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High pT and jet physis from RHIC to LHCM. Estienne1, *(for the ALICE Collaboration)1Institut Pluridisiplinaire Hubert Curien, Strasbourg, FRANCEThe observation of the strong suppression of high pT hadrons in heavy ionollisions at the Relativisti Heavy Ion Collider (RHIC) at BNL has motivated alarge experimental program using hard probes to haraterize the deon�ned mediumreated. However what an be denoted as �leading partile physis� aessible atRHIC presents some limitations whih motivate at higher energy the study of muhmore penetrating objets: jets. The gain in enter of mass energy expeted at theLarge Hadron Collider (LHC) at CERN will de�nitively improve our understandingon how the energy is lost in the system opening a new major window of study: thephysis of jets on an event-by-event basis. We will onentrate on the expetedperformane for jet reonstrution in ALICE using the EMCal alorimeter.
1. INTRODUCTIONFollowing an initial hard sattering in e+ + e� , e� + p and hadron ollisions, high energetipartons reate one (or more) high energy luster(s) of partiles moving in a same ollimateddiretion. These kind of global objets are alled �jets�. Parton showering and the subsequenthadronization whih lead to the partile prodution are known as �parton fragmentation�.In ultra-relativisti heavy ion ollisions (HIC), the sene of parton fragmentation is hangedfrom vauum to a QCD medium. These partons reated before the QGP formation will �rsttravel through the dense olor medium before the �jet� formation. They are expeted tolose energy through ollisional energy loss and medium indued gluon radiation [9℄. This istypially known as jet quenhing. The magnitude of the energy loss depends on the gluondensity of the medium (dN g=dy) or on the number of sattering enters usually quanti�ed* magali.estienne�subateh.in2p3.fr
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2with q̂ the transport oe�ient and on its pass length squared [10℄.The measurement of the parton fragmentation produts thus may yield information aboutthe QCD medium. Even if the total jet energy is onserved, the phenomenon of quenhingshould hange the jet fragmentation funtion and its struture. In the former, the manifes-tation of the partoni energy loss is a derease of the number of partiles arrying a highfration of the jet energy Ejet (high z = E hadron=E jet or low � = ln(1z )) and an inrease ofthe number of low-energy partiles (low z or high �) results of the radiated energy. In thelatter, a broadening of the distribution of jet-partile momenta perpendiular to the jet axis,
jT , diretly related to the olour density of the traversed medium is expeted [11, 12℄. Suhdesription would be the ideal senario for the study of jet quenhing under the assumptionthat jet measurement is possible in a heavy ion environment. Looking at RHIC Au+Auollisions at p sN N = 200 GeV, one an estimate that more than 350 GeV energy is inludedin a typial one size R =

p

� �2 + � �2 = 1 [13℄, whereas a similar alulation for Pb+Pbollisions at p sN N = 5.5 TeV at LHC leads to an energy of the underlying event of 1.5�2.0 TeV [14℄. With suh numbers in mind, one easily understands that �jets� at RHIC arevery ompliated objets whih make them impossible to disentangle from the �bakground�.At suh energies, hard sattering is better understood with single partile and few partileorrelation measurements [13℄ (setion 2).At LHC, the piture should be quite di�erent as 1 - the multi-jet prodution per event isnot restrited to the mini-jet region E T < 2 GeV but extended to 20 GeV, 2 - the expeted jetrate at whih jets an be learly distinguished from the underlying event is high. Althoughsome ALICE physis performanes in Pb+Pb have been presented during my talk, in thispaper, we will onentrate in setion 3 on the p+ p ase to show some improvements thatwill bring the EMCal alorimeter reently proposed as an ALICE upgrade [7, 8, 12℄.2. RHIC AND THE �LEADING� PARTICLE PHYSICSObservables suh as the nulear modi�ation fator R A A given by the ratio of A+A to p+ pinvariant yields saled by the nulear geometry (TA B ) and two and three partile orrelationshave unequivoally shown at RHIC evidene for a non negligeable interation of high energypartons with a dense olor medium before hadronization [2�6, 15℄. The use of the word jetquenhing for the phenomenon whih appeared onsequently is a bit onfusing as it is more



3a suppression of the prodution of partiles with high pT than a suppression of the �jets�themselves that is observed. It is also usually the most energetial partile (trigger) that isorrelated to the assoiated remnants and not the jet itself. Even if this �leading partile�physis has already demonstrated its large potential to understand hard sattering proessesin HIC, it has some limitations that will be brie�y disussed below.2.1. p+ p Baseline and strong suppression at RHICHigh-pT partile prodution in proton�proton ollisions provides the baseline �vauum�referene to heavy-ion ollisions to study the QCD medium properties. It requires the physisof suh ollisions to be well under ontrol. This is now the ase in the experiments STARand PHENIX. As an illustration, PHENIX results are displayed as they presented a diretomparison of Au+Au to p + p spetra. Figure 1 (top) shows the invariant �0 yields in
p + p ollision saled by N coll for omparison to Au+Au data [15, 16℄. One an see thereally good agreement with a standard Next�To�Leading (NLO) alulation [17℄. Theirpublished measurement of high pT inlusive �0 ross-setion at p sN N = 200 GeV is alsowell desribed by NLO perturbative alulations [16℄. A baseline well de�ned, the hadronprodution mehanisms in N+N an be studied via their saling behaviour with respet to
p+ p ollisions. Figure 1 shows the omparison of the p+ p �0 spetrum to peripheral (top-left) and entral (top-right) Au+Au ollisions. Whereas the superposition of the p+ p saledand peripheral spetra suggests that peripheral ollisions are nothing but a superpositionof nuleon�nuleon ollisions, entral data exhibits a lear suppression of fator 4�5. Asommented previously, suh observation is emphasized by looking at the ratio of Au+Auover p+ p saled spetra to build the nulear modi�ation fator. The result of this exeriseis shown in Fig. 1 (bottom) for peripheral �0 (squares) and entral ones (irles). Withinerror bars, peripheral to p + p saled ratio is onsistent with unity, i.e. with a binaryollision saling. For entral data, the suppression smoothly inreases with pT to a onstantsuppression fator of 4�5. Within di�erent model interpretations, this observation would beonsistent with a gluon initial density of dN g=dy � 1000 or a transport oe�ient q̂ � 3.5GeV2/fm.



42.2. Limitations and �rst test of jet measurement at RHIC in p+ p ollisionsThere are mainly two arguments in favour of diret jet studies justifying the fat thatthe �leading� partile physis present some limitations or biases. Its �rst main limitation isthe fat that for extreme quenhing senario one observes partile emission predominantlyfrom the surfae. An inrease of the in medium path length, an break the orrelation of theleading partile studied with its original parent parton. For this reason, the R A A exhibitssmall sensitivity to the medium properties [18℄. This phenomenon is denoted as the surfaebias e�et. Moreover, using leading partiles for the analysis, one would be biased by the�utuations indued by the prodution spetrum itself. Due to its steeply falling shape withinreasing E T , the produed jet with E prod

T
energy will have �utuations whih will populatewith a higher probability an energy part of the spetrum higher than an average reonstrutedenergy E rec

T . Typially, the mean value of the distribution of the leading partiles for a�xed jet energy is about 18%. For a given reonstruted energy interval, the lower energyjets (mainly produed) that have a harder than average longitudinal fragmentation willsigni�antly inrease the average energy fration arried by the leading partiles up to �60% (setion 3.1). It is known as the trigger bias e�et [12, 18℄.Ideally, the analysis of reonstruted jets should inrease the sensitivity to medium pa-rameters by reduing the trigger bias. It will also allow to measure the original parton4-momentum as well as the jet struture. Even if the jet reonstrution is impossible inHIC at RHIC, one an wonder to whih extent jet measurement in experiments suh asSTAR (in p+ p=d+Au) and ALICE (in all systems), whih do not use full alorimetry butan assoiation of harged partiles from traking and neutral partiles from alorimetry, isfeasible. Figure 2 (top) de�nitively answers this question. It presents the �rst measurementof reonstruted jets in p+ p polarized ollisions at p sN N = 200 GeV by the STAR experi-ment [19℄. The inlusive di�erential ross setion for the proess p+ p! jet + X versus jet
pT is ompared to NLO alulations. This measurement has been obtained using a midpointone �nder algorithm with a one radius of R = 0.4. Both information from harged traksin the Time Projetion Chamber (TPC) ( aeptane 0 < � < 2� and |�| < 0.3) and neutralsfrom lead-sintillator sampling barrel alorimeter (aeptane 0 < � < 2� and 0 < |�| < 1)has been stored in a grid of ell size of � � � � � = 0.05� 0.05. We note: 1 - the pure powerlaw shape of the spetrum in agreement with NLO alulations, 2 - the jet pT range overed



5up to 50 GeV/c. This measurement is really promising for the physis foreseen in ALICE.A natural extension to suh measurement would be to study the apabilities of heavy iondediated experiments to make preision measurements in order to test pQCD ��a la CDF�.The experimental measured �Humpbaked plateau� obtained by the Collider Detetor atFermilab (CDF) on di-jet events ompared to the framework of the modi�ed leading logapproximation (MLLA) and to the hypothesis of loal parton-hadron duality (LPHD) ispresented in Fig. 2 (bottom-left and bottom-right) [20℄. The distribution presented in the left�gure is the jet fragmentation funtion in the variable �. The evolution of the distributionhas been studied as a funtion of jet energy and one angle �c around the jet axis. TheMLLA evolution equations should allow an analytial desription of the parton shower forgluon and quark jets insuring olor oherene e�et. The LPHD hypothesis assumes thathadronization is loal and ours at the end of the partons shower development, so thatproperties of hadrons are losely related to those of partons. MLLA+LHPD sheme viewsjet fragmentation as a predominantly perturbative QCD proess. A possible study thatan be made is illustrated in Fig. 2, right plot. A MLLA �t to these distributions or theextration of the peak position from a gaussian �t should allow to onstrain the determinationof the phenomenologial sale Q eff, the only parameter of the model. It is then interestingto wonder to whih extent suh study would be aessible to the ALICE experiment. Itwould be neessary to �rst estimate if, with the expeted luminosity and with the ALICEaeptane, the di-jet rate would be high enough to perform suh measurement.3. JET RECONSTRUCTION ON AN EVENT BY EVENT BASIS AT LHC ENERGIES3.1. ALICE detetors and jet ratesALICE is a multipurpose heavy-ion experiment [21℄. Here, we will onentrate on thedetetors we have used to perform jet reonstrution studies. The entral traking system(here ITS+TPC), whih has good PID apabilities, makes ALICE a dediated experiment forheavy ion studies. It overs a full azimuthal aeptane but is limited to the mid-rapididityregion (|�| < 0.9). Its exellent momentum resolution for harged partiles overs the largerange of 100 MeV/c to 100 GeV/c [12℄. The apabilities of ALICE to disentangle partileswith good PID down to very low pT should lead to a very preise measurement of the numberof partiles inside a jet, espeially at low pT where strong modi�ations of the fragmentation



6funtion are expeted in a HI environment. One an notie however that the traking systemis quite slow responding. It would then be neessary to inlude a detetor with exellenttrigger response. This point is one of the two arguments that have motivated the projet toinlude an eletromagneti alorimeter (EMCal) in the ALICE apparatus. EMCal shouldbring trigger apabilities to ALICE and will also improve the mean reonstruted jet energyas well as its energy resolution. The proposed detetor is an eletromagneti Pb-sintillatorsampling alorimeter with a design energy resolution of � E =E = 10%/p E and a radiationlength of � 20 X0. It ontains a total of around 13k towers in Shashlik geometry with aquite high granularity (� � � � � = 0.014 � 0.014). Its main limitation is probably its notso extended (�,�) aeptane (|�| < 0.7, 80� < � < 190�) [7, 8℄.Figure 3 illustrates the improvement expeted on the reonstruted jet energy omparedto the generated one using (top left) leading partiles in the reonstrution, (top right)only harged partiles, (bottom left) the assoiation of harged + neutral partiles and(bottom right) an ideal alorimetry ase using a one radius R = 0.4 and a 2 GeV/c pTut in Pb+Pb ollisions. The plots present the ratio between the reonstruted energy andthe generated energy as a funtion of the generated energy [equivalent to what would beobtained with monohromati jets as input℄ (irles) and as a funtion of the reonstrutedenergy [equivalent to what would be obtained with a full jet spetrum as input℄ (squares).As disussed previously, one an see �rst that for the leading partile ase the ratio is 18% formonohromati jets and inreases to � 60% due to the prodution spetrum bias. Then, theuse of reonstruted harged jets improves the reonstruted energy and redues the triggerbias e�et. Finally, we reonstrut even higher energy using also the neutral partiles in thereonstrution and the trigger bias is drastially redued [12, 18℄.ALICE will study the whole spetrum of jet prodution from mini-jets (E T < 20 GeV)to high-E T jets of several hundred GeV. From PYTHIA simulations over a large � rangeof � 2.5, one an note that for E T > 20 GeV, 17% of the produed jets are in the ALICE�duial region |�| < 0.5 and in only 8% of these jet events the bak-to-bak jet-pairs are inthe aeptane. For jets with E T > 100 GeV, the �rst number inreases to 26% with thesame fration of di-jets in the ALICE aeptane. With the expeted average luminosityof 5 � 1026 m�2 s�1 , the number of jets produed per e�etive months of running (106s)within the �duial region |�|<0.5 for harged jet reonstruted using ALICE entral barreltraking ITS+TPC has been estimated. For E T < 100 GeV, the expeted jet rate is high



7enough even with the limited read-out rate of the TPC so that more than 104 jets will bemeasurable. For energy jets higher than 100 GeV, triggering will be neessary to be able toperform fragmentation funtion analysis.3.2. Expeted p+ p performanes using alorimetryThe tools available for jet reonstrution will not be disussed in this ontribution neitherthe expeted physis performanes of ALICE. For really nie disussion on these points onean already refer to the ALICE PPR II [12℄. Our aim in this last part will be to onentrateon a study omparison whih has been performed on jet reonstrution in p+ p ollisionsusing only harged partiles (denoted as �C� in the following) and harged + neutral partiles(CN) from full simulation. For suh study, PYTHIA events of monohromati jets of 50,75 and 100 GeV have been produed and passed through the full detetor simulation andreonstrution hain using GEANT3. Jets have been simulated inside the EMCal aeptane.The analysis framework of ALICE for jet reonstrution uses a seeded one �nder algorithmbased on the UA1 one �nder algorithm [22℄. The parameters and onditions that have beenused for this study have been hosen in order to reprodue the jet �nder onditions thatwill be used for the jet reonstrution in a HI environment. Studies have shown that inNuleus-Nuleus ollisions, beause of the really large amount of bakground energy that isexpeted from the underlying event inside a jet one as well as its �utuations, one has touse experimental triks to redue the bakground e�et in the jet �nding. It appears thatreduing the one size and applying a transverse momentum ut on partiles onsiderablyredue the bakground energy and eventually allow to learly disentangle the signal energyfrom the bakground with a � 40% resolution for a 100 GeV jet (R = 0.4 and pT ut = 2GeV/) using harged partiles only and pure MC simulations. A 30% resolution is expetedfrom pure MC using also neutrals in the reonstrution [23℄.Restriting to the p+ p ase, we show in Fig. 4 (left) the improvement brought by thealorimeter on the jet one energy obtained after jet �nding has been applied. Note thatthe reonstruted jets whih have been kept in suh distribution and in the following oneare objets whih are ompletely inluded in the EMCal aeptane. On this spei� ase,R = 0.4 has been used but no pT ut has been applied on harged partiles. The mean isinreased from 43 GeV in the C ase to 74 GeV in the CN ase. The resolution de�ned as



8the ratio of RMS over Mean is also improved from � 40% to less than 30%. Figure 4 (right)ompares the jet energy within the one for varying one sizes (denoted as E rec distribution)obtained after jet �nding in the C and CN ases for 100 GeV jets. Note that a 1 GeV/cpTut has been applied and that, in the R = 1 ase, part of the reonstruted jet is outside theEMCal aeptane. The error bars are the RMS of the energy distributions. E rec inreaseswith inreasing R and seems to saturate around 84 GeV. Suh value an be explained bydetetor reonstrution e�ieny, the pT ut applied, the neutral partiles missed in thereonstrution outside the EMCal aeptane as well as the non measured neutrons and K0
L .The previous �gures inluded only jets whih were seleted on geometrial riteria inorder not to be biased by the EMCal edge e�ets on the reonstruted jet energy. Only jetswhose enter was hosen in a given (�;�) window assuring all the jets to be inluded in thealorimeter were kept. Keeping � �xed, one an then open the � aessible window to theenter of jet and study how the resolution evolves onsequently. This is presented in Fig. 5(left). � � 3.3 rad orresponds to the alorimeter edge position in �. Fig. 5 suggests thatas long as the enter of the jet is taken inside the EMCal aeptane, the resolution remainsaeptable. It quikly beomes worse with the jet enter taken outside the alorimeter. Inthis distribution, the �rst point is the limit to whih a jet is ompletely inluded in thealorimeter. The last point tends to C ase even if the energy distribution is a bit distortedby the neutral ontribution. We eventually end-up this disussion by showing the resolutionsobtained for di�erent monoenergeti jet energies in three di�erent ases: C with R = 0.4(irles), CN with R = 0.4 (retangles) and CN with R = 1 (stars). Even if the resolutionis a bit worse for 50 GeV jets, we obtain a resolution lower than 40% in the C ase whih isreally improved by the inlusion of the neutrals in the jet �nding proedure. The resolutionwith R = 1 is a bit worse than expeted for the geometrial reasons already disussed above.4. CONCLUSION AND PERSPECTIVESStarting from a disussion on RHIC results, we have tried to motivate the neessity tomove from leading partile to jet physis to extrat more information on the jet quenhingphenomenon. The ALICE experiment, with its traking and PID apabilities, will be verywell equipped for suh studies. A good improvement in the jet reonstrution is expetedfrom the inlusion of the EMCal alorimeter in the ALICE apparatus. Some results obtained



9from full simulation in p+ p have been provided to show the modi�ations engendered bythe inlusion of neutral partiles in jet �nding. In a near future, we will show the improve-ment brought by the alorimeter on Pb+Pb ollisions as well as the expeted fragmentationfuntion and its modi�ation in a HI environment with full simulation.
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Figure 3. The ratio between reonstruted energy and generated energy, Ere
T /Egen

T
, as a funtionof the generated energy (irles), for whih the RMS values are shown as error bars, and as afuntion of the reonstruted energy (squares). The former is equivalent to the ratio obtained frommonohromati jets whereas the latter ontains the bias indued by the input spetrum [12℄.
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