� in the OFF state dete
tor devi
es (power supplies, et
.) are swit
hedOFF. The operator 
an send the GO_STANDBY 
ommand and turnthe devi
e ON;� in the STANDBY state, the devi
es are ON but all 
hannels are OFF.No external 
on�guration data is loaded to the devi
es; they are 
on-�gured with the power-on defaults;154



A.2 ZDC De
te
tor Control System

Figure A.10: S
hemati
 view of the Finite State Ma
hine of the ZDC.� in the STBY_CONFIGURED state, external 
on�guration data isloaded to the devi
es; they remain ON and 
hannels OFF;� in the BEAM_TUNING state, HV is in a safe state (with respe
t toLHC) and front end is ON and 
on�gured.The BEAM_TUNING state is 
ompatible with LHC beam inje
tionand tests. The HV safe state depends on the dete
tor. Some dete
-tors put the HV to nominal values, some ramp halfway. The 
ommonrule is that the HV in BEAM_TUNING state is 
ompatible with un-stable LHC. For the ZDC the BEAM_TUNING state is the same asSTBY_CONFIGURED;� in the READY state, HV is on nominal values, FERO is 
on�guredand all servi
es are ready;From the BEAM_TUNING and READY states it is possible to start runs.By the way, the runs in BEAM_TUNING don't 
omport the physi
s data-taking but are only test runs to 
ontrol the full online fun
tioning of ALICE.Finally, all the dete
tor top node 
ontribute in the 
al
ulation of theALICE_DCS top node. 155
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Figure A.11: Finite State Ma
hine of the ZDC as it is implemented in the SMI++frame.
Figure A.12: Finite State Ma
hine of the DU FwCaenChannelZd
HV.156



A.2 ZDC De
te
tor Control SystemAmong the CU it is important the ALICE_DCS_RUN to 
ommuni
atewith the ECS and to ex
hange informations as run type and run number.All this information must be 
olle
ted by ea
h dete
tor. The ALICE DCSRun CU pa
kage provides �Run� obje
t and devi
e types de�nitions for FSMnodes. ECS sends the 
ommands SOR (Start Of Run) and EOR (End OfRun) to the dete
tors top node. The dete
tor top node propagates the 
om-mands to the RUN unit. On
e SOR or EOR is re
eived, the RUN unit runsthe dedi
ated s
ript. In parti
ular the SOR and EOR s
ript for ZDC for
esthe writing of values to DB. The RUN unit state is monitored by ECS itselfand informs it about the progress of the s
ripts a
tivated for SOR or EOR.Therefore there is no need to propagate the RUN unit states through the de-te
tor top node. The RUN unit 
an set itself to RUN_INHIBIT (manuallyor, if implemented by the dete
tor expert, automati
ally). In this 
ase ECSwill abort the 
urrent run and will not start a run until the RUN_INHIBITis removed. More details 
an be found in [69℄.A.2.3 User Interfa
e for the operatorThe User Interfa
e (UI) 
an be used to monitor:� dete
tor status (HV 
hannels swit
hed on/o�, platform position, inter-lo
k state, 
hange of the platform values� FSM hierar
hy;� FSM 
ontrol;� LHC state;The ZDC Main 
ontrol panel is reported in �g. A.13. It is divided inseveral zones.The FSM Tree browser (on the left side) allows for navigating throughall the FSM nodes down to the devi
es. Any part 
an be ex
luded from themain hierar
hy by opening the lo
k on the right side of the 
ontrol buttonand 
an be operated independently (partitioning).The monitoring zone shows the panel 
orresponding to the node sele
tedon the FSM Tree browser. The main panel of the ZDC is shown in �gure. Itallows dire
tly to 
ontrol the 
orre
t fun
tioning of all the ZDC HV 
hannelssimply looking at the 
olors sin
e a 
ode 
olors is de�ned. By double 
li
kingon any module the 
orresponding monitoring panel is opened.On the main panel, few buttons allow the operator to perform few usefula
tions, su
h as 
hange the position default values or display the s
alers.157
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Figure A.13: User Interfa
eOne of the 
omponents found 
ommonly on the dete
tor panels is a so 
alledEMERGENCY BUTTON. This is used to gently turn o� sensitive parts ofthe dete
tors in 
ase of emergen
y.The auxiliary monitoring zone 
ontains referen
es to FSM nodes thatmust be 
ontinuously monitored. Indi
ators lo
ated in this zone show aqui
k status of 
riti
al 
omponents. No a
tion is possible on it.All the HV 
hannels and the platform of the dete
tor are visible from thispanel.
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