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2.2. QeD AND LATTICE QCD 9 

The starting point of this investigation iuto the beha,iour of qeD matter is the 
qeD Lagrangian C, from which the partition function can be dt'riV!'d: 

Z(T. V) = 'l'r(e- 1Mf) = I <fA . d!/J . di[w- J d'~ f dr-l (2_6) 

Using statisticaJ j,hermodynarn~, one can then caJculate mfUlY thermooYIlfImw 
ohst-n-ah1es from the portilioll function, sucll as the energy density, 

or pressure, 

'" 
'" 
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f= (~) C(~t 

P=T(DlllZ) . 
av T 

'.0 2.' >'0 '-' '.0 

(a.) Energy d.ell8ity 

(2.7) 

(2.8) 

(b) Pressure 

Figure 2.1: The ('ne.-gy dCll>;ity and prc><sure of diffen>flt systems of quarks c,oculat..xl on 
the lattice with QeD [Zl[ _ Xote the lrorge increase in the energy density fWlund the critical 
tompera.ture T Te_ 

1-.lany Sll<'h simul(l.tions on the laUic-u have been done [281 and the.y show wost 1l()­
tubly that there is a ph.-18e transition as,o,ociaLed with dec.Dnfinemen1. around a critical 
trmrw.raturr of:t~ = 150 200 MeV. This is acmmpanied by a very largr- inc.rea.se in 
the energy del1:lily (often &«1ciaU'<i with the latent heat of the transit ion). LaHiec 
QeD, which ellcompasses sll of the feo.tures of QeD, both perturbatiVl.' at high ,f 
and non-pf'Tturbatiw· at low q2, thus aloo shows that a phase trWl.-~itiO!l is prooictrd. 
A sdlewalw 3-fla\uur phase niagram of latli("e QeD is shown in figure 2.2, where 
the r("gions of fif8t- and sec.Dnd-order phase trall6ilions are shown, as well as lhe iu­
t.ennediate region. for which a rapid crossover is predicted. Ttl<.' second-order pha..'1(' 
transitiolls lie on the boundary lx>twel'!l the fin;t-order trallilitions and the cro8S0Vl'r 
region. The region where it is thought that the actual phy.;ical point (which repre­
fJents our ulliverse) lil~ is sho shown, at two YlJry light flavours (1/ awl d) and one 
h('a.:vif'r fl avour (8). 

[t i~ ell("ouraging to see that both a pheoomenologicalmoocl like the Gag !llodcl 
and the fullthrory prwic1. the 8aIllC phr·.l}()meoon : a phase transition to deconfinoo 
mailer ut around 150 - 2001-.IeV. 
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2.3. ULTRA-RELATIVISTIC HEAVY ION COLLISIONS 10 

3-flavour phase diagram:::---==-:-:-c: 
fl''''''' ~ 116 Mllvl i~~ ~._210 MeV , ",~ . .- ". 0 , 

V 2nd "'"_ 9""0' 

• 01<1 , 

• " , "f~ l 

~ 
''''' '0'", ",' 

", 
2nd 9""., 

'" . ZI'I mj5r '-, 3[1[1 MeV 

I> MeVI 0 

,~, 

~ '·~11> , 
" " • 

Figure 2.2: A pha.*l diagram of QeD matter, ,mowin,; the depcndence of the ph""" tran­
silion on th~ "'''''''' of the ~onstilllilj l quark •. [211:. 

2.3 Ultra-relativistic heavy ion collisions 

'W~ ]'aw scell t]'at a p],a.sc tra!J~ition is predicted both from phellomellological ar­
gtImclIts a<; Vi-ell w; numerical simulations of the fundamel,tal theory of nuclellJ" mllt­
ter. I1IC oollditiollS for this phase transitioll from 'juarks (l.UO gluons oonfined within 
Il,'l.drons, to a stal e of doconlinemenl where Pilfl ons are free 10 explore a vol lllllC larg~r 
than their paroot hadron, are vi:;ible from the QeD T - 1113 pha.<;e plane shown in 
figure 2.3. 

'';1,erc there is exceedingly large delli3ity (large tkB 1. a8 well as exC€€dingly high 
kmperatllre, there is predicted to be a phase ooulldary w],icl, t],~ system ",ill cross, 
illto a state 01 dc('ollfiuemellC 

These cOIl.-iitions ar~ cxp<Xied to hllw hl'CII lIlet h, the wry earliest stage:; of the 
('volu tion of Ihe Illuwrse, Wh~ll hOlh I hc d~n.sity and t he temp<::rajm'~ or th~ matter 
werc at I heir lIlobi extrelllC. Of o:mrllC, th ~ ~,,-olu\ioll of the llrlivC'TSC is uuidirectional, 
hilI. there llJ"e 01 her sil uations whkh sMisfy t h('$(; clJlldit iolls. It is thought t hat in the 
core or neulron slnrs, where I.he densily of matter is a l. il.s greatcb--t allowable value 
(precluding Ihe formation of a black hole), a phflSl,ll.ransilion to deu:mlinement lIlay 
take plaee. However, tlus scenario is inaccessible to repeaJable p,xperimenl,s which 
aim to investigale the properties of a quark gillon plasma in Ihe !aboralor.v, which 
leaves heavy ion colli~ions as one of the only viable all emalives. 

Giwn sufficiellt energy. the;{' would create a state of large enough volullle, wider 
extreme prc<;;sure. Thi~ i~ an ideal envirol1lllenl to ~I udy the bpjlaviolU of nucJcm 
lIlllll er, since h.v varying t he centr~ 0 1 lllU-S8 (GlllS) ~ncrgy oft ],e b~am, the m!l8S ofthe 
targc>t or projectile. and depending on the detocling app(U'al l ~~, I he experimenter is 
able to vary lIlost of the relevant experimelltal parameters. Experimental progrilJllS 
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J1 

Figure 2.3: S,ilrlll"tic pilAAr diagram showi,,!,: the bowulary octwC('ll confin~nwnt lUld 
dc"onfin~mrllt. ami exotic "t"t<"8 at high fI <I. Thi". phw> diagraIll inriica!f's tiUtt a. tri_critkIlJ 
jX>im may exist aroUlld fiR = 7(XI MrY and indicat."g tile regioll" (bluc point,) explorf'(i by 
currellt and future ileavy ion =JX'rimcnts 

lit several laboratorias have embarked on l.lli~ kind of wry systellllltic study of the 
proverti~ of the nucleu~, the mos( r€(>:;nt opemtionru program bein~ the Relativistic 
Heavy Ion Collider at llrookhaven Natiollill LaiJorut.()rv iu New York. 

Here, we call value~ "lar~e" and "high"' when eompa.rctl to the Vllluas normally 
nl3SO(iilt.rd witlJ t.hr uudeus, which has a density of a oout (Ui nudf'<J!lS.fill- 3. The 
nuclcons insidr i1rr 011 average 1.8 fm distlmt frOIll earll other, whidl i~ lurge wmpiIJOO 
1,0 the si/.r of ti¥' nuclcon and us such they are considered individual emil irs. [f the 
prrsSllre of the uucleus is iucreased 5 or (; tim~, or the temperal,urr is inc reaS<Xl to 
a round 150-270 -"'leV; the uumber of ha.drOllS per unit volllllle grow~ 1.0 greitl.er tMII 
unity i1nd tlwy CB.n therefore no louger be considered ns indh'idual partid('S, siuce 
they o\'Crlap. 

In order to meAAure B.ny effects dlJe t.() this anomalous state, the system created 
also has to live long enough 10 thermaliAe i1nd h"s to lJr large (·uough. Ail uoted 
i100"". t hr olily practical "ray to R'Create such a ~y~telll in a repwtilb1c wily iu the 
Iflborutory IUldcr c'1Jutrolied condit ions, i~ the collL~ion of high enrrgy beams of !luclei. 
Some of thr kinetic rnrrgy of tiJC beam of uucioons i~ used to compress 1 he nuelcill 
matter and heat it. cIT'aling €I. system whidl is favourable to the creat ion of a QGP. 

Heavy ion colli.<.ion progr(llllS hilve be<'u progressing at a number of lahoral.orirs 
llround the world. ",ith a.n impressh'e i1nd growing S<'t of duta., spmmiug II v.ide range 
of system size, wutre of ma.~s enrrgy and pha.~sjl(U'(' coverage. 
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2.3. ULTRA-RELATIVISTIC HEAVY JON COLLISIONS 12 

2.3.1 Kinematic variables 

&fo[(' ocginning a delailod dist\1&'>ion of Ill<' phplics ofil('avy-ion collisions, it is useful 
to outline thr kinrm",Uc variabks thai will prirnurily be 11."()Cl during this \H,rk, ~lld 
which ure standard to the fidll. Since the VHst majority of p;uiicles concernrcl are 
rebtivblk. it is nol com-cnienl to UO(' \-clocil.y Ub a kinematic \miab!r. but mlhrr '" 
variable called '·rapidity"'. which wiD is defilled as 

1 E+p. 
1I=-ln---

2 I~-Tl. 
(2.9) 

This wriabk has Ill(' rangr -00 ~ 11 ~ 00. but diHen'lItials of it, dy, are re!ath·istically 
im"~lhnl., whe[(-'~).~ tht>3/: of vdocity ar(' not. A rd",kd variabl(' is 'I. the pseudo­
rapidity, whim is given by 

o 
'1=-lnta1l-

2' 
(2.10) 

~.nd is '" valid ~pproxirnation to tIl(' rapidity whl.'1l p» m. For very high-momentum 
light particles, bllCh as piOlI.';, this approximatioll allOl'';; an estimatioll of the rapidity 
without having to meUbur(' the particle'~ ('llergy or momelltum explicitly, but only 
thr angle at which it ""J<; ernittrd in thr crns fr~.mc. TIl<' wlur 11 = 0 is r('{erred to as 
"mid mpidity". whiie 11 > 0 and 11 < 0 ~r(' rd('rrw to as 'JorwHrd" and "backwar,y 
rapidil ies fespocl ively. 

AL~, in a nuclear collision, I he energy and mornentum of ul! p;uiiclrs is initially 
primarily in the longitudinal pL'llle (pflIallel to the beam axis). This means that the 
Iransverse plane coni ailL~ the energy and momenlum tmn..jflred during thr collision; 
the relevant variables for the study of the produc!'(1 p;uiicles Ihen lx;come not thr 
momelltum oc mrlSll , but rather the tmnsvcrse momentum fir and I he transverse m.'L<;R 

rnT. defined as [80J 
~ 2 _Ol 1 Z . 1 (211) n~j'=rn +px+py-m +P'j" . 

These killemalic variables for the longitudinal (y) and transverse (Pr,mT) phnes will 
be used throughout this work. 

2.3.2 Collision dynamics 

In a heavy ion ~'(Jlli:;ion at ultra- relativistic eJl{'rgies (where tile energy of tIle colliding 
nucki is rnuch !argrr than their rest mas;), the ellergy of the pari ides in I he beam 
is COb<'htiully awlibble for purlicle production. The amount of the energy a\T\ilabie 
for th" pilrticle i~ dct.crminrd by two factor~ : the Ck'ntrality of the collision and the 
('rntre of ma.<;.~ cncrgy of til(' ('olliding SysteIll. The c'€llt rality of a collision is u~lIally 
quanlifie<i by throo paramelers: the impact paralllrkr (distance of closest approach 
of the centrrs of the nuclei), thr tot~lllumlx-r of '"p<lrticip<lnt~" in the colli:;ion and 
t he number of "biliary colli~iollS", which will be ,lcfinocl below. 

Since contemporary large heavy ion colli(iers, such as RIllC and SPS ancl the 
currently uncler construction LHC, collide beam~ of nuclei at very near light speed, 
relativi:;tic medla.nics plays an important rok in ocscribing the collision. Th:: incom­
ing nuclei experien~'€ a contracUon in I he laboralory fralIl(' along tho:: ocarn din:ction 
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2.3. ULT RA-RELAT IVISTIC HE AVY ION COLLISIONS 13 

proportional to I. the relativistic factor. At such high velocit ies, the duration of the 
collision is extrf'"ffi!"ly short2• only lusting a few fm.c- I, The higher the collision energy 
of the two nnclei , the more they becom!" "trallspurent " to €ach othFr. remlting ill a 
decr<=3Se in tile hHryonic potentiru Ht mid-mpidity. TItUS, one is able to mak!" con­
nections beh."t:-'en measmed data iUld ohservables in modeb which rely on a vanishillg 
baryonic potential. 

The main collnectioll hetween the theoreticru predktioIlS and tlw ol.>served quanti­
ties in heavy ion colli~ions i~ the transverse energy relei1S&l. This dim:·tly ohservabl!" 
quantity i:o related through a ~impl€ modd to most theordical signatures of the QGP. 
Other global ornervables are u:;eful for characterising classe8 of events, but specific 
sigllatur!.'!l ca.n lIsuullyonly be dil;.:·U&!I"(l in r".fen .. nce to a particular model , since ,.he 
plnsma lives for too short H lifetime to be obsen"('(/ dir('('tly 

2.3.3 The evolution of the QGP 

The sylitem cr€ated by the collision of nuclei at tllllie high energies undergoes H time 
evolu tion, expaudillg and cooling rapidly a:; it dOffi 00. lnitially, it i~ ext remely dense 
and hot and i~ dominated by different pnx"fflSeS all it evolves. A sch€matic diagram of 
this evolution ib showll ill t he r.linkowski spa<.'(.~tilll!" diagram in figure 2.3.3. This is 
a r!"preselltation of the so-cal l('(l Bjorkell picture [31] of the initial state of the ~y;;tem 
created during the coUbion (see b<'Ction "traIlSverse energy" 2.-1 .1) . The interac­
tions of t he system me dominated by H cascade of hmd pruton Si.'.'lttering and it i~ 
conje:;tllred thllt the evolut ion of tlus phase ('ml be ca.kulHted within til!" perturbatiw' 
QeD framework, or by phenomenological processes, like the LlUu:! "btring breaking" 
model [99]. After a short time of about. 1 fm, the created system thermalises through 
ro-scattering and, once thenllalisod, rclath ist ic hydrodynamic transport lnodels me 
considered to give the relevant description. 

k the ~)'lOtem expand~ and cools according to relati\istic hydrodynamics. the par­
tOil:, combine into hadroruJ. Soon after the hadron:, luwe fooned, t hey stop interacting 
iuel&'tically, after which stage no more particle species are producOO. Thi:J ~tage is 
known as "cl t€lllical freeze-out", where the particle yield:> and rat ioo are fixed. The 
sy:otem lIIuy, however, continue to thennaliSf' through e\a:;tic collisions. The point at 
wluch elastic collisioIlS Illllongst hadrons cease is known a:; "t hennal frf'("Al)uC and is 
the stage where momentum distrihutions are fixed. The particles no longer interact 
m any way, except to d<:'Cay via the w€ak force and are free-streaming towards the 
detectors. 

2.3.4 E xperimental heavy IOn collision progr am s 

Over til(' last two dr('adCll a hugr alllOunt of expcrimrntaJ dat.a has been collect.ed 
in the fi!"ld of relativistic heavy ion l'()lli:;ioIlS, at ''IlriOUB collidern throughout t.lre 
world. III<.»t notably. Ht B)<L"s Altenmting Gra.dient Synchrotron (AGS) and RPl­
ativistic HeHry Ion Collider (HlIlC) us well us the Europellil Centre for NlIde~r 

2In u1ua-rclativistk collisions. where moot particles arc [)))ving \'Cry ncar the sp<'OO of light, limes 
ar~ cu:<t"'''3riIy ll",,,-,me<! io unit; of tenK'.h , x = v.t = ".t, where" = 1 
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Figure 2.1: DiawR.Ill of Ihf' "pllN'-t.imf' <"mlution of a hMVY ion rollWon, in thf' presenNl 
(right) and absence (left) of a QGP [21]. 

Research (C£RN)'~ Super Proton Synchrotron (SPS), experiments hilve ~n mn­
ning dl'dimted to the creation and inVl'st igation of the QGP. At the SPS, a variety 
of fixed target <!Xperiment.s. from wry light ~rstl'm~ (!GO and 3~S at b<.'am energies 
of ,f8 = 200 GeV) t.o wry heavy ('fflPb at a l>calIl energy of 1.58 GeV) have boon 
used in sewn experiments in the West and North An,as of the aceciemtor c'ompiex 
At il.fOlmd the same time, the AGS was colliding l~'<'IJll.s of2~Si at IS = 1-1.5 GeV/A 
and 197 Au at IS "'- lU; GeV Ill... 

From the vast amount of combirl€<i information from these experiments, it haz. 
'b€t>n ~hown that the chemical freeze-out of hadrons OCCIlI's at about 170 AleV at the 
SPS [6J and uix>ut. 130 :'I.leV at. the lowl'r en<.>rgy AGS [10J. Considl'ring thl' critkitl 
temjWIil.ture predicted by !-xJth I'iwnontenoiogkal QeD CIIIIT Bag Model) and Lattice 
QeD, there il.f\l qnalitilti\'B tlli>rmodrnamir rea.'l:lllS to beliew that a QGP should be 
created at these energies. There aloo are sn-cillied "ilbnormal"' deviations from tl¥' 
normal hadromc d<!scriptions, i.e. descriptions with no deconfinement. Most notah!e 
among t]O€OO is thl' anomalous blll'l'n'&10n of thl' yil'ld of J N' ml'OOn in central Ph­
PL c ~ollisions due to Uw on~ct of ~'Lyc screening, lll<!abure-c:\ Ly the -'lA-50 aJld -'lAGO 
collabomtions. This yield Wi18 termed iIlloma.lous lxx'ause it could not initially be 
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cxplained iu tcrms of the conventional hadronic absorption scenario [22L although 
~uOOequent analyoos havl' di~pnted the point. by extending the ha.dwnir ab&Jrption 
:;<:oeuario [231. 

Signal~ like thc allomalous suppres~ion of the qnarkonia yields, strangeness en­
ha.Ill'cment, a.Ild othns have bC'Cll and c'Dlltillue to be the topic of intense theoretknl 
debate and experimcntal 8Cnltiny. Since the QGP lives for far too short a time to 
l>c mc~surc-d dimetly, its cxistclll'e and nature has to be infcrred indirectly from the 
properties of the obselV(.'(] hfl.r]rous. Some of these indirect signals will be riiscll&;cd 
below, with parl,iculnr cmphasis on the ~uppr(::;siou of quarkonia yields. which is the 
observabk'S whidl the ALICE dimuoll sp('Ctrometer is most s]J€cilically designed to 
measure. 

2.'1 Obi;erving the QGP 

Since the formation of a QGT' deppnds (Oritic"lly on the initial eucrgy dcusity (aud 
hence temperature), it is important to define Ce.l"taill "gloLaY obscrva.tiolls which 
l'ii]] give all eX]J€rimental handle on these q1lall1.ities. The initial cnergy dCllsity, 
temperature and other thermodynamic variables are, hO'li'evp.l", Ilot directly observable, 
all<l have to be inferred from other global ohservahles. TIlere do exist. however, 
specific o\.t;ervables which are directly measmahle and are rei(l.ted to the existence 
alld uature of a QGP, The global ob3;rvabil>s and their relation to the cre(l.ted state 
will lx' descrilx>d lx'low, as \-vell as a few representative direct prob~ of the QGP. 

2.4.1 Global observables 

As disc\lS&>d above, a prerequisite for a phase traJl~ition iIltO a QGP is that the eIlc..-gy 
dellBity of the created state is greater than diP "ritk-al vnluc predirkd by QeD. From 
~illlple phenomenological estimates, as well as lattice QeD results, this is known to 
be around 1 GeV.fm-~, It has to be l1stablished, when analysing collision data, that 
un encrgy deusity of thi~ magnitude or greater has boon created. 

Centrality 

The term "cl'ntrality" refer~ to thl' distallCf' of closest approach betweell the centres 
of the two nuclei beillg collidl>d. Just as the (,lGP itself is not direct ly meflSurnblc 
through ally but iudirect llK'all~. ~ abo the ccntrality of collision." is not a directly 
obse.Ivab1e qUfl.lltity. It is usually describer! il1 tcrm~ of three related quantities: 

Impact parameter, b: The vector betv.'een the reutres of the tl'i"O nuclei us thcy 
collide. 

N umber of part icipants, The total number of nudooru; which suffered at least ollf' 
nucleon-n1ldeon coliisioll during the inten¥'tion of the two nudei 

Number of bina ry collisions: Thc sum of all collisions het,,"C{'n pairs of nuckollS. 
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Particle yie1dR in fundamental nucleon-nucleon oollisiollB can bt' related to p-A 
or A-A eollL~ions by scaling by the nlllnber of participants or the munber of binary 
eollisionB, df'pf'nding on which part of the Spectrulll is wider investigation (hard or 
soft). These quantities are di:roct ly relatpd to t.he impact pamnwter b via a Glaubpr 
model [30J, but neither th<.-'y nor the iUlpad paraUIf'tl'r an! din'ctly m"-8,i;urabl,,_ 

Using the Wood:;.-Saxon dbiribution of tlw nuel,.ar dpJOI;ity profil~ a,,; a function of 
radial distance r 

1-W(",)' 
PA(rJ--=AJ ~' 

1+ e • 
(2.12) 

whf're Po is tllf' maximum drnsity, If A is the nuclear radius, z is the sl1rfa~ thirkne~ 

and 1..-' allOl'iB for irregularitie9, t.he nucloor thirkness flmetion e,Ul he df'finerl il$ 

TA = j dZPA(Z) , (2_13) 

which representB the total number of nucleons Bef'n h~' t he incoming projoctiif'. De­
noting th" target .4 and t he projecti le B, the nuclear overlap function of t he colliding 
~1'ot"lll (wJ'ich i~ rdated to tJ'e number of partici pant~ in the eolli~;on) can be defined 

(2.14) 

where the vector sin equation (2. 14) is the position in the transverst' plall<' at whirh 
the deMity is bt'ing ealculated. TIlis is nOrlnalioo:i to miniwulll bias 

(2_15) 

The A-A hard cr();S8--scction set'!.l at" partirulrn: iJnpad parflffif'tf'l" r-an llOW be written 
in terms of thf' p-p hard crOO5-soction, by scaling by 1 he nuclf'>lJ" oVf'r[,-"p fn-...:;tion : 

(2_16) 

Sin!'e quarkonium productiOll proceed~ via hard ocattering, the p-p cross-ooction ran 
b,. sc-aled up to tJlP A-A ea", in th i ~ way: 

~(.4B --+ qq) = ABO"(pp-t qq). (2.17) 

This binary scaling formula aliowR on~ to Gomparp yi~ld~ from [>-p c~Jlli~ioll~ to A-A­
or predict yields from A-A collisiol1.~ . 

Tl", numb<oT of participants and binary c<:Jllisions at a giVetl e!'ntrality mn tw 
inff'J"red fnJm tl", partidp mUlt iplicity, u:;ually within the framework of a Glallbf'r 
morlf'll30j_ A mOHotonic (but Hot llf,cc,;sarily linear) relationship bt'twGen the llllmllf'J" 
ofparticipffilts and ml!ltiplkHy is assumed. sill,'P tJ,i~ allow~ tJ"" f'xp€rimBlltn to lIlake 
the assulllPt ion thM the more ct'ntm.l a rollision is, the gl"~atBr th~ mUltiplici ty. A 
giWll fraction of th" multiplicity therefore infers a given [r,-...:;tion of th!' centraJity. 
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Figure 2.5: An <'XiI.lnple of the wntrality WW'fmin"tion in the PHOBO~ CXl' crimcut at 
RHIC [32[. Tbe rurrclatiOll lA-twecll the zero-degree calorimeters (at forwmd rilpidities) 
>Uld paddle oXlUllWrs (n"arcr mid-rapidity) is showu, with the oorrespOlldillg calculation of 
the 'lUmber of participants frolll a Glauber model 

Ex/X'ritnent.al ly, thc rorrebtion betwccn energy depo6.ited in "zero-degn::-c CUlm­

tcrs~~ and dctCl'tors at other rapidit ies is llSl1illy l1sed to estim.-'\te the centrality. 
The energy deposited in forward rieterton; (see figure 2.5) is frOIll partirlcs which 

haW" not interacted in the collision ami is tbc'rdore a mcasllre of the number of 
spe.:-taton;. Since t.he t.otal nnm\H'r of Iluelcons is fixed by the colliding system, the 
number of ]Jarticipants is calculable Ollce tll ... Ilwnher of spectators is knowll. A 
Glauher model can then be \lSI.'(1 I.() tletermillC the nwnher of collisions givell the 
number of partici]Jants. 

T\"a"sverSH H"Hrgy 

Since one of the criteria for QGP formation is an energy density above the critical 
value of t ~ IGeV Ifm', it is import a.ut to reliably estimate the energy density of a 
collision. Tlils value is something of a matter of definition, siuce one may artificially 
wustruct thc inhinl cncrgy rlensity of Au-Au coUisions, l'W'U with no iut~ractions : if 

'"Zero-degree counters" are dPloctors which are "ituau..l v"ry lIt·,u t he !:.eatn liIm fWd d,",~,·t 
prilllarily "p<wtator IlllCh"",. Th" t"Im "'~Io-d<'lllW" h,·,.., refers to the ,,!uaU ~nglc betwren l bc 
beam liI>r and tlw vector from Ihe drtC'CtOr I" the interaclion point upstream. 
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each nucleus hus un ellf'rgy density Po in it.8 rcsHi'ame. then thp pnprgy dpnsity in 
the region wherr the nudri ovprlup, b simply given by (f) = 2(\1,", whprp ~I b the 
Lorpnt;. boost fw;toL With thp t.vpicul vuiue o[ ro = O.14GeVJm-·1 for the energy 
dpnsity of thp nudeus, this ffitimat<' for the initial Pllf'rgy density is 

(c) = lUGGeV.fm- J (Full rune energy: 20(J GeV per nudoon) 
(tl -= 2931GeV,fm 3 (Full LHC energy: ::i.::i TeV per nucloon) 

This yahI(' is aimmt ubsurd comparoo to t.llP 1 GeVJm-" t.hat is t.hought n<X:<'S8ary 
for the formation of a QGP, but it is also not Plllirely rdpvant .. The 1 GeVjlillJ 

is the eller"y of the CITIltcd system which refern to the semlldary particles. ThPS<'. 
by definition, are Jlot pr<.~n\ in \he very iJlit.ia] ~t.age of the oolli.~ion alld have to 
he proouctrl via interaction~, which have associak>d with them a characteristic time. 
depeJldiJlg on their q~. h l \hu laboratory frame. the two oolliding nudei would appea.: 
as thin slabs of matt.er, oontraded by their large Lvrentz factor. From thu moment of 
im paC\ of thesr t.hin slabs. until K1me formation time Tl' hal; paSS<.xL the ~yst.em GaJlnvt 
be o.aid to have "formed" , Once \hb time has t'laJk'."l we are left. with ffi~'Jltiaily a 
cylindrical tube in the longitudinally) direction oontailli Jlg the newly creat.ed system. 
This is "88pntia}iy t ht, idea ficst put forward by Bjorken '311 in 1983. 

The tmnsycfS(' Pllf'rgy meesurcd ut:l RHIC pnergies by PHENIX '611 i ~ shown in 
figurp 2,4, 1 a., a [unction of til(' nllmiwr of partidput.ing nudron pairs (us described 
ahovp), Also shown W'P thp eotr('fjpollding PllPrgy den8ti('fj ealculattxl in thl' Bjorken 
picture. 

Assuming a formatioll time and longitudinal b OO6t invw:illnCl', Bjorkpll sIK),,:ed 
that ellergy density of a givpn colli.~ion could tw r.:a1culutcd from tiIH transverse en­
ergy at mid-rapi<iity (defined fIR the energy of measured pwticlrs in the trunsveroo 
dim(,tion). The rda.tion 

(2.18) 

whNe R is the radius of the collidiJlg Jluclei (R _ 1.2At, for a lludpus of )]jabS A) 
alld 71" ~ lfmj c is tl,u formation time of the system, The transverse enprgy mp-usured 
e.g. at PHENIX r621 implies an initial po:st-thermaJ.isatioll energy dellBity of about 5 
Gp V /fm·1 , This is far awvp t Iol' t'StimQ\l' of the iJlitial energy density required for t,hp 
creatioll of a QGP, linIn Lattiw QCD und the Bag i\ lode!. 

P article multiplicities 

Tightly related t.o the created energy density i.~ the total partidp multiplidty of heavy­
ion collisiolls, Thb is one of tlw most fUJldamentai observable;, sillC<' it constrains 
t Iol' PJlNg:y deJlsit.y which is iL<-.elf u~ as all input. to several other theorM ieui models. 
Dpspite it.s primp impoIwnce; thert' is JOCI fin;t-principlcs method of calculat ing thp 
expected multiplicity at the LHC fwm the QCD Lagrangian, ~inee t.his depends on 
non-l)('rturbative soft PI!)(:C8S(\S· The iJlLtogratt'<l hadron multiplieity in p-p mllisk>ns 
is given by 

I j' dr1w---h-l-X 
Ph (y) ~ oE I ) d d~ J).P-r, 

md8 YPr 
(2.19) 
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1 + 
.2000. Y 
• ",,,G . Y 

19.0 GoY 

--"'00"--"'.' --" 
(a) Trall'v~r"" erocrgy densi,y as a function 01 (b) Eu~fgy <l~Jl"ity ('akulated in the Bjorken 
part.k-ipatlng uLlde'(lu pairs picture, ""rr""!,, ",liing to the tran,yen;e energy 

in 2_6(a) 

Figure :;,6: Transv","" e!l"rgy density as a function or the number of part.icipating pmrs in 
Au-Au COlli8iolJS (left) aud correspouding "nprp;y den;;ity calcnlat('(] in the Bjorken pictnr", 
Il.' measnroo by PHENIX 61], 

where ":1 is the total p--p ill<'la.~tic C1"(:oJ.'H;edioll, This starts to iocrp<'l ... w aflf'r ahout 
20 CeV. hm has a poorly-known dep,."ndencc 011 Js [73]. The mefl81lrffi multiplicity 
in Pop OOlli~OlL~ call not dif'.("l"iminatc bd;"vL'en a. III or 1I12 depend'-'llc,-, on .;s frOIll 

the AGS to RHIC Although the relevant paramet€r to ;;.:,al,-. I}-P multiplicities by 
ill ordpr to attain the' corr<:spollding A-A values at a given Js is t,hought tv be the 
IlI1111hPr of part,icipWlts in til<." nuckar collisiolls. the evolution with Js is ]Jot <xrtain 
at all, and rpmflins highly lllodd-d<,·plmda.nt, figure 2.7, takPn from [141, shcl\vS the 
chargro part.icle dpnsity p<"r purti('ipUllt pair in p-p a.nd A-A data from SPS to RH IC 
and sewral modpi prooict i0l1', which w-.., <."Xtrapolated to Js = 5,5 T,-.V. Th.., fW.-"t 
that the expected multipli("ity at ALICE ilw:] (und still ha~) SUell largp llIlCf'rtainties 
led to t h<.· fact that the experiment was dr;;igned wit h a lot of room for error in thi~ 
mw-gin_ ALICE has h<->en designed for an ,-,-xpl'Ch'd clw.rgcd part icle multiplicity at 
mid-rflpidityof ';;:;-111 = 0 ~ 8000, which reprf'SPnL~ a S>lJMy flJ.('tor of aoout 3 with 
respect to the ('urrent estimates. which mnge fwm 1000-2000', 

4In !,he case 01 toc uinlUoo "P""11"Ou.e",r, h"weW'L thfo maW ",mt,,, of char~ed particles and 
hence badgrounli L, ",,,,,,uliary inte.rocti-on:s ill the benm shidd, sinc£ th .. <1<'1.,"';-ot is situal",l ncar 
t.l., hearn-line, For 'his d,e,,,,,wr. primary parti.::k·, fmm the Ph-Pb mllisicn 8l"<' emiltro in !.h,. 
mpiliily rall,ge of 4 < 11 < 7, how"yer the mult-ipl.kity estimate in thill rapidily m.ng~ h"" a lal);cr 
<"nor than that, at mi<l-rapidity. Therefore, the ALI CE diu.tu,on "pi'C_t~(I111e1cr h"" heen deaigned wj,h 
a rnid-rapi(lity multiplicity,,1 up In 12 In ) 
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Figurr 2_7: Modcl prf'<iictio" H for dmrgf'<l particl!J multiplicities p<>r parricipf\Ilt in A-A 

f\Ild p-p collisions""" function of Ii. The dfllillcd line is the fitkd fnuction 0.611111~, Oll 
the nudear um", while the uoHcd line is" fit to U.7 + O.0281u~ Ii. The loug-drn;hcd line is 
a. pre.:iiction b>ll""l On a. sa~nnl.tioll model [741 - The e3timat.e fO!' ALICE in these models is 
give" by the inU'rs<>ctiOl.l of the CUrvffi with thc gr!JY arrow on tIl<' right. 

Baryon denHit y 

Recilll that m0l"t ~imula(jon~ of QCD on t.he lallire are done in the regime of vanishing 
baryonic chf'mkfll potent.ial (I'D = 0). In ordf'r t.o mflkr fl rigorous connection bf'twO('n 
thc llleasure.l obscnnblrs an,l thc prcdictions of the thoory, il is nf'Cessfll')' to have a 
g0<J,1 h».lldk 011 the bilryon dell~ily of the crmted system. 

Olle way 0f f's(jrnating 1'8 i~ lhe baryou to flnti-bfll')'on rat.io, whkh has heel! 
IllCabUroo ;).t thr AGS [75], e~;HN SPS [76] and BlUe [77]_ The rapidity density 0f 
nd protons, which is (d ilfcrrnce liftwf'Cn the Humber of prot.o\L~ and anti-protons). is 
Bh0,.-n in figure 2.K 

II iB ~ that illrendy <)J IUIlC (11crgiC'<, for the 1ll000t cell1ral collisions ancl III 
;). l';J.pidity regioll arollnd 1.1J1 < 2, the baryon dem!ity is wry lnw. Thi~, conpled 
with rrcclll. ad,"<cncr~ ill lattice QeD which call givc preclicti01l~ at. nOH-Wllliloihing 
baryon density [71l], fllIow~ t.o W IUjlv.rC wnJiclrnt ly the 011scrvcd data t 0 the lhwreticul 
signaturcs_ 

2.-1.2 Str a n gcn css production 

Anom.alial, C1;pecially cuhancclIl('nt, in litr;mgcuClSS prodoctioll lmI; 10ng heen p<.>intcd 
to as a po&<ible signalnre of formalioll of a Qcr. Euhrulcement. in the yield of sl.range 
particles, as well all inrwase in the ratio of stra.ngf' baJ)'ons to baryon~. Sillce tlif're 
is initially only a negligible amount of ~trangeness prC\;(' llt in t he colliding nuc!ri, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2_,_4_, _O~SERVING~T,",H~E~Q~G,",P ___ _ 

a AGS 
(liS02,~n. E917) 
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• RHle 
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ACSy, 

_______ ,21 

Figure 2.1i: Rapidity del~ojTy of net protons HlOOS\U€<\ at tIle AGS, SPS "",I RRI C ml<'rgil':;. 
for erntraJ L"DlIisiOll". The beam mpirlity of earn mllider is shown. Note the rapid fall-off of 
net proton dClL';ity with I..cam <'lImgy. 

all strange quarks haw' to be creal rrl hy hard pr()('~~ during the evolution of th(' 
Ry~tclll. A~ mcnlionoo bdorr, lilt' relMive abulld"llo.~ of particle sped('f; is ,..ell dr­
ocriJwd by RI al.iRi iclll hatironisatioll moJel~. mootly illJ;piroo by tlll'rrnal (Uld I'll('mical 
equilibriUlll_ This is showll, e.g for the system produCf'{\ ill Au-Au rf)lIision.~ ill RHIC 
in figme 2.9. 

., 
~ pip NN £-,~ ,,\t' Kill' ,. ,,. K",'" ,'. • 

~ 
~ "l" ~ .... 

~ 

" - t-
! • 

• ~U.R t 
P~ENIX 

.' pfI(laos 
DIlAI".13 

, 
" 

figurr 2.9: Comp"rison between tll" "anide ratiO!> from A u-A 11 collisions lllCMllroo by the 
four HH1C "",wriInf\lll.s, and "H'lisli<:ai model eak\11"tion~ [Hill, with T = 174 ..... I<,y and 
PH = 46 MeV. 

At high energies wh..-re a QG P may br creal.ed; tIl(' sij c ,(',ll ion ('all proct't'"tinwillly 
vill gluon-gluon fusion, while in 10wer energy hadronic r.olli,uolLs they haye to be 
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producf'<i \ia pair creat.ion or rl'scatt.ering reactio"s of thr In)!; 

7r+N .... K + lI. 

7r+A-+K+= 
1I" + 3--tK+r! 

22 

(2.20) 
(2.21 ) 

(2.22) 

These prOCf'SOOS haw a higher energy threshold fwd while the timescale for giuon 
fusion is of the oroor of 1·3 fIll , that of pair creatio" and hadronie reactioll.~ i~ milch 
longt'r. It has h''I'n argued that the stnmgem'SS production ratr in al! equilibmtrQ 
hadron gflS is simiL'U to that 01' a QGP, but the equilibra\ion time of a hadron gas 
(abolll 10 flu) i~ much longer than th"t of a QGP (about 3--5 fm). Apart from the 
inere>l.S<'d rat.l' of strangI' qllark prodllction in a QGP, it might also lw energetically 
rnnrr favollrable 10 creaL<' a bare 8;; pair than a light qq. TlLi~ is due to the fact that in 
t.he a~ympl otically·f[f'f' ]If'rtllriJative (pC1CD) plasma, the quarks takP on their current 
rna.<;.'leS (which can aloo be I'Il'I'n as a COIlSel:IUf'nce of the mas&-dept'Jl(iallt component of 
the strong forcl' potential falling avmy) - a phenomenon known as "clLirai symmetry 
rN!toral.ion·' . 

One of the rn!),',"! ~triking resilits of the SPS hea~J' ion program wa.~ the measure· 
rnent. of the yirld of ~tral!ge particle..., (p<uticl(!'J containil!g one or more ~I range (jllurk) 
as a function of \vollnded 1lI1C1(:()n~··. Here. t.he ,,'olllKied nucleon concepl. i~ ~imilar 
1,0 that of "participant"· alld de~ignates a nucleon tha I, ha.~ been "struck'·. or sl!ffen;d 
a c()lli~ion. In light ion and p--A oolli~ion~ at SPS, measured with the WA98 appara.-­
till', the strange· particle yield sho'i\l:S no approciaNe deviation from that expected of 
a ha.dronie sj'l'tem. In Ph-Pb ooIliBim~~ itowf'ver. there was a significant elllmncement. 
il! Ihr strang<' particle yidd . up 1.0 abollt a fact.or of 10 il! tbe ca.~ of I.hr 3-. The 
yield~ were also enhancrd diJIeff'nt.ly, deppnding on t.hr partidr ~prci~. Figurr 2.10 
show~ the e"haltC<:ml'"t of blrangr partid~ I)!;r e\"Cut produced tit mid·rupidity by 
Pb·Pb GOllisimk~ at t.h,' NA57 experiment, compared with p--Be a"d p·B ~,()l l isio"s. 

If the yirhi~ were dllf' 10 a simple ~npelJlO~iliol! of nuc!ron·uuclro" illtrractious, one 
"unld exJlect t.hf' !ine~ to ~ fiat at UIllt\'. 

A curious ff'aillre in IJHl ratio of Kt /11"+ yiehl~ from heavy·ion COl1i~iOII~ was discovrll'd 
by the :'-lklY expf'rimel!t.. An Il nu~ually shwlJ peak, rrfrrrcd t{) as "the horn" [37] 
(~ fig 2.11). i~ ~n in !.hi~ rat io a~ a funetioll of ,)SNN, which i~ not present in 
PI' coIliBioll.~. Stati~1 ical models of panicle productioll pn:dict.cd SiltC<: mally }1.'an; a 
fa.~t rioo alld SIl~lHll!t. platG(l1l il! this quwltit} [7, 100, 35), but a maximum was 
not predicted. It hilS aL<;() pointed olll., how('vrr t.hat the "hoCi!" upprars 10 w---incide 
with a transition from bmyon·domina ten to mNll)II·dmninfl.ted hadronie matter, which 
occurs at a tem]l€raturf' of aboll!. T = 140 ~'lcV alld a tmryonic clHlmical potrlltia! of 
/-IF! =- 410 I>leV aJid ,fi = 8.2 GeV [&:i]. 

While t.herlllw models calculations [42] reproduce qnite well I he peak in thr A/(71) 
ratio a~ a function of energy, they do not reproduee the sharp peak ill the K + /'11"+ 
ratio [36J. Thi~ sharp peak i~ not. reprodUC<:d in transport codes tither [43J (see figure 
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Fibture 2.10: The yield of A, ::; and !1 (colltaiuillg one, two and throo strange quarks 
IU>(>('ctively) in Pb-Pb collisions relative to the yield in p-l3e collision., "" lll('asurOO by the 
NA57 experiment [3:)], "" a fl11l!iion of the mlmber of wounded IllidooM (N",ound). The 
yields ar(' r('latiV(' to the nUDlb(or of participating Ilurlcolls. Shown in the left panel are the 
y~lds for particlc'8 whi<.:h may haw had at lca<t On(' quark in wmmon with the projertik 
or targ('t; tIl(' right pa.!l('1 sh""os tll(' yield for parlicl('tl whooc ronstitll('llt quarks would have 
hoo to be CTefOtro during the collision. 

2.12(a)). However, fI sha.rp peflk in the excitation fllnction of the totfll Rtrllllgen('S."' to 
pion ratio E, was predicted in the Stfitistif;fll1Iodc1 of the Early Stag(' [381, assWlling 
that. a phflS(' 1.rllllsition to deconfilll"d mfluer occmrtd and this inde('(] describeR fflirly 
w!'lIth(' "hom", fI.S shown in figure 2.12(b), The shflrp ril'C in th(' Kj71 ratio iR vcry 
~uggC"Stivc ('vidence thflt I!. tranRitioll from I!. mnfin('d sta1;c of hadronie matter to a 
docoJifined state of quarks und gluOllS i~ seeu. Th('re is. hn\\"CveT. much debute around 
this point and ooveral other expiunatiolls in t('rm~ of purely hadronic matter are under 
study. 

2.4.a Elliptic flow observables 

In heavy-ion colliHiom, the initial spatial unisotropy it! converted into momelltulll­
RJXICC anisotropy during the initifll phfib(' of the ('volut ion of til(' state created. The el­
lipt ic fio,,,, which is defined as the S(:Cond Fourier hflrmonie of the azimuthal aniootrol-'Y, 
is Ilsually ddincd fI.S 

(2.23) 

lruportClnt illSight~ into the evolution of the system CUll be obtaim __ >d by inveffii~ating 
th(,·1J:i genCrIl.ted by variouR pflrticks and as a function of ocmrfllity. oc'CallliC it is a 
mefl.Sllre of how strongly t.he SJ"f'trm can conv('rt fI pf('Sl<llre gradiC'nt (produCX'd by till: 
anisotropy in spatial dil1l('Bsions) into into a momentum anisotropy. Th('rdore. hy-
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Fib'Urc 2.11: n"tio of ~ yipj(\ fit mid-rapidity as measured by the AGS IlHiC "nd SPS 
(see rofAronce\< 23 a.ud 24 in [:l9)). 

drooyllmnir model~ are \lsed to dpscribe the lx>haviour of thr flow of part.idCR. Figurr 
2.13 shows that 1'2 vallll'S of pions measured by STAR in Au-Au oolli~ions at fi = 2QO 
Gf'V arc mud] higbf'r tban that of piou~ measured at the lo"w-cncrgy S1'S exper­
imcnt -'<A49. Hydrodynamic calculations which describe ideal rclutivi~tic fluid firm' 
dcscribe the mass amI Pr df'pcndence of elliptic flow \-13ry well. Thi~ i~ yet more rvi­
dcnce of tllf' formation of a docoufiuoo st,ate [47J. as calculatioJl:; U~illg u IJlWron-gu.s 
c"1uation of state srverpJy llnderf'.,timatr th ... t,'2 values obtained by STAR for 7r± and 
protuns at ,fS = 130 GeV, as SI~,WIl in figure 2.14. 

Ellipt.ic flow st.udies also mauaged to give some insight into hadron formatioll. 
Models of hadron formatiou by cOHleEC'<Cnce or rocolllbiuat.ion of con~"titu('j]t quarkH 
prrdict. t hal at intenllediM.!' Pr, IhP vruues of t'2 of variow; partielr~ wi ll upproximukly 
sculr witll thr nUllli)f'r of c()Jl~tituent quarks (n) of the giveu particle. lu thi~ case, 
it 'HIti pnxlkt.cd thHI 1i'Jln vs Prln for all hadroll.'l would lie on a ~ingle cun13, and 
thi.;; curve would then repr!'8f'llt Illf' momentum-space anisotropy uf the <XlJI~t ituent 

quarJ.;,j priur tu lw.droll fonnM.ion [6il. Thi.;; is illdl'«l. seen to be the case - as is shown 
in figurr 2.16, tllr f;('nlcd !)2 curves for protDn.'l, kanns and lambdas all lie wry clooo 
to '" ~inglr e\ln~, uver .1 \T'ry wide Pr rangf' [68]. 

2.4.4 Specific signatures 

In thi~ oodion, u "hurt rrpr=ntati\"'" list of sprciJic o il.'lermblr.s whirh iJTf' predictNl 
tu bc signatnres of Illf' creation nf a QGP will b;> giwn. Some of the imvortallt, roc-ent 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2.-1. OIlSERVTNG THE QGP _____ _ 

- -RQMD 
U~OMn 

c 

"' 
lU, , 
0.1-

-------"" 

----Il .... "d''''' ' 
~.~", ,L--

10' 

I[s;;;; (GeV) 

, -""'~_,c-~ __ ",'O'~ ~-6 
F (GoV'''') 

(a) Mea."llrOO ratio of ~ yiel<h at (b) Strll.lljI;CllffiS-t<>-pion ratio Ji), as a 
mid-rapidity as a lilIlCt.i.OO of Vi aud luuclioo of F rompitrOO to a prooictiOll 
pmlictiou. ofUrQ:>..1D [4:lJ and h,.jrotl from the Statistic-ill _'vIodel of the Early 
ga.. models }51 - Stage [38,. 

Figure 2, 12, M",,,,urod ratio of ~ )ields a. • .'l function or v ~ N ,\' (!<oft) lID.d "traIlgeIl(=-t<>-

pionrahoE.= (h',+;:;+K) ,..;afunrtionofF ( ••. ~.~-2"t)i (right), 
."",\. 

mf"A~llremcnt,f; from RHIC will be SIWWlI, mo~t notably the suppre&~ion of high Pr 
hadron.~ in oentral All-Au collisions, lwwever the foc1l.'l will hf' on Rignaturti'l mu;t 
rf"Jevant t~, thc ALICE riiulUou UIIl, whirll deal with hf"avy fjllarkonia (a; and /l; 
familiCR) ~uppre.ssion, 

Direel phoLollR 

Photons are f"xcept.i, mal probeR"f' thc created matter. tJ.-.:,auSf' onoe creatt'd thcy only 
inter""t, via the t'kct.romagnt'tic force (and very weakly via thf" wcak force)_ Thio 
me!l.llR t.hat if ont' mt'asurCR t ht' phot on ~pedrum, onf" is in fact mefll\uring componcuu; 
from thc cnU rc cvolutiou of thc created state, without further rf"Rl'-9.tkring. Photous 
may lx' created during the initial phaSffi of tw. colliRion, via parton scattrring. or 
during t.he rmaliMt.ion - I.hc !l(,-callt'd "prompt" aud "direct" photons. They may alRO 
be produl'ed later in thp f"Wl llt.ion of t.ht' SyBtCIll, moot abulldantly from ,,-0 dACay. 

The direct photons would tome from two mages of the evolution of the oollision : 

1_ Very carly interaction~, in the pre-equilibrium phil. ... of the crt'atl'd sy;tt'm 

2, PhOt.OI1" crcatt'd during tht' thermaJisation of the SystpllL 

Owing thNnmlisation, electromagnet.ic proc(W which could contribute to t.hf" phot.on 
spectnull iuclude quark-alltiql1ark annihilation (q Iii ----> ,+9) and Compton scattpring 
(qg ----> ~(q)_ PhotOllS could also be prOOllo".Rtl dming hadronilXl.tioll. TIle measured 
phOI~)\l ent'rgy RjltiOtrum coutain~ contributiol19 from illl of t.h<.1'lC ROurr-Cs, whirll have 
In hf' diflClltanglcd in order to make biatementi; about tIl<' i:pmp<.'faturc of tht' QGP, 
This is a nont rivial task, giveu the fac! t.hat thf" QGP phot.on yield iR mudl ~lIlaJler 
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Figure 2.13: Centralit.y depend€'JlC<l "f t>.l, integrRted ,,\"(,; Pr. The tTiRllgl"" flffl lb.€' 1\,1,.49 
ll",,,,,urcIlleut~ for piW1S at v'~NN = 17 c.,V [44. while t.he circle:; aud ~l"0tlSeS lIT€' measured 
by ~TAn at.fi 1:.10 GeY [45] and 200 GeV [46]. rC:Sl'tlCIiwly (lignre frUJJi [47]). 

I). (lJ)13C G<.cV Au'" Au 
~ ('",inirc u,", ~j,,"l 
o 
~ Ii SliR 
>' _ h;·i t ET) 

- h,·i,Oj,~ 
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01!' Q.!j 0.1, 
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Figure 2.14: HycirodYllit.JlliC"S calculatiuu" fur "hadron gas (EOS H) awi QGP (EO~ Q) 
"'l."Rl.ion of Htm.e [41'1], f"Ompnrcd to STAn t.'2 mea.surement<; fur pkms alld pcutOlL>; iUllliui­
mum billS 1.10 GeV Au-A" oollision" [49.1 (figure fl-om [4T). 
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, , , 
T mOo'fRrsa Momentum Pr (GaVic) 

FigurP 2.1il: Minimnm-bill... VoJ for i<lfOIltified parti,.jes R.~" fnnct iOll of;;1 [68] and hydro­
dyllilmic ("JUellmtiOflS [691. 

at. high 1'£ than t.h,. prompt and dr-cay photonR, as well as thl' faM. that. the s~tra 
of the direct and ll(l.dmnisation photoll~ have a vl'ry :;imilar :,1mpe. 

Rt'Cent re:;llits Oil the me[l..;;llremellt of phot.()n~ from the PHENIX experiment [52] 
have proven iutere .. -.,.ing. however. The double ratio of 

(2.24) 

is Nllll<t.ructr-d in orrn--r to cancel out l'.xperim,.ntal llIl<'ertaintie!' in Ihl' l' and :rf 
ml'.(Isurl'ment.s. Thl' lIUl11,.rator in t.h.i~ ratio is th,. measurem{,lIt. of the yields, while 
the denominator is the simulated photon yield from hadwu.ic decays, bWl€d on a tit to 
the measured 1f spectrum, then divided loy that fit [50]. Here, [:i\r]no;.., denotes the 
fraction of pllOwns from the decay of pions to total number of pions. The R~'Rtenmti<' 
error on the measure OO--re(l.'le8 f'Omewhat with P"r dill' to th,. high PT suppression of 
pions Ob~ITed by all four RHIC experiments in central Au-All ("ollisions. 

Any deviation from unity of thp above double rat io iR d ill' t.o the yield of direct 
photons above background. The fe<'ent r"",,uits frOIll PHENIX p-p colli:;ioilS on this 
observable agree quite well with a QCD prodiction (l.~ shovm in figurf' 2.17. ThL~ 

double ratio for direct photons produced in Au-Au co\lisiolll! sllOWR a markffi increu.se 
a,<; a function of PT for central events and there is a smooth transition as a. function 
of cent.ralit.y. as mcasurf'<.! by PHENIX [50land shown in figure 2.18. 

A iargf' yif'ld of direct photons over cont riblltions frol.ll ffi('SOn decays is observed in 
more Cf'Jlt.ral An-Au <YJ!lisloIL~, and the magnitllrn-- iR cOllsistent wit.h a hinary-scaled 
pQeD calculation. 

Jet qnenching 

The plJenomenoll of hadron jets, firRt st'f'n in ]}-p ("ollision experimcnts. is due t-o 
the hard scattpring of two partoIL~ , whirll acquire largf' transw,.,..-. 1lI0mentlun. After 
fragmentation into hadron.~, thp rf'lic~ of thf'8e initial hard pan,onic scatterings are 
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Fi~ure 2.1(;, Identified p,1.rtide "".I, "e,lied by the number nf colllltitllent qllarks, fitted \u a 
polynomial. The ratio nf data/fit is shown in the lower p'1.lld fig]. 

soon as jets of high-Pr particles. At leading order, jets are soon back to haek, a.~ Illc 
inHial hanl ~ttering C0I.1St'TYl'S four momentum. 

The situation is oomewhat different in proton-nucleus or nuclel1.,,""nucle\1~ C()lIisinIl~" 
compared to proton-protoIl collisions. In ordl']" to quan tify thl' diffl'rmcC8 in the \.wo 
systems rigorously, the so-called '·nuclea.r modification fador"" i~ ll:;(l(l. Thb i~ ,kfil1m 

) dll II (M;;;J • dPT H 

R •. 1 (pr) = J , . .11i.. 11 ' 
(N"u,) </p',' W 

(2.25) 

where (N/nn ) is t he average number of hinary Ilucleon-llucll'on (lolli:;iQ1l8 (tidillOO W 1 

> , ,,_ '0 
PHENIX P,ciim<noty > , 

" ~ '0 i I , , 
> ':r'O • > ,. 

:--. -. -. - • + 
"' ~~ , , ! '" I " " , • > , 

'" "'". , , , • , , 
" 

-..... " .. '"'" ...... ,,"-c p'-'" , '.,,, d,', "~" 

> 

, PHENIX relimina,y 

, 
,~'-

, , • , , , 
" ., "( .• ,, 

Figure 2.17; Direct '") "XCffiS double ratio (soc text) aJld cross-oodion il) 200 GcV p-p 
<"<JlIisic'll" at runc ,:5CJ] The photon cr<..1%-section i" oomparod with pQCD rB.lclllatiollS for 
varion" scale £'\<:1"'" from ]<H] 
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Figuf€ 2.1S: Direct, e."WH< double mtio (~ Text ) in 200 GeV Au-Au wllisiOlL'l at RHIC 
[50\ "" a function of PT for V"Mious "'ntmliti~". T he "",lid line represen\ ~ a Next-t0-lcading 
order (NLOjPerturb31ive QCD (pQCD) calmlatioll [51] 

in the (;EISf' of Pop or P - j) collisiollS) and :- is 1I1f' muitipli<'it:<· spf'1.:tnuJI lIIeasured 
in A-A or pop collisiOJls. This ratio cancelR out the tlivial deviations due to t.he larger 
syst.em and provid{'f\ a cOlI!'\iRtent way 1.0 <'ompare nuc!cus-nuo:;]eus data to lluclroIl­
nueleon data. Any deviation from llIIity of this mcaSllfe is a sign t hat nucwar effK:l,s 
are coming into play during the coiliRion, ()[" put another way, that the nuclell.,.. 
nucleus COlliRioll Cillluo [Oliger br sccn as thr simple superposition of nucleoll-nudf'Qu 
collisions, sewed by (N~n). 

Tills ratio has beeu mf'asuroo in mOBI heavy ion cxperiments which measure par­
I idr speetra. At the 1000-er energy AGS and SPS f.J(pt'rimenl~, a huge increase in the 
r"lil) wAA observe,! at intcrmcdiatr PT. The ratio rises sharply lJ.f'j ween 1 GeV /e and 
2 GfV /e nud rrmaillS high out to fairly high Pro This has been altributed to initial 
stat~ frr broadf'mng due to multiple ocattcrillg and has boen dubbe,!lhe ~Croniu 
effect"' [-XI]. In Rlark comr",;1 1.0 theRe low racrgy rxpcriments, when the rliHC f'X­
perimellts measured the ratio, I hey fouud fl L1.rge suppressioll as a function of Pr flll 
the """"y out to very high values (10 GrV in the CilK' of PHF:NTX)_ The comparison 
between thr PT distribution of the lluclcar modification fWlor flt t.he CERN SPSand 
Hille for nudeU8-nudeus coll isions is ~hown in figure 2.19, 
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B'igIW: 2.19: Nud,,1\l" mo.-lilk"ti;m f,,<;1;OI" HAA for <>harl(l'<l hadron" and neutral pions in the 
Illost ~"I'.Iltml Hflc Au-Au collisi""s at RHIC (wli<l points). Error bm:" indirutc st.'1tisti<>al 
~rro", while 8urroundiHg bands indicate quadrature snm or systematic error8. AJS() shov.-n 
a.re the mooilFatkm fR<iCll1J for a + a at "IS = .31 GeV [54] and <'<.'ntrru Ph-Pb ~01li8i0ll8 at 
the SPS [55], indicate" by the dotted nncertainty band. 

High 1>1" Suppr<lssion r<lsults 

Thr ~uppr('8Sion fador of MouL 5 in 1 hr caS(' of pions ""as altributed t~l parton energy 
loss in a deconfined mcdi llm crealt:'d in lil<: exit d,mmd. It wa~ argu('(l tl'at initial 
h(ll"d-scatteroo pm:t.on8 werr travdlin)!; in a ,knfl(; colollred firld anrl'N('rr thu8 induced 
to radiate away (heir ('ll('rgy h('focr fmgm('utaUoll, whkh would c\('ar\y deplete t.he 
high PT hadron yield. T his scenario Vi'as widdy 1M:a:ptm and Prol~d a~ direct. 
e\idenoo of the creation of a d!K"Dnfill€u meJillln, i(!('ntified as th(' qGP rluring the 
first (wo yrars of RHIC's running. Thf'f(' w('rr. how('V('r, mmpo::ting virw~ [56 j' on the 
origin and crill"" of the high Pr sllppn;s..'lion. Contrary to (il<: intrrprrta(ion of tl 'e 
creation of a deconfined m('(\ium ahSOl"hing lhr Y'L~. it wAA proposm thaI Lhc initial 
giuon density reached sai llration, resllltin)!; in a lad: of scalLrring crn(r('S fOf initial 
hard scatl'eri:rw;, which ~"Duld also d€plete the high r>r yield. 

For tius refl."-On, a control experimrnt was planll<xl, which wOlud collid(' drut('rons 
on )!;old nudel. In contrast to th€ h04 anrl rlen~ systrm creat('(\ wil<:n gold nudri 
collide, the light er d-Au system could not cr€ate final state hOI enOll)!;h to mdl til(' 
hadrol1s into a QGP. Since Lhe iniUal state wavdllnctions of tIl(' golrl W('r(' the >;.;lm(' 
in both Au-Au and d-Au collisions. any diflercnl"{; in lhr r0'ults il('twwn thr two 
rxperimrnts would he dur t~l the diffrrence in t.he final ~tate_ 

It wa,~ with great exd(,('llwnl tl",( th€ results of (hc d-Au tllll from all fOllf RHIC 
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experim,-.nts 1I'('f" rlUllOunmrl in .Iun,-. 2003, which showe<lno suppression of high P'r 
particles. us in the Au-Au C<t.'Je 157, 58. eoD, GO]. Aloo. there was a reapp<'arance of 
back-to-back jets ill the d-Au elat.a. Jets 01 hadrolls are lonned in Au-Au oollisions 
due t'J hard pa.:ton S<.'att.eriTlg, but. while the jet near the surface of th,-. plasma es-­
cu.pes, the fa.:-side Jet has t.o travel through a deconfined medium. The induced giuon 
bremsstraJ~ulIg dilutes the jet. energy and no jet is observed on the far side. The 
effe<;;ts of jet Sllppressio]J, ob,;enwl as t hr compl,-.mentary phenomena of high· Pr sup­
pression of the nllcle~r modillratioll fact.or fl. ...... and Ill<' disapP"D.ranN of back-t o-back 
jets, are shown in figmc 2.4.4. 

',,,",,'" ~*"" 
• 4 '_A. "",two 

x~ Ao-.... l>-lO'>-.J 

,~O,2 

+r, i 
• "' •. "'dO"""" " I • """'" """', , 

I ., 
" , 

~(GeVk) " ~ ~ (radians) 

(a) The romparioon of Ihe nudear ffin<iifica6on (1)) TI., 0)"""."",] angul"c cnTTc\"tion of b.i!!ft-p'j' 
f"c-tnr RA." tOc c<'1ltc~1 Au-Au and minimum-bias hadrons produced in d-Au eolJisjon" (t<lp) 15~J, 
d·Au data taken willi Ihe PllE:'-I1X Me('uu 15~J- and celL!c"l Au-Au and p-p (bottom) :'<OIC that 
Thc suppression of the r"tio at hlo;h p, . ., illdica- the "away-il1<le" peak a~ 1flO" ;. p"",,'nt in \h~ 
t-ive of!-he phenomenon of j<e~ quenching "nd is p-p dat", ~lightly bmaocllCd in thc d-All data, 
cie"cly visiblf. in tb· All-Au dil-t,~. Thi8 lacgc sup- but is not "'-"'II in the Au-All data, suggest.ing a 
prcffiioll is lIot present in tbe d-All dala. sU>!;g""l" ,upp ... ''''ion or the, a-.;·ay_si<if. jet. 
iug thaI a QCP " Hoi fOHnK\ in that ")-';\~l" 

Figllr,-. 2.20; Evid"nC<' of " ri.-.rmllhwd mooiUlll ceca-ted ill Au-Au collisi[)l]" at Vs = 
200 GfV, fWIIl t he m o c experiments P HEKLX [58] and SoIHt}old,J. Track('l' At runc 
(STAR) ["D] 

The a"imuthal (~)rrelat.ioIl fund-ioll is defined as 

n{l'.¢) = 1 1 ~ 
N(ri9!J1'r E; If (ri<P) • 

(2.26) 
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where Ntri9(}'!r is the number of haJrollci with tram;W'm;' lIlomrntum .1GeV < p~;9 < 
6GeV triggeroo on and t; is the tracking dficirncy of the detelCtor. The distribution 
is built from rach high J'r t rigger partide with the !ls,'<o/Ciat.oo particle;s in the ewnt 
with 2GeV < [>1' < p7". Thp nru.r-side peak around <P _ (J which is t.j1)im.l of jet 
citrncture. In tIl(' p-p and d-Au du.t.a, an away-side jet. a.ppears, whielt is i1l.'lO typical. 
of thr ba{'k-to-b.ack produd.ion of high-I}!' jrtK In t l ... central Au-Au data, llOwpver, 
Ihe away-side JX'ak is llOt ,;cen, which Wliectci I it<: aboorpt ioll of thr awaY-bide jet. 

Further inveHtigation of the awaY-Hid" jet 

It "-(J,$ fl(;('n thu.t the awuy-~ide j<'t dist\PI)(;~ almost entirrlv in (~'ntral Au-Au colli­
sions. If the u.way-birlr jrt really did diciappcar. t hen cit ber th ici wa~ due to t\ ~l<:ctioll 
bias, by ""tting the ncar-side trigger tJm:shold too higk or since rnergy is ('01I~fV('(} 
in the di-jrt ICreation proc:<'8S, thr rnrrgy of thr awaY-bide jet i~ t ransfrrred 10 the 
lJlooium. Also, initially, t he rrll,ction planr WM not taken into ao.'Ount Sincc the jrts 
are found in wi llluthu.l oorrrlatiollS. if t here is ~ ) l Oll-~ero azimut hal rorrdatio]) from 
Ill(' tralLWl'l'b(' flow ('C)lllponrnt 1'2, t his rould inflU('n(" thr ob~ryation of the away­
side jet. F\uihrr allulvsi.~ of thr RHIC rl atu. ai m('(1 at resolving the qucstion:; of how 
the away-side jet lOiS<'s it's enrrgy. how thu.t energy is r('(UstriIJllted. how the medium 
recipond~ to the jN, and how th~ effrct.;; changr with ccnt.ral ity and triggPT-partic\e 

" A morlifiCtltion of t.he oorrrlat ion funct.ion d(~:rihed in 2.26 t.ake>; into attDunt 
t1U';bC effoct.s of fiow in the hatkground: 

C(M) = Jet (6.40) + Bkud(M) 

which lli cipecifically writWn a.~ 

C (M) = D (M) H (1 + 2vtl'~ca<2.6.1» 

(2.27) 

(2.28) 

wherr /) (.6.1» is the corrrlation fuuction defiued in 2.26, ~ normaIiscs to the le~-el of 
flow in tit<: backgrouud di~tributiou :63]. and t a.nd a refN to thr t riggered anr1 llil­

.;ociatrd particles respectively. Figure 2.21 sho"",-,; the azimuthal correlation funlCtion 
[or p.air:; of charged hadrOllci with a trigger particle of 2.5GeV < IJr < 4.0GeV a.nd 
as,;ociated particle of LOGeV < Pl' < 2.5GeV, iI.~ mra.~nrrd by the PHENIX oollabo­
ration r63J in Au-Au collisiow; at .jS·c 200 GeV. Anothrr a:.--pect whidt ,;honld be 
take attount of is the eff'oc1: of the react ion piau!." which has the effect of m()(lifying 
the 1'2 of the triggered particle r64]. uotably that l':.l of the triggerrd particle mrxiifipd 
when it is cllkulated with res~t to the reaction plane. \\llile there is not Yl't a 
clear, coIJSistent picture of how the away-side jet. is modified by tlw mMillm (and 
conwrsely, how the rnediwn reacts to the influrnce of the away-side jrt), iIOme effects 
are identifiabLe and are ('urrently moder study. Among these ici the splittiug of the 
away-side JX'ak iu the .6.¢ as a fuuction of cmtmlity (see fignrp 2.22). 1lfldeL~ whidl 
implement jet broadening cannol def;Cribe the dip or thr liM jet shape [65], whilr 
rnode\i; which iuvoke Cerenkov gluolls or rnooiwn dragging effects from liow do not 
describe the data much I)f'tter [66]. On t.he otJl('r hand. C~ulderrv of ai. propOONJ a 
dMach_coue~ or "shock-wa\-e" mechalli@ll to exphill tIl(' away-side jet proJX'rties [70! 
which seems to hold much promi.-;c. 
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Figure 2.21: Corrclation function of pairll of cluu-ged hadroIl,S as meMuroo by t,he 
PHEl\-IX Coliaoorat,ion iu Au-Au oollisioll" at sqrts = 200 GpV for different ('{'utralili",,_ 
The ""lid b",udA indka(~ (hI' .-..;Umalf'<.l blldgwuud oolltribut.ion. 

2.4.5 HC8VY quarkonia s llppn~ssioTi 

"latsui [I,ud Satz are tmdilionlllly <:rc,lil(,l wit!, predictin~ the buppression of heavy 
(jllPorkollia [79J - the J/1/! (ee) ,Illd Y (lib) fwnilirs - i1S a sigmll of the fOflll>1xion o[ the 
QGP. O,,·ing to rll('ir Inrge mass, thl'SP mesous ,Ire prcatcd primarily Pot the earliest 
stPo~es of the pvolUlion of Ill(' ~y~km, 00 they would be slliUthlc to probe the earliCbt 
~r"te. These mesons ru8l.) h,n-e " ~ignifieant decay brallchin~ mtio in ll..., dilepton, 
~peeifieaIly rlimuoll chauuel (see tilble 2.1), Deeay muon:; arc ouly wry slightly aI­
fcet<xi hy subSClluent interactions in the hadroni" m<XIiurn which the quarkDnia de<:ay 
in and "any t he infonllatioll a!:>out the shtt.e of the sy~'-'-'rn (t('mpcratme, energy dell­
sity) Lo Ul(' ddt'1:.-'torb_ It was also though. I hnt -'Tlwrp apJ>car~ to be 110 JIIcchanism for 
J / 1/! suppres.<;ion in nuclear ("lli~iollil, exct'pt till' fOruMI ion of a dueonfiuing plasma, 
and if such ,I plAAma is prmlUl,,-,d, tJ...,re bt't'lIlb to be 110 way to avoid ,J hi) suppression-­
[79]. If this statem,-.m hf'ld s l,rif'tly 1f11e, thell allY deviation of II .... :dcld c,f J I 'i' from 
the ('Xpedtd value could bf, altribUioo 1,0 l\ d('(;Ollfining pl8BlIla. AB w,-. ,J",n R'C, the 
~upprebSi()1l 01' heavy quarkonia mn Polso lK' attributed to purely hadronip prc)("-'lJ.'l<,"'_ 
&forc detailing these, a brief df'S<'ripLion of t1,p [ormation process is in order. 
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2.5 - 4 GeV/c x 2 - 3 GeV/c, All Charge 

~ • Centrality: 0-10' 
-9-

.3 • Ccnlmlily· SO - 40 

""') • Ccnlmlity: f..() - 92 

l-'HENIX Prelimil 

Figun' 2.22: C{"Irreuu.ioll funel,ion with the underlying woot suhtraded f,,.- central (red). 
mid-cent ,-al (hlacl<) and pcriphcra.l. event." (blue), showing the splitting of the ,"wilY-Aide peak 
in central Au-Au t\)llisions at v'S = ZOO GeV, 

4 
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Thble 2.1: lKoro-tmnperature properties of the lowest-lying heavy qllllIhlllia "1-'",1;nnn (bb 
m"l eel [8Oj. 

H eavy quarkollia f"rma tioll 

[I,..fore a discussion of quarkonia ~uppres<;ion mechanllirru;, it i~ appropriate to out­
line the basic propertiel of heavy quarkonia and their dominant formation and decay 
mechanllim~. The cc and M "ector meson families W"e produced not unly in their 
ground Btate; of JjW(lS) and T(tS) relpectively, but abu in biatel uf higher exci­
tatiun, like 1/I'(2S),x,,(1 P) aI}(j similW"ly fur 1\)(' /lj nH;sQns. The pruperties of t.lle&' 
lov,'fflt-lying d' and lib mewns are given in table 2.1. Note Illat the productIon mecll&­
nislllll of d~~j charm an(jl)('auly m('$()ns aI(' qualitatively ~imilW" and so th,.. diocus-­
siun here will apply implicitly to T mes(m~, e"en if the prf'SCIlt discussioll may focus 
at points OIl only Jjw's explicitly. The fOflllfl.tion mochanisms in p-p, p-A and A-A 
collisions will be (liscllssed. 

Formation of Ii; and d' pairs. 

Tbr foonation of heavy quarkonia pairs involve; an interplay between perturhative 
and IlOIl-perturbative QCD. Since the cmum quark mas; me Ilet~ a scale which i~ large 
enough to make the QCD coupling oonstant u. (m~) bllfficiently small, perturbative 
QCD may be used to deocribe the parton-level production of a d: pair. Thereafter, 
the fonuation of a bolUld biate prUCI'edll Il()n-perturhatively and thtNJ effects have 
to be taken into accrlllnt The pQCD-based Coluur SinglM Mu(]cl (CSM) [104[ un .. 
derestimaj('rj thf' high PI yif'lrl of charlllOnium by OV('l" a ll order of magniturle at. th,.. 
TcvatroTl (lO5]. These data can be desc.ribed by the Colour Octet Model (COM) [l[)fj] 
a lld the Colour Evaporation Model (CEM) [107] however. 

The production of quarkonia ill lJ<obi deocribed with a mix of p~rturbativtJ and non­
p<crturbatiytJ approa.che;, sejlarating out the harrl and soft jlarts of the interaction, 
hlwed on the QCD factorisation tllCore!l\. The leading-order QCD processes for d 
pnxluctioTl are!)9 ..... d amI qij --+ &, shown in figllre 2.23 . How"'""r, henvy quarko­
niil. production is know to have significant contributjons from Next-ta-leading order 
(NLO) diagrams [I[)lJ]. These contributions, snch as virtual correctioll8 to the leading 
order prOCeffiffi and soft collinear glrnn emiso;ion:;, increase the total cross-soction. but 
('an be approximately dcsc.ribed as an overall multiplicative foctor increase to the LO 
cross-sect ion. The formation of cc pain; lIlay be dl'ocribed wdl hy 1\'10 pQCD. but 
the fonuation of b01md statpil of charmoniulU occur~ thwugh proces.;es with Blaal] q2, 
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. , 'I ( . , , 

x X >-< ., , c " c ., 

Figun' 2.23: FeYllDlRnn diflgl"= of leading-order (LO) proccssc;; for cc (bb) production. 

which makes the perturbatiV€ approach IQ;l; appliC<lbk. 

The Colom EVdporat ion Model (CEM) 

The process of gluon fusioo prilJl3rily forms a cc pair in a coloUI-odM ~t"t(\ d!'Jlot€<.l 
as (a)8' In order to proouc'€ u re,,) J I ¢ ~ingk>t stute (ee) l' tIl(· syskm hilS t.o neutmli80 
its colour. This pr(){,'€!Xl i~ well deoc.rib€<.l ill u ~imple model e"lhi the Colour Evapo­
ratioTt -"Iodel (CEM). whae tl", colour iR <'Vllpnmtr:d hy sofl. giuon exchange with t.he 
~ulTollnding colour fidd. The tmnsil.ion from (a)~ to (a)] involves an iTttermediat.e 
pn~ rffiOnanGO Rl.llte nf (ceq)\ . 

Quarkonia suppre~sio ll ill the plasma - the ~creening me"hallisru 

According to Suw and K=h [81], from the propen.ies of finit.e temperature quarko­
nium, tJy, intf'.r-quark pn/mtial for non relativisticall .... boUl]d quarkonium at zero 
l.empemture is usually given in the CorJ'eli form: 

a 
V(r,O)=(u--, 

c 
(2.29) 

whefe r i~ the inter-quark sepamtirn] and the paramel.ers are ~ - O.192GeV~,(I ~ 
O.17!.!"),c = 1.32GeV and tnb ~ 4.74bGeV. This potential is modified at higher 
t.emperat.ures due t.o colour screening. 1111d becOOle8 

(2.30) 

wil('.r<' th!' scr<'l'ning mass J.I(:.t") is an increasing funct.ion of t.emperat.ure. At finite 
t.empemture. when r --> 0 the ~ behaviour is dominaTtt., while as r -+ 00, the nmge 
of the potential decreases with I.(T), whkh mukes the Lindi/lg 10;8 dlC('tive with 
ternpelll.tulC. S<:-mi-ciMsiC<llly, th!' ('Bergy iR giV<'ll Ly 

E(r, T) = 2JIlQ + ~ + V(r, T). 
mQr 

where iY)(r2) = c = 1. 1linimising P,(r,T) with respect to r gives the radius of 
boUlld state at. each T. It is JlOt.ed th"t. for a screen iTtg JJlWlS 11(T) aoow " cert.a.in 
nit.k"l valu!' I'j) (:Iv), thaI' is no longer a minimUlllllnd hound st.ates call1l()t forlll. 
!\ote al~ thaI. J.lf) is independmt. of Tf), but Tn depends on t.he fundiollal form of 
lin. The screening ma...o,s is smaller for higher m8.lXl resorlaltOOS, which rneuTt~ that 
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higher rf'_<;(}nilllces are "melt-et!" bdore the mort' l.i!;hlly bound lower mass ones, One 
t"'-'rclore expeeiS the Sffjuential suppreESioo pal teru of bb and rE families, with f.g. 
t ill' Til melting before the Y' b<cfore the Y. Taking into aIT.OUllL fa><i-down from 
the dem:. of higher-lying reoonanCl'S, I,he suppreESion patterncl cawuiatt'(j by Digal. 
Petfe('zk" ano Satz [Il l] are ~hown in figure 2.24, 

1 --, 
08 

"' 
Oi 

UI' 

04 G," -

0.2 

"' 
0 

" "' l' , " , " " " " 
, ,,~ , 

m, m, 

Figure 2.24: The J I<IJ (len) fLnd T (right) suppre>.sion patterns as a function of temperature 
,."lativi' to 1.1lf' criti~al l.i'mp""atllN' of 1.1", pbruna from [Ill j , 

2.4.6 ~oll-pll.l!;mu suppression m echanis m s 

As noted ahovc, il. hus lx.,,'n shoWli I hat the yidd of quarkonia may also be ouppre&'!ed 
by purdy hndrOilir means. 1t is essent ifll to be able to have a reliable handle 0" 
these medlanisms, in onler 1.0 dl'scribe properl: .. l.lw extent of plasma suppression 
(for un overview of .l It) suppression medlanisms, see for eXillllple reference [!J4]). 
Two collspicuous mechanism exisl. for the suppression of quarkonia which will be 
deRl'ribed below. The first, nudear aboorpl inn, is a final-stal.e effect. while thf' 8emnd, 
"shadowing" is an inil.ial-state dred. 

Nuclear absorpt ion 

Accordin!; to t llf' ~binary-»calin!;" assum ption of hard proceooob dc»crilX'd above, tlK' 
ero:,8-sect ion of J/!" production innuclellli-n\}ck'u~ collbiollil should scale as 

(2.32) 

where A anti H reprefi('nt I,he mass llUlllber of I he projectile and target respecthf'ly 
and G'w is the crnss-Sl'CI,inn of qllarkonia formal ion in p-p collisinns, Tllis simple 
parametrisatioll Willi modified somewhat in thl' light of J/,+" jlFoduction data from 
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p-A l'Ulli~ion~ at th" SPS [83, 85[ Il.ll.d Fermilah Nati()[h"ll Accelerator Laborator,,, 
(FNAL) 193,881 ha"..; ~hovm that thi~ p,rnling relation L~ modified hy a factor [\ : 

(2.33) 

wll('re a takes all of Lhe nuclear effects into accOlUl\.. Thi~ nurlmr dep"ndrnc(' iR 
illusLraLed for the WA38 data ill figur" 2.4.6 aw! typical mlues of a at. the SPS are 
around 0.92 [b5 ]. 

This suppresood yield of quarlrunia product.ion rdati\"e to ~xper.t.cd hina.l"y-seiling 
predictions is founr! to be similar for thr. J/~'} as for the ~;. This rlL'lCovery lead Lo 
the eOlldus;on t.hat it ari~ from prc-rr:son<'lll<":e ll1.sorj)t.ion of the cC sLate ill th" sur­
rounding nuclear matter created during the collisiou 183, 84. 861 . bince th" fl'OCJllaJll"'l 
and growld-state of the cc pair ha\"'l ~ig:ni!ic-antl}' difIrrent radi i and wuulr! thus b<: 
expected to have different ha.drouic aOOorptioli cros.;.-sectiolls. 

l 
, 

• , < 

'" J , 
• , 

'H \! I! , ., , ••• 
••• 

, 
" " 

, ()..Cy. o_u '·U 
••• ' 0_ 

" ~r' J ••• -"". 1 ..-,- ' , 
• , • • , • , • , 

~(fm) 

Figurr 2.25: .J I'" CrQAA-OO<"tiOllR pIlI" nndeon, tin"," dimu0D branching mtio, as '" function 
of unclmr size tt!kcu from [85[ _ The line C0l'I"WjKJIlds to the best lit to th" Jimdion BiJiJ = 
"o(A x B),,-l 

Co-mover absorption 

D11(' \.0 t.he very large numher of produced particlrs in heavy-ion collisiOlLS, it i~ 

not unreasonable to ~xP"Ct that th" J/>lJ n1('oons fonnf>(i during the ,,\~)lution of til" 
produc'ed state ~uffer fiJlal-~tate interllction8_ Theti<' finfll-Rtatr intrrar.t.ionR fire often 
referrNl t.o as "co-nH)Vl'r" intall.<."tion". since th" J/lp is a tightly hound state and 
woulr! have t.o int"ntct with pnrtideA very llilM to it. in pha .. <;e Rpac:tJ. This process wa.~ 
initifllly propooed hy Brodsky and Mueller [b9] as a.1l effect at the part.onie levd on thr 
production of J/t/) particlr~_ Kha17<:<'v ct al dr,.--ribrd Il mudcl [9{~ which eX]JfeASllS 
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the oo-movcr ~upprc>8SioJ) of J!\.> M a function of the Illtlllber of wounded llIt<:loolL~. 

whil~ Armcsto, Capo"lla und Ferreiro Wle an expression for the co-moV('r suppression 
h,l.'lf>d on tIl(' Dllal-Pa.rtOJl M oopl (D Pill) modl'l [911. This descript.ioll of t hf eo-mOYfr 
s11ppression fJo!>"1llll t.o descrirw ma,;t tit(' .:-.IA50 data very well, at 158 GeV [92]. Fig1l1lC 

.. -'C' 0, '~98 j o "'l> - "'l> '99" M;n , 0' 
D~ "' '~w ";n. B'a . 

'" ~ ~ M ,. U. ,. 
F~,«' .. V1 

Figure 2.26: Ratio of J It!; to Drcll-y"" produ~tion fl." " function of E.j' measured by NA50. 
The dashed line i" the llOflllal uudcar "oomption moof'l ,112'. Tlw 'lUlid line i" "CtHllovcr 

"bsorptiun ~alculaLion 19'2J 

2.26 shows the KA50 nilta for t,he rat.io of mCMUrf'd to pxp€(,ted" is !;hown along with 
a Glauber nuclear absorpt ion ~urve, as well IJS t h~ co-moV('r ahsorption dl\Scribed in 
[91], Ilsing a co-mover absorption ~rObS-sr-ct.ioll of 1 mb. Thf ClHnO\W abwrption 
dl'O;lTibeti the peripht'ral bins well, but under-prenir-ts thf 811pprcssion at Iligll-Er . 

Shadowing 

Aprui from t.he fillnl-st.at~ 1lI1c1far ffff'{;t of hadronic abwrption, there exists anothfr 
im])ort.ilnt. mooifiroat ion of thc yield of quurkonia from non-plasma mechanisms. This 
is an initial-stilte effeo:t., due t,o t.he modifir,ation of thf ghlOn structure function at 
higll density. Shovm in figure 2.27, is the nuclea.r part.oll distributioJ) f11nction (nPDF) 
caleulated by Eskola et al [95, 96, 97] for different miu"'8 of fOllr-illOlllfllt1li1l f'Xchange 
(c.F). Thi~ fllnetion S11O\\1; the ratio Rt as a function of x and Q2. H,cr~, X is th~ 
fraction of t,he 1.otainllcif'On monl('nttlli carried by t he gluon and Q2 is the t.fflllsfern:d 
four-lIlomentum. Til(' mt,io US is dpfiuf'U as 

11' ( . Q') _ fbi (.t, Q2) 
ox, A . fg(.t,Q'l" (2.34) 

.~ 
' Proportional tD binary-!!Caling Drell-Yan pmdnc1;ion, "" ill figure 2.2~ 
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where 19 (x, 1'2) iA the gll!On ni<lriblltion function within the nucleon ann I; (x. Q2) i, 
I he gluon diRtriblltion fl!lletion within the nudel!f;. hom the di,lrib lll ion~ shown in 
figllre 2.27, it i< olJt.oerved that there are reg:iollJ~, at higll-X, where the ratio is greater 
than unity and regions, at low-x, where it. is less. These regions are referred to re­
spectively &; "anti-shadowing" and "shadowing" _ Since one of the U10~t il1lportant 
prodUdion me<:hani~lll.'; of quarkouia is gluon fu~ion, if Ihe lltUllhcr of gluon~ is de­
creased in a given rauge, the }~eld of quarkC)Jlia ",ill corr<:>;pondingly be ~uppre~_ 
Thi~ mcchanisUl i~ an initiahtate effect, a~ opposed to the final-f!taw cffN't~ pfl~ 
,~ously dc.KTihed, hut oontrihut<:>; noncthe[<'R.~ to the Cl\'Cfali quarkouia suppr<'Nl;ion 
pattern_ 

ll=208 

" , I 

x 

", "I 

, , , 

", " 

Figme 2.27: Calculation of the llUckar modificahou of the gllKlu d()lL';ity rlue to th" cifect 
of 'shadw-ing". take!) from [95j 

2.4.7 J N suppression from SPS and RHTC 

The n:,m[t" from the SPS expf'rimrnt NA50 on J h'l production as a function of 
energy dellliity (whirl! i< related to cemrality as diHcus.'J€d above) ohowro in 2000 
that tll<.'rc is a threshokl effect. The ratio of the J/1JJ yield (measured in the di­
muon necay cllB.l1llCI [1l2]) <XJmparol to th€ yield expocted from a fit 10 "normal" 
nuclear suppression descrilJ<xl above is shown figure 2.28. It is dear that in the most 
central Pb--PlJ <'O\Ji~ion~ (corresponding to the higbe;t energ)'--density), tll<.'re is an 
"aJlOJlIaJou~;' ~uppn',;~ion beyond what i~ €xpe<:,oted by norlllal nuclear suppression. 

T he PHENIX mUaboration IJ.8j; ~iJ1CC made oowral mraaurement,; of the J /lj,' di~­

trihution~ flll a function of y, '/>J' a.nd (;Cntrality, [113, 115, 114; 1161_ It. can lK- ~n 
from figure 2.29 that there is signifieant suppression in the yield of J /1/! mesons in 
Au-All collisions at V;; = 200 GeV a:; a fum:tion of crntrality_ Thr yield i~ also 
11l000C suppre~ at mid rapiditic~ than at forward rapiditirs [l1GI - a trend which is 
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Figure 2.28: Comparison of mc"",,ur<."<..i suppru<siou of J /.;; to that ""poctf'<i from "orma! 
nuclear suppression, showing a threshold of ""nolJlalo\ls~ suppression Hear 2.2 G:,y /f1ll3. 

contrary to predictions using regClJeration models [1171 and CO-lllowr models [1l81. 
It. is still not yet clear to what extent regeneration and llormal nuclear suppression 
an: prcsrnt. in rile RHIC data. R,'Cent In-In data from NAGO may help to clarify 
rhe sit.ua.tion, but it is thought that regeneration would piay a more significant role 
in PlJ..Pb collisions at the LHe dill' to the higher abundance of cllarm and heauty 
quarks. 

2.5 The challenge for ALICE 

It. Iw.~ been sllOwn rhat t.hc cxisl.cnec of a qunrk-glUOIl plasma e(lll never be detected 
directly (Il1(1 cxperimenr.s have 1.0 rdy on indiroct. informfl.!.ion lUll! t.hoorc tical signa­
turcs in or<lcr 10 lllake stfl.!.ements on t.he presence of this stale. Of thp experimenrnl 
signal.Ur('8 discussed abow, the most rel~·(Ill!. for this study is the 8upprcssion of 
quarkonia. since the ALICE dimuon spectrometer is spt'Cifically designl'd to measure 
the ~pt.'Ctra of nJUOIlli with high accuracy and aoceptalll'e. 

The ALICE experimental tlI.'t.up will be discutlSl"j in the next chapter, with em­
phasis on the diIlluon spoctromel.cr. The challenh'C for ALICE will bf'to separate out 
hadronic from plasma clTcct.s in order I~) make rl'liablc stal.ements on the existence 
and nature of the quark-gluon plasma if it is indeed formffi in collisions at t.he LlIC. 
In order w achieve this goal, the l'Xl)eriment has been designl'd to measure several 01>­
servablrs sinmltallC0usly, with an array of dedicated syswms. These will be described 
in detail in the nl'xt chapter. 
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2.5. THE CHALLENGE FOR ALICE 
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Figure 2.2~} RA ,! of J It!; meoons measured in Au-Au ooUi;;tons M v' = 200 G~V as '" 
timet.iOll of Ci'n~ra.lity (NNp.<>nl [1 16]- The \OP palle sh()ws RAA at. wid- 3mi f()[ward rtll'idlt.y, 
while the bot tom fnunc show" t"'" ratio ha"""'Il RAA l1l<JOOured 3t forward rapidity, to that. 
JMMured tl.t mitl-rapidity_ 
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Chapter 3 

The ALICE experiment at CERN's 
Large Hadronic Collider (LHC) 

ALICE is one of four major experimental installationR - and til(' ouly experiment 
dc,licated to heavy-joil collisiulllI at the LHe. The Lru-gp HadrOlli,~ Collider (LHC) will 
be ail'" to collide a varieL), of symmMrk allel f\.~YIllJllrtric 8ystems. ranging from light 
systems (p-p, Ar-Ar fmc] p-Ph), to 'irry heavy ~y8tems like Ph-Pb. In this dmpler, 
a brief d~cription of !.hf' <Xlllid('r and th,· ("JIllI'"ncnts of t he ALICE f'Jo:perimcnt will 
br givf'll. 

:3.1 The Large Hadron Collider 

TIl<; LHC will be the lw-gest acceleratu! in the world to ('ollirlr hensy ions aud is OOillg 
built in the same twmel till the 25.559 km-circumferf'IHX' Large Eketrou-P08itroll 
(LEP) ring. A8 "Heil, tile physics rt'gime OPf'JlOO up by this muthiu<' will represent 
('X~x.rinl<'Iltully ullchartoo territory In the theory of QeD. The nOllliuw operating 
parUlndrrs of the aox'elerator are given in lflhlf' 3.1. 

Apart from ru.rming Ph-Pb tu CTf'>l.1f' 1.hf' larget;t, deusc1St, hottest system poosi­
ble. comrol experimcntR of lighter ions alC scil{,hlled to investigate till' RyRlf'm ~i"c 
uependenCf' of I.hf' rf'SuitR. TIl("Re indudr : 

• Inkrm{,liatc maSIJ iuus, ~uch a~ Ar-Ar. Dep{'nding 011 the t('I;ults of thc ArgutJ 
run.';. the LHC tall ao·dcrate symmetric beams of uther intermooilltc lllll&; iOIlS, 

pp h-Pb 
Energy per nucleon 'ff'V) 7 2.76 

DUIl<lI l("ngth (cm) 7.55 7.94 
Beam raJilli (Iun) 71. 1.5.9 

Ions prr bUIlCh 1.1 . 10 7.0i)· 10' 
Lumi.uosity (cm· R·· <:\.10- [[) 

Time rwlwf'f'JI bundlrS (ns) 24.95 99.3 

Table 3.1: Priuciple pmrull.('tern of the Large H"dronic Collide!" at CEllN [120]' [1411. 

43 
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3.1. THE LAR G E HADRON COLLIDER 44 

such ab Sn. Kr, Nand 0 

• E1em~nt.a'y lludf<)n-nudoon oollisions. Theoo indudf' PP. p-A aud oth~r ~p­
likJo" bystem~, f.g. d-d ur a-a. The data from these CXpprllnf'nts is nccf'SSary t.o 
provide the relevant referClK"e informatiou to t.he hpavif'r sybtems. 

Th~ LIIC will lJUve several intpraction points - regions where thp roHmer-moving 
beams of nuclei uverlap - wher~ the larg~ experimental halls will house 1 hp four 
~xperiments : Cl\IS. ATLAS, LHCh and ALICE. A sdlcmatic diagram of the 1(l.yuut 
of th~ accelerator complex can h€ 8Cf'n in figure 3.1, withALiCE at point 2. 

II" -. 
.'-~ 

< _. , 
, , . n , 

~ - :"-0 - . ..., 
---, ,. 

--
/ ... _-;;; .... ,/ 
./ 

Ma.p of CERN sites and LHC ilCcess points 

Figme 3.1: The LHC IlCCpjemtor romplex at CEIJ.K. showmg the lora.tiOil of thc four 
P"pcrllIlcmru halls. indud.inj>; the ALICE e>:p<.'riment (Point 2). 

The first throo experimf'Jlts in t.his Jist will bp focused on probing signalci predicted 
by the Standard lIodel, while thp h.~t. is dl'Signed with (l. very different gool in mind. 
the ~arch fur and exploration of 1.hr- QGP. 
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3.2. T HE ALICE EXPER IMENT OVERVIEW 45 

3 .2 The A LTCE experiment overview 

TIle ALlCE experimrnt will br pJ(l.COO iu thr <'(lvern prrviously orrupied by the L3 f'X­

perilllelit at LEP ) 21], at intrr(l.Ctioll point 2. It cou~ib"ts of a wide variety of detector 
subsystems, which will allOll' it to study maIW different observables simultanoously. 
It "'ill have excellent traeking and particle identification in the mid rapidity region, 
and g()()(} coverage in y aIld P1" for specific oUservaules, like dilllllOns and photons. 
The ALlCE detector consists of a C('ntral part containing most of tllf' Rubsystrln.~. 
(I dillluon wm (II. b(l.('kv,"Md rapidit.y in the LHC co-ordin(lJe frWllr, and scveral sun­
~j"btrms for event <,\mr(l.('terisation and triggrring at forward rupiditics. A schematic 
diflgrrun of the overall ALlCE rJep!'rimrntal appw"Ws is showu iu figure ~.2 , where 
the detector componrnts are indicated. A drscription of thr detector suiJb-ystellls is 
~<:iVf'n l.>elow, aud wi!! be grnuped into various sections - the ceutral ~-ysteIllS, the for­
ward detectors and the dimuon sprctrometrr which thr nature of this thesis requires 
a special focus Oil. In ordrr to provide the rxperimrntal context. to these systems, a 
short description of tllf' othrr importaIlt sub-detectors and systems will be given too. 
iucluding tbf. Trigger and DAQ f'ysteills and tllf' computing frrunf'work. 

• 

LYIW"tM' 

Fi~"lfC 3.2: ::lchmna.tic dia.gra.m of the ALICE detoctor, to scale. showing; ' "Mious sub"}"".. 
w=. 

a.a The central (barrel) ALICE systems 

The cf'nlral ~barrrl" of ALICE consi~r$ of a Uf'IL'<e varif'ty of intcgmtrd detector 
l.yp t'S around thf' intf'-Iaction vrrtr-x, dominated by a TPC. Complementing the TPC 
is an ITS based on 3 difi'erf'nt silicon detector tCl'Jmologies. Tilf' TPC wid ITS arc 
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3.3. T H E CENT RAL (BARR:E~) ALICE SYSTEMS 46 

Table 3.2: Re<IoJu\io" par8met~.r8 for tbe lnner Tr,.,-king Sy"t.em for hlnglc and double 
trar;ks 

situat.ed inside t.lie large L:l lllUgnl'\., whk h providrs th€ I'<)lenoidal magnetic field 
required to pruvi<le mompn\.Um inforlllil.tion on the tradrnd partieles. These other 
det.cctors Ileip in meu.~uri ng s[J<'cifi c signaL~, or with overall particlc identificat.ion 
(PIO); evpnt "h,u-fIGteris"t.ion or triggrring, They include a Transitioll Radiation 
Deta,{,or (TRO), Time of Flight. (TOF), High Momentum Particle IDentificat.ion 
(fL\IPTD) and PHOt.on Sp",,;tromrt.e.r (PHOS) dr't(-ctors and Viill be described briefly 
b0low. 

3.3.1 The L:1 maguet 

All 01' the (CPlltn,1 drtDCt.oTS dcscrilx-d below are situated within tile vulume 01' the 
large ccntrallllUgact.. l~"t u.~ for the 13 experiment at LEP. TIlis lllagn<.Jt. Im.~ a 5m 
radius and iti 12 tnPtrr& long, providing a maximal wlenoidal field for use in ALICE 
of 0.5 T. In tlJiti mtLgnNic- ficld charged particles fire d("\iated by the Lorentz forc'€, 
enabling tlI..> (:('nt,rnJ. trc,(:king ~ystcms to perform tradting down to very low trans'-erse 
momrntmn, about Pr > 100 :\IeV Ic. 

3.3.2 The Inner Tracking Chamber (ITS) 

Thr ITS [1221 l ias six detection layers covering the rapidity rcgion of 1111 < 0,9, with 
high spatial resoJ.ution used mainly for tracking and dccfl} vertex determinat ion. The 
mdillB. tedlllology and segmentation of the detector ,ur' optimised to satisfy eertain 
cotl.~traintR, inriuriing physics observables and efficiency. Thr components of thc ITS, 
iJX'n in figmp 3,3 fire pixel, drift, and ~trip detcctors, TIle Silicon Pixel Oetedor 
(SPO) providffi lI(,'{;mate vertex iuformation, while thr Silicon Drift Detector (SOD) 
prnvidcs flnalog dEldx for PID purpooos. The Silkon Strip Ddcct.or (SSD) provides 
"tnLck-matching mpflbility which the TI'C~ t.o improve it.s tracking. 

With t.his setup, the ITS i~ l'fIpable 01' determining" vrry precise event vrrkx (see 
t.~hle 3,2), fill wel l as 8a'Ondary vertices from h€avy flavour decay. 'J h08(' i:ocludr heavy 
flflvom (chflrm and beauty) meoons, 8b well 8b strange b.'lJ,)'ms (A, S.!J) fIIld mesol!>; 
( K~, </>' dc). 1t has illITeru;eci acceptanc'€ l'Ornpared to the TPe for low momentum 
(PT < l(X) McV) traeks and increa.'0e3 tIle resolution on high />1 tracks with the 
addition of the TPG 
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3.3. THE CENTRAL (DARREL) ALICE SYSTEMS 

"'1<11< , -'" 
'l,!"T'''' 

Figurc 3.3: Thf' Inn<rr Tracl<ing Sym;(,1ll, showing the v"riOIlA OOHlp01lf'nt 13)''''''8 of siliwu 

3.3.3 The Time Projeclion Ch,lmber (TPC) 

The TPC [123[ is the heart of tile inner detectors, providiug track identification, 
momentum and energy loos information for most of the chargl'Q partideJl creatl'<i in 
the nnclear ('olliBion. It has a cylindrkal shape (see figure 3.4), wilh an inncr radius 
of abont 8S cm, an onler radins of about 2SO ('ill and a length of alXlIIl SOO cm. Thc 
inner radins was choBen to give an average mnillpikity of 0.1-0.2 parlidcs.cm-2 (in 
thc IransV('rS(' plane) and Ihe onl('r radiu.s WIIS ehOS('n W obt.ain a df;ldx rcsolution 
for doctrons of less Ihan 10 %. This givcs the TI'C an ac('i'pl.(Ul('i' of about 11/1 < 0.9 
in pscuriorapidily fUld IOU McV Ie < If[ < 100 Gl'V Ic in lransvl'rsc momcntum fOf 
charged leads. To kocp Ihe ocrupaney managCllille, thc rictector is segmented iuto 
about 560 UOO n:-adonl paris of thn:c diffcrcnl siz('8, dl'JlCnding on thl' radial ("0-

onlinal.l' on the endeaps. 

3.3.4 The Transition Radiation Detector (TRD) 

The TraruJition Radiation Detector (TRD) [124', shown ill figure 3.5, is silnal or! radio 
ally bctvrecn the TPC UJld the TOF (described belO\\l), ill order 1.0 delectlll(' lransilion 
radiation of charged partick's as Ih"j' trawrse from oue illl>ciilllU to the next. II al­
lows very good e -" separation for track:; with 'Pc < 1 GeV/c (where the TPC e-7I" 
rcjo('tion dfi(,jl'lIcy drops) tlml will t\('tt'pt ahllost all eledroll:; in tile range 1'7[ < 0.9. 
Thl' TRD is a lso a vcry fasl. dol.<xl.or, and lIS su(,h call be u&d l\.'j a trigger for high 
Pr leptons. Such a Irigger will C<:lnsirif'rably in('rcIW Ihe ll('-avy flavuur (1 a"d J/0 
families) yiehl ill the high-lUass region of the riilepwn spcclrum. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3.3. THE CENTRAL (BARREL) ALICE SYSTEMS 
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48 

Figure 3.4: Srl.tCllmt>C ~,&C diI!;l,r>W\ of the ALICE Ti(ne Pmje<:lioll Uhamb"'" showing 
~upport spokt;8 , and innoc and uuler >nel·ions. 

The TIlD is a segmented deteetor WJ~istilLg of 540 sub-deketors flntl has a iotal 
sel~iiive area of 750 mIll~. 

3.3.5 The Time of Flight (TO F) detector 

The tinl<" uf flight dele<:'tor [1251 is used for variide identification anti cowrs the 
full azimuth in the pocudorapidity region of I'll < 0.9. In ('<.mjlU",Uun with the ITS 
and TT'C , it ean be u.sed Oil aIL evelLt-by-eW'Jlt basis to SCp(ll"fll;e oui pions, kanns and 
protUI~ with 0.2 GeV Ie < PI < 2.5 G,-.V Ie. The eylindrk.al device is situated radially 
ju~t h,-.yond the TRD. TI>(' dim,-.nsions of the modules maidl those of the TRD and 
TPC, ill'll are unangoo in sud! a way that the joinin~ ar€a'l of the modulus are aligned 
with the dead area:; of other det('Ctors pruj!.XtOO from the interaction poinl , whirll 
ereateb lllinimal dead ZOlleb (~figure 3.6). 

:1.:1.6 The High Momentum Pmticle IDentification (H11PID) 
detector 

As it5 name impl~ , the H1IPID [I2GI i.~ de~igned to identify very high mOIllenl11lll 
partideb, albeit in a limited aCl'eptilllce - unly about 10 o/c of Ihe central barrel 
ao::eptalLcc. It ib optiTll ibUd t'J ocparale out 7rIK and Kip up to transverse momenta 
of about 3 G,-.V Ic (llld 5 GeV 1(' respectively. Th€ HlvIPlD is a Iling-Irllaging C-erenkov 
detector (RICH) design, mounted ill an independent support cradle at. a dibtalLcc of 
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3.4. TIlE FORWARD- RAPlDlTY ALlCE DETECTORS 49 

~'igur{' 3.5: Schematic digram of the ALICE l'ra.ruJtioo Radiation Detoctoc (to seale) 

about 4.8 III from the nominal vertex. The cradk' is fixed in the space fraUle at about 
the two-o-clock posit.ion (see figure 3.6). 

3.3.7 The PHOton Spectrometer (PHOS) 

The ALICE photon spectrolllef.l'r [127[ is a high-rt'OOlution electromagnetic spectrom­
eter, which is designed to detect photons in fllilllitffi acC£1)tance fit mid-rapidity. It 
call provide neutral meson (e.g. 11"0) ami photon identification. As seell in figure :1.1:;, 
it is jXl6itiolll'tl at til\' hottom of the ALICE c('lItral burrel. 460 ('Ill radially di&t.alll. 
from the intNaction WItcx, oow'ring th~ psrudorapidity region of -0.12 -:::: 1/?: 0.12 
fllld 1000 in fl2imuth, giving fl. total SC'nsitiw fl.f('fI of about. 8 1ll2. 

With th(' PIIOS, ALICE will he able to st.udy I.il(' QGP by nWMuring dirC(:t pho­
tOll~ (as described in R'Ction 2.4.4), which make np about 10 - 15 % of th(' total 
photonic crO!<&-R'Ction. In addition, it will be able to ~tudy jet quenching, by m('fI­
suring th,' high 1ll0llll'ntlll1l light lIl~l9On yieki through the dOininant decay channel. of 
Jr'l __ 2, aud 11---4 21'- [I. v;';ll also mrMure event.-by-eVl'ut fiuctuat.ion~ of tlw pboton 
)~ rld oomparPtl to th(' rharg~d jJart.ide yidd, whirh is predicted as a Slgual of the 
Ol",et of rhiral sylllmrtry rcstoration. 

3.4 The forward-rapidit.y ALICE det.edol"s 

T11('fr r,xist ill ALleE a &;t. of forward dr,",Mors for the drtenllinatioll of the owrall 
ulldcrl)~ng <:'V\:nt centrality filld multiplicity for glob!ll triggering and other col[isiou 
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3.4. THE FORWARD-RAPIDITY ALICE DETECTORS 50 

101" "".,,"' (PI.",) _ "'<PI~ _ P .f(}S 

Figme 3.6: Schem>ltk dillgntlIl of the TOF {~eJltraJ barrel), PHOS (10""") and IDIPID 
(top) dNe<:tors in the ALICE cX))<.'I"illlcnt , to s<:1'Ile. 

informiltion' 

Th" 7,"1"0 degree calorimeter (ZDC) 

The sj;f'<'t.ator nur]roJls in t he collision are detected by the ZOCs placed at 116 m 
froUl the interaction poiut. Oil both sides of the Vl'rtcx. Since the zoe's aroo so far 
along the tunnel. they cannot provide a UJ signal in the tiwe requirod, but thry use 
Ihroo levels of di5CIimination to provide an 11 triAAoor input for thr different centrality 
classes. 

3.4.1 The Photon Multiplicity Detector (PMD) 

The PMO is situated 360 em froUl the interaction point , in the forward rapidity region 
(opposite t.he diwuon spertromct.erj alld COvelli l.he full a1'imuth in the pseudorapidity 
rcgion of 2.3 ::; 'I :::: 3.5. It lUi>; an eiectfOllics s~tem siwilar to that of the di muon arm. 
fllld d('\CCls photoJls in t lK' smnc pha&,..SPfICC &; tlw dimuon sp('(~trometer, milking it 
useful for rorJ"{'lat.ion studWR in conjunction with t.hc dimuon sj;f'<'tromctrr. The 
PMD r= mCabure evcnl~by-event photon spatia l distribution~ (ill the 'I ~ ¢) plane. 
Tltis is a100 p06:;ible with \lK' dimuOll spcctrometer and allows Il. Btudy of rvent-by­
event flUCtllll.tiOllS fllld flow. Apart from QCP sign;ili;, C\"rJlt rhn.roctrristics ~uch a.o; 

tbe traa"vcl"S(' rloctromagnet.ir energy and reaction plane are mCaburable with the 

1 S:C ... ""'"lion 2.4.1 for 3I.J explanation of how th""" <1e ... ·'"\on; ace u .... ..t to ",tiUlute centrality. 
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3.4. TH E FORWARD- RAPIDITY ALICE DETEC T ORS til 

Fi~ure 3.7: The ALICE Zero degree mlorirndCf (ZDe), next to the [warn pipe. 

Pl\ID. which make it invaluable for lUak:in~ flow and Hanbnry-Brown Twiss (UllT) 
in terf e rometry mea.'lurem ents. 

;1.4.2 The Forward 1\1ultiplicity Detector 

This det.retor consists of 5 cOllCf'ntric silicon strip ring counters plaool on 10th rntis 
of the in\.eraction region, cOVf'ring the j:t;eudorupidity region of -3.4 < 'I < -1.7 and 
L 7 < T/ < 5.4. It is used for me&;uring the multiplicit.y of charged particles, but. its 
slow readout time does not allow it to parlieipate in tlJC LO trigger, althongh it docs 
have an inl'ut into tlJC L2 signaL It. is sc~mented iuto 5 aIlluli of silicon ~trip detect-ors 
(2 in the forward and 3 in t.he ba~kward region of the vert.cx), witll t\!,"O different typffi 
(int.crnaJ aJld ex\.ernul), which form 20 and.tO scc(.Ors ill ¢ respectively. The F;)"1D ~an 
tJP used to study signil1~ which appellf in multiplicity Vilfilltions of chru:gf'tl pmticles, 
SUcil a.'l event-by-event fluctuations and flow, but is also useful in detf'rmining tllf' 
ccutrality of the eV{'[lt. TIle ITS ill conjunction with the Fl\!D giVffi a lmost 4r. 
coverage of charged particle production. 

;1.4.3 The TO and VO detectors 

Timing is crucial for many dctect-ors, which need II ~Btart"' signal. The TO plays tills 
important role, giving a precise measurement of the collision st.art t.imp for t.he TOF 
aIKI trigger electronics. It is lIIaoc up of two arrays of 12 Cerenkov counters each, 
r",ad out by tiue mc»h phot.omultiplier t.ul)('>;. '1'1,.., arrays are pllJ,{'('(] on either end 
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3.5. T HE DIMUON SPEC TROME T ER 

.... 

Figuw 3.8: A ,;ch~Jllalic diagralll of the ALICE Pholon I'Ifllltiplicily Ikteclor (P'\ID) (I" 
ocale) 

of the ' .... r\el{ region. at z = -350 em {TOr,} and z - 70 cm (TOil) The fast outpnt 
signal is used as an input to tlK' LO dectronics logic, and is usen!.o trigger on eVl'nts 
and reject beam-gas background. Thert' is also an input into Ihe pre-trigger from the 
co-incidenc<c of the TO and the TRD. Th~' time rmolution of the TO is about ~o p~ 
and it's vertex resolution is of the order of cm. 

The VO detector is compooed of two SoPts of rarlially and azimuthally segmrulM 
scintillators pJac'<XI OIl eilher side of the imerartion vertex. v;~th the plll'pa;e of pro­
viding accurate vertex information. This YCliex position information is USE'<I to filter 
out particles which do not come from the primal,!" Vl'rtex. in order to improYf' t.he 
centralit y estimat ion by providing a mow relial)Je mull iplicit.y measurement.. 

3.5 The dinmon spectromeler 

11lC dimUOll bpoctromda 11281 will form the focus of the d('SCription of the ALICE 
detector compo"e"t~, ,;nec the pby1:\iC!:l ~ignab I'll are interested in will be measured 
wit h Ilti~ detector. 11 providC1:l a ~1iC<:ific eapability to ~t\ldy the muon~ from the decay 
of particl<); produced ill !wavy ion oollisious. 

The sl>('('jrom~ter j~ ~itlmted at backward rapidities in the polar range of 171"-
17SO (-1 S 112: -2.5) IUld covcn; the full azimuth. Using the ZDe. PI'IID and ITS 
ill conjunction v;~lh t.he dinlUon spectromet.r-r. ALICE has Ihe rapability to directly 
compare the yield of quarkollia in diffcrt'nt regions of pitlISt' spaC<:'. and as a funcl ion 



Univ
ers

ity
 of

  C
ap

e T
ow

n

3.5. THE DIMUON SPECTROMETER 53 

of cent.raliTy. The poRsiJ.,ility aloo exiSB to ~tucly e+l- - ,.-1+ Ct)-inci,lcnCCtl with too 
TRD, in ordcr to enhance an open heavy flavour mC>\Sur('!lIen/" 

The bMie design of t.he dctcx:tor muf!t fulfil the criteria impoocd 011 it arising from 
the experimentl).l environment, EAAf-ntilJ.ily, t.h., mcanR taking oceoulIt of the pact-ide 
multiplidty, interartion r!).le and invariam lllMR r('f;()lution required to SCPl).rate out 
vuriOUR 'onium Rp€('ieR2 . The most stringent. requirements I).re flet in the eMe of ccnt.rlJ.i 
Pb--PJ., l"Ol1i~ions. where !he multiplidty ill the highest. The lllaXUUUIll cxpcct€(i hit 
'lensity in thiR environmf'nt ,1e.:;refl8es all I). function of z from about ~II""", = 4· \O-~ 
mm-2 on the fir~t ~tation, to ~,bollt 2t11mru: = 1 ' 1O~2 lllm-2 on Btabon 3". 

The spatial rC!'<Jlution of hit. rC('ollstrtK'tion on the chnlllbCT~ has a ,lireet influence 
on The momentum ,letf'rmirw,tion and hence the ma.~s resolution. A spatial resolution 
of aoont "XlI < lOO 11m i~ need{'(1 to adlieve a ma.~s rcrolution lOO 1IcV /c2 , whi<:h i~ in 
turn requirffi in ordf'r to separaw Oll!, the sub-stateR of heavy-qu."U"konia reROnWl(CS. 
Other far,tors which would degradf' the momentulli rf'flOlut.Klll arf' mllitiple R('attering 
an,l incffidef>des in the detoctor. For this reason, the l,hi<:kllC!'<; of the active ~uTfaccs of 
t.he trocking dwmbeffi are lCf'S than 3% of the radiation length Xo and t.he dficieney 
of the detC('tors, taking imo account dead areas, i~ grrotcr t.han 90%. A furt.her 
niterion for the dimuon RjXX'lromckr i~ that it. Mould h,"l.vc good acceptanc"e at. low 
P-l for muoll:O;. 

The spectrometer COnSi~l.fC of 5 sets of tracking stations, and 2 trigger ~tatiorm. The 
detect.ors thf'IDSf'lves arf' of a segmented cathode strip chamber design, which will be 
described in detail bf'low, however it is worthwhile to note here that the the segmen­
tation of the detector ha.~ been designed to takP into account the expect.ed mullipliciTr 
of particle hits on the detector planes, In the Ca<ie of the triggf'r pifUle:s, Heavy-Ion 
Jet. Interartion Generator (HIJING) ~illlulat.Klll~ have shown tbat. tbe maximum hit 
rut.e for ccnt.ral Pb--Pb i~ about 3 H~/<:m2 

The det.ector systClll is roughly made up of 6 components: 

• beam shield surrounding beam pipf' 

• frout absorber 

• trarking sT,ations 

• dipole magnet 

• muon filt.er 

• trigger statiou~ 

These component.fC will be disclUlscd in 'kpth bcluw 

'It should):,., not.ed as _lllliat this invariiull rna,," resolution requJl't'Inent is Ii fU""tiOfl of til<' 
in",.,.i"nt "'"",,,. 

'These estimates ;ocludc " safcty faclD!" or 2, to take account of uoccrtaiulics in the partida 
multiplicity aI.1 jlOSo<ihle unlmol'm >IOUTC"", of bockgr(lUI~l. 
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3.G.1 The absorbers 

Leptons, spedfically 111llOllR. do not interact vi~ the strong fOT<..ll ~lId w ar~ abl~ tu 
pilSti r~lativ~ly u"alIocted thro~h large pieces of dellS€ lTlat erial. 111 unl~r tu Sllpprcss 
the large l1lmlOC,,- uf ullwant('d pm1icles (hrulrons, phot on8, electrons etc) pruUllCOO ill 
the illi(.ial cullisiull mlil ddoct OIlly muons, there exist two abwriJers ill the dil1lllull 
Spe<.-1rulllet~r - the frOill. ah>orher ~nd the muon filter. 

The frollt ahsurbrr is designed to reduce as much as possible the fiux uf hadrulls 
Iwforr the spectrometer, while minimising the effects of energy loss alld mi lltiple 
scat leri~ on muons, ilS v.ell as reducing the number of hadroll~ illlU ,",,--'Ulluary lllllUlIS 
from hadronic decay. The absorbn, w},ich 1m<; ullucrgun~ sevcral d~sign mmges 
[12!J], is a mixture of carbon, and ImcL tungsten and pulydhvk,,~ 1130], l'Ulllhilled ill 
a way so as to optimise the absorber fur t.he cu"ditiu"s abuv~. It. is 4.2 metres tong, 
C<JrrespuTldillg tu 10 radiaHun lcllgths. Siller the front ahsorher is partly within the 
TPC barrd, it is prutc< .. 1ed I))' a lead r"deap ill order to rrxluC0 the contribution of 
,;e<.XJllUarv particle'S scattering intu thr TPC llC\lRitivr yolwne. 

Figure 3.9, Sdlemn.\k dillgram of the ALlCE dimnOlllU"m front absorber, to """Ie, showing 
the dii<tribntioll of materials ,,,,,,d. 

The trigger cham~rs of the spe<.-1rom~tcr haw' tu \)<> shi~lued frUIll all particil'S 
but mUOIl1l, so that the trigger rates are not contaminated by backgrUll!lU dill' tu 
neutrons and gammas. For this reabU", a 1.2 m thicl< irOil wall separates the tTiggcr 
chamber;; frum the rest uf thr spcdrUlllctrr statiuns. This absurbeJ: plays the role of 
a muon filter, since 1I1llUIlS uf Ie&; than 4 GeV/c arc st.upped in it , ami it only allows 
high lIlulllelltuUl particles through to the trigger chamhers. 

3.;).2 The spectrometer trackillg system 

TIw !Tacki"g SVSt.Clll is made Ill' of 5 trac.killg statiOilS. carn collsisting of 2 detection 
planes eiI.Ch COllRi>;t illg of two detect ion planes. Each detediOll plane COIl1list 8 of a 8M 
of multiv;ifl' proportional chambers ("quadrants" in the ~ uf statiu"s 1 alld 2 alld 
"slats" in the Cll.&' uf b1atiulls 3, 4 and 5. But.h c~thudl\S uf the dlalllbcr ~re segmrnl f'{1 
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and read-out ~ the first cathode is finely segmented in the vertieal (y) direction fIlld is 
referred to as thr "bending plll.llf", while the other is segmented with a slightly cuarser 
grain in the horizontnl (.r) dire<ction and is referred to as the "lloll-bending plane". 
A dipole mllgnet i~ used for momentum determiJilltion. and the filler st'gmentatioll in 
the y-(lirecti()ll is designed to tnkf advantage thereof TlJf dipolf magllet is centred 
at a distance of 9.9 m from the intera<'tion wrtex, wit]) all integrated field strength of 
3 T.m, and a maximum field va.iUl' of 0.7 T. It has a ll'llgth of 5 In in the -z diret'tiou 
and oovers the polar allguJar acceptance of the rl'St of the s))l'Ctromcter. 

Figure 3.10: Sdle<llflt.ie view of the ALICE dillllJOIl f'p<'ct rOlllctPr dipole lll!\.gllet .. The front 
(left) fllld side (right) views,,.,; !';Cllcrawd from WOOl., both show the third tr""king 5tfl(ioll 
of the "'I'octrometer within the vol\lllle of the dipole nmguct. 

Stations I and 2 are situated before the dipole mfl.gnet (in the z-uxi~), while ~ta­
tiOllS 4 and 5 are situated beyond it; statiml~ 3 provides a meru<urement within the 
dipole mfl.gnet (Fee figure 3.10). Due to the high particle multiplicity. and requirf­
ments of good resolution and large FoCnsitive areas by the spectrometer, Sf'gmentoo 
cathode pad chamber tl'Chno\ogy was decided UPOll for the trar.king stations. The 
IJeglllentation of the tmcking clHIIllbers was desiglled so that the average occupancy 
"muld remain rou.ghly constllnt as II fonetion of mdial distance [rom the beam pipe 
(sec figure 3.11). Since the hit density docreases with radial di~tflllce fmm the beam 
pipe, tlas means that pad sizes are slllaller nearer the bellmlinp, find increase further 
out. The chambers of stations 1 and 2 require spl'{'iai segmentation, due to the very 
high multiplicity !lear the interactioll vertex. 

3.5.3 The dinmoll trigger subsystem 

11lC dimuoll trigger S)'Stem has to select diilluon~ of interest from II. signifieant haek­
ground. The trigger cbam'bers prmide the initia.i bias to ~loct events ,dth high 
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ri~illf' 3.11: Ck-cupancy of tilt> tracl:lng chmnberll &; fI f,metion of radial di""lUlce in tlw 
case of t~ntr81 Pb.Ph collisions [12X] 

mOUll'utum muuus iUl.d are ~pl'cif1cally designed to u,inimioo t il<: impact of a soft 
background cuming fwm Inw-energy lJHlOffi. ne\ltron~ and gamma~ fwm se<nndary 
readiOllR and deca~'~, In ordt>r t.o providt> a rough 'fri' r;stimat.e, the trig~er chamilers 
haw a ~ranularity of about. 1 CTlL A wI)' f!\bt rc~punse time is ff'quiff'd in order 
to participate in the global ALICE L1 t1iggl'l', Singlr--gap R('!'listivr Plat·f' Chamlit>r 
(RJ-'e) tl~;IlI1010gy wa.~ thus seh'Ctl'd to be 1JSe(1 for t.l-1(' triggrr ~tations, 

3.5.4 D ilUuon sp ectr oet er read-out 

TIt!' dt>tedor read-out and raw data furmat has implications for the dHLT and t.here­
fure rdeviUlt details of t.he dimuon tnu;k;ug and t1iggrr chambers ff'M out will he 
briefly stat«! here, 

The readout for t.he diTlluon traekiug bt.atiOllR invuhw a :-erie!' of digital processing 
of the data which is done to a large ext~nt by intrgratr:cl drrtronics situatP.ci directly 
on thf, dt>~tor. Signals generat.ed by the pa&<1lg\.' of charged particles through the 
:-eusitive areas of the det.ed.orti are rrad out by the .\1Al\AS Numerique (MANU) 
FrUllt-Eud EicctruniC'!' (fEE), which pt'rfOfTll pff'-amplification, tihaping and tilt.f'ring 
of the si~nal ill the 1. 1 111illion channd~_ An application·speeitk inte~mted circuit 
(ASIC), the MUON Arm Readout Carrl (\fARe) handles thf, data oequencing as well 
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3.5. T H E DIMUON SPP;CTROMETER " 
Sl.ation No. , 1 2 ,1 4 5 

,_~ position (mm) 5100 5860 !J821 12900 14241 
Bendiug plane 4,0 4x7.5 5x25 5x 25 5x25 

Parl sir.e (null x HUll) 
h 12 1x15 5,,50 5,,50 5,,50 
·1x24 ""1 5xlOO 5xlOO 5xlOO 

11=. Occupancy (0.01 em ) ,1.0 16 05 10 1.2 
(cenlral Pb-Ph ,(2) (nn-2 ) 

TallIe 3 .. 3: Tracking cnamoor phFicai cbar3Ct,erbtk><. Thep,..} "iw ofiho tmcking dwmbcrR 
is given for the two segm<'ntation regions (illll<>X and outer). 

as (hf' zer(}-suppr('F..~ion and communication wilh (he Digil.al Signul Processor {DSP)s. 
These DSPs; whkil are gronped in dus(ers in sp€eific Cluster Read Out Concentrator 
Unit (CROCUS). lran~mi( l.he datu via (ile Protox'Ul for ALICE Tracking Chamber 
(PATCH) clf'dron.ic huse~. Once l.hf' dat.a ha~ been lraru;ferred frOlll the FEEs to the 
CROCUS. it is shipped t.o the OAQ and dHLT compute faIm via Detector Oata Link 
(DOL) callIes. which are standard t.o all ALICE sulxieta."l.ors, along which raw data 
is transferred, 

Four \<Iulliplexed ANAlog Signal processor (MA='IAS) chips, whkh pf{)~ide 12 
bil.~ of Analog \.(, Digi(al (',onver(er (ADC) information after pre-alliplification and 
analog-(.o-digi~al o::mversion; arf' grouped on a l1A.o"lU lJoaro. The data is transferred 
to [ronl.-end CROCUS controllers via PATCH-bu~c,es on the detedor: each of the 5 
CROCL'S coni rollers haU(lles 10 PATCH-busses. A concentrator CROCUS reads out 
(ile 5 front.-end CROCL'S, at which p<Jint the data is forrnaUed and C€nt to a Source--­
In( prf,,('f> Unil. (SIU) of t.il~ D DL ('H hle. 1'h<>r~ ",.., two dat.a hlocks of 2!i P ATCH-husses 
p<>r DDL f'wnt and o~ half-chamber is colmeded V, one DDL; conlaining tile merged 
data of 5 CROCUS, corl'f'Sponding to at mosl. 50 PATCH-llus..'le~ [1371. 

The 2WOO d::tannpL~ of tllf' four triMf']" chlllllllers IU'" rf','id onl hy 3 880 front end 
cards, which are 8 chamlf'l A Dual-Level Threshold (ADULT) chips 1138]. The trigger 
l"f'ad-out is hierarchical and is controlled by 2.3110<'al lUll 16 regional readout carilll. 
:\Iore information on the df'tail,-,d IIIUO::.l lU'm triggf']" read oul. CM he fOUJl<:I in 113!J). 
but for the sake of clarity, thf' rICadoul. prOCNUre a~ a p€r(ains to lile DDL-'wise raw 
data will 1)(> OUtliIlf'd m-.]"e, Once rearl out hy lhese card~, ~ile dala is sent. to t.he 
Dimu0n Arm Ikadout Card (DARC), with one DARC serving 8 regional carilll and 
hence 2 DOL!; for the triggf'r chambers. A gioh.ll card in liw (rigger erute gathers 
information from tIre rf'gion,ll CH1'ds aad generates (he ~riggcr ou(pul. 1 HO:, based on 
a looknp table. 

Thf' data from lhf' higgr-r and selected tracking dlambers is (hen used as t.he 
input to tIre dHLT tracking and triMer algorilhms; wilicil will hi" dc8eribed in detail 
in chapter 5. Knowledge of lhe raw data forlllal at this p<Jint is essential in order t.o 
unpack tm-. raw data and pr()lf':SS it. 
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Figure 3.13: Raw datl1. format used in offline ><imulati[)llJ;, 

The dimuon spectrometer raw data format 

59 

An ALICE raw event consists of an ewnt headrr (Hi words), a.n equipmcnt iWadcr (7 
wortls) ami thc DOL sub-rY<;llt. This DOL sub-CV1'nt \.wgins with mJ 8-v."Ord header 
(32 bits rafh) [131] and also contains tll1' aetua] data payload. TIle raw data format, 
givcn in [153[, is d<:£ncd by thc ALICE goomctry, mapping and sq;u}('ntation COll­
ventions, and is differrnt for tbe trocking and triMer cha.mbl'rs. _'Jote that although 
the geometry and segmentation aloo varies from chamber to chamber, this requires 
diffrfcnt, mapping drfinitioJL~, and not all altogcti}('r different data format, 

Tracking chamber DOL raw data format 

The tracking chamber raw data format oontains two blocks of data, each of which 
contain the DSP information. The ac1,llal paylood OOnsi:Jtb of data. pocked into a 
little-endiall 32-bit word with the hIts aSbigned !Ill follows: 

3 1 parity hit 

29-30 Mnst Be Zrro (:\-fBZ) 
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18-28 l\IAl\U identification number (11 bit.) 

12-17 dUl.nnel identification n11mber in MAI\U card (Hi bit) 

0-11 digiti""d ADC reading 01' pad charge 

Trigger chamber DOL raw data [Of mat 

The trigger chambeJ"~ ,ue read out by the ~Le ALTCF'rstandard OOLs as the tracJting 
chambers, b11t t.ilf'ir dutu P%'10,lU is fOfHl<l11.cd different.]y_ There are t.wu sets of data 
stnl<:tures, depcnc\ing OIl whrther only the physics event is read out, or whether 
udditioll<u inforrmltioll is to br read out The trigger raw data payload is a :12 bit 
word c"flntnining 

• 9 bits v.ero 

• 4 bit~ local deciSion: 

00 No triAAer 

01 Negative partide triggf'r 

10 Positive pmticle trigger 

11 J\o deviat.ion trigger (11ndefined) 

• 1 bit y"trigger 

• 4 bils y-position 

• 5 bits for x-df'viation (1 bit for triggrr, I bil!; for deviation) 

• 5 bits for x-pooitioll 

The global ALICE High Lewl Trigger (HLT) is brid:ly 'lQ<:ribrcl in chapter 4, to set 
the context for the dHLT. 

3.5.6 Hit recons!.rudion (offline clw;tcr finder) 

TIlf' digitiSN:! dutu re,ld out. frorn the ,letector has to be reconstnl<'ted in ordrr to 
provide positions of particle trucks ill spect.rometer. Tills is done by estimating the 
p03ition a tracl<: hit on a spcctrornrtrr chamber by investigating the dejXJsited dmrge 
di"tribut ion, Or charge "clu~ter" _ If t.herr are no overlapping chaJ:ge cllL~ters, as IS the 
crise when the orcuP;:U"'Y is 1m\' awl the hits are far from each <Aher, then tlns task iR 
relatiwly simple. The charge distributiOll i~ fitt.eJ to a Mat.hieson-like function [132] 
to find the c()-ordillatr~ of the hit. In the case 01' overlapping hits, wOOrf' one ha~ 
two track; c"flntributing to u ~ing1c dlarge cluster, a fit is performf'd with thf' samr 
flmction, but with rnore p,Humetrrs all<l t.he number 01' hits and thf'ir position~ ,He 
,let€rmi],od from the local maxima. This ffi'lOlution of thi~ rnrthod, hOlWYl'r, clrgrades 
budly ill thr pres<'ncc of backgrouncL so a more roblL<;\. method hfl.~ been df'w,loprd 
by A. Zinchenko [1 33J_ 
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This method is b<W'<i on the l'Ilaximum Likdihood - Expectation Minimization 
method [135], also known as the Lucy-Richardson method [134]. This new lIlethod 
of reconstructing hits frOlil the charge distribution~ provides much better position 
re:,olution in the presence of large background and therefore b~tter ma.'iS resolution. 
Althou~h the tecillli4ue described here i~ very l'ffici~nt at identifying c1uster~ and 
reconstructing hit~ from them. it is however much too slow to be implemented in 
th" timc frame Il('Ccssary for the dHLT, of the order of IIlB. Til<' fast or "online" hit 
r<'Construction procedure will be detailPd more in chap-wr 5, 

:Ui The ALICE trigger and DAq system 

3.6.1 G encrui trigger design considcnJt.ions 

Th" ALICE tri~er has evolved over many years, building on experience from ~A57 
and other experilllent~, Experimelltal nIIllling conditions, ~uch as the lIlultipliclty 
fl.lId collision rate, plflC(' S('vt'.u' constraints on the tri~<'r desi~n. ALICE has bet'll 
deRigned primarily to copt' with the most central Pb-Pb colliRiolll!, which art' th<' most 
delill\lIding in terms of prodl.lC<'rl particle!'. ThcBC' ar" t'.x)'lCCtcd at a rdat ivdy low rate, 
about 10 kHr., but very high lIlnltiplicities ofbetwOt'n401K) and 81l(1) partk-Jcs ~r unit. 
of poolldompidity. T11<' cOllsidt'mtions of the t'.xpt'rimt'.ntru collditions at ALICE have 
led to three general features of the ALICE trigger ~'b"fRm 

global trigger selectio ns Boolean combinations of trigger siguals are wed to de­
scribe whole events, while more detailed tr~atlllent of the sig;nals is left to tht' 
HLT, which has the capacity for more sophisticated data prOCffismg. 

checking of t ime separat ion of event s Also known as past-future protecl,ion, which 
rejects ont-of-t.ime eve.nts 

Sat urating t rigger rates While the TPC is limited in its trigger rate by the drift 
tilile of the chambers, other detectors can be read out much faster. Advanta~e 
can be tak('n of tht'ir rcduC<'d rCa/lout time by orgfUlisin~ them into "dlJ~ters", 
which CfUl be read out oomi-independently, which would be useful to acquirc a 
better data set. The dimuon spectromet<:r is one of tiK'Se deteetors. 

The sub-detectors of ALlCE havc vastly different latellcies (see table 3.6.1) - for 
example, thc ITS SDD hilS a sensitive period of 260 IJ.~ whil(' thc rffiponse of the TO 
takC'S undcr fill ns. In ord('r to make th(' moot ('fikit'.nt IL"-C of the det.octor, thew is the 
p<:mibility to read out only certain subsystems for any ~ivcn ('wnt. Tll<' ~ub-detcctolli 
are organised into ~cl\lSters" and these clusters are read out for events where certain 
conditions have oecurred. These conditions are known as "tri~er classes" and are 
gen~rally constrained by the latelocy of the deteetoIlS. 

The kiggrr syb"tem is divided illto the Celltral Trigger Processor (CTP) and sewral 
Local Trigger Unit (LTU)s. The detailed fUllctioning of these is llOt. relevunt to this 
work, how('V('r ct'.rtain aspects relate to the inwgration of the HlJf; mor(' dctailrxl 
inforlill\tion can be fOlmd in thc ALICE TOR [V131. 
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3.6. T H E A LlC E T R.IGGER AN D DAQ SYSTEM 

Deie<:tofti rekvani [Just (/lS) , future li~s) 
to 1IUOK ''' ... -ent 

ITS Pixels -O,l 0,1 

PMD -5.0 
c 

5.0 
r-----mrniiull tracker -5.0 1.0 

Dillluon irigger -0, 1 0,1 . 
HID -2.0 2.0 

TO, VO, ZDC 0,02,-, 0.025 
Central Detoc,t ors 

TPC 88.0 88J) 

TTS Strip:; 10.0 3,0 

T n D -10.0 10. 
TOF 0.5 0.5 

HlI IPID -5.0 .) .0 

rHOS 2.0 2.0 

Table 3.4: Table of btcnCl{';' fur the furward sub"y,,(Cnl" (induding th" ITS Pix"'" Il.lI.rl 
P:\ID, whkh are indudet! in th" :\IUON "W'llt) ,mel ~entlill ootertoTh {150J. 

::Lti.2 The Central Trigger Processor 

The Centnu Trigger Pr<){X'S&Jr (CTP) plays the rentral role in the ALICE triAAer. It 
has the rClo>plllH;il;ility of combining and synrllIonising various t.rigger siguals from the 
~ul;-drtc<:tof8 ;lnd t],ell sending the ('{)rroct seql",nre of trigger sigual~ to th€tie sub­
deteo::tor~ , deprnding on the kind of ewnt, The number of sub-detector~ of ALICE 
restrict~ H,e generality of the trigger definitions, sinre the nnmr.er of logical combi­
uations scale like 2"', whrre N in thk; (:usc is nround ,-,0 - tJ'll~ a wry large number 
of possible oolllbillation~! Tlw ~tmtegy for ALICE tlLrreror~ Wil.~ to make very rollgh 
)!;lobal selectio!ls ou tl'i-eut~ aud theu kaye more oophist iC(l.wd ~lcx1ions to the JILT, 
whirh will be dl'scri lx~l ill t 11,' uext cl'''pter. A schemM Ie rlingr:;un of the bask frai mrs 
of the CTP OOlllIlJUllkatiou with other b},:;trnl~ is ~hoW1l in flgurp ;) ,14 [1431 , 

., .. """""-

~ . 
. _.--

""""'" """,oc"" 
c,""'''''' 

.H 
., ceNTRAL T",OOER 

"~ .= 
u 

"'" 
~---- 0.", 

Figure 3.14, Sd_wnlatk diagram orth~ ALICE CTI', "howing the flow ofvru:iow< data t,ypcs 
Rnd the "Ubt<Y8tculll with whidl the CTP intera.<:ts [143J 
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The trigger input.s an: dhitkd into 3 leVllls depending on their latency: !G'V1'1 0 
(La), !G'v"'] 1 (1,1) and kvel 2 (L2), in order of increasing latmC)' time_ TIle size ofthf' 
dC'tcctor, amongst ot.her factors, such as the det.ector k:<'llnology, dictates the latency 
of thG trigger signals, sin~ some C~ a triggering tktwtor may simply be too far 
away from tile Central Trigger Procffi'lOr (Gl'P) for the signal to arrive in time. ThuR, 
"wry signal which can arrive ",ithin 1.2 IL.~ of the G'V1'nt is included in LO, while afteJ: 
6.5 J1.~ thf' ~ignaL~ which have arriVf'd from ot.h"r triggering detectorR fHf' fOent as the' 
LI signal. The third Rtep, L2 is aWlilabk aft"r 88 J-lS and its main purpose ici to issue 
the validation of the past-fut.urG prot-c'ctioll_ 

3.6.3 ALICE data acquisition 

While the trigger has the reRponsibil.ity to annountt the presence of an interesting 
event. it is up to the ALICE DAQ sy:stem to n'ad out the event and writG it to 
the data stomgc_ Sintt th"rG is a ver:y complex set of triggf'cs clD.St;C6, as well a:s 
rurming r;ondit-iom in thG '~xpcriment, the DAQ has to be able to addnw them all. 
The ALlCE DAQ ha;s to bG able to IHilldle t.he mOF;t severe data rates imposed on 
it, which is during Pb--Pb collision running during onf' month oft.he year. The ewnt 
siws arG dinxtly rdated to tile multiplicity of eventR and t.he multiplieity is in turn 
related to the centrality (fOeC maptex 2). The avcragG L1'ntral event si2~ expectf'd, 
based on simulations aRSUllling at mu;t 8000 (.,-acks p'~r unit of rapidity, iR 86.5 UU 
before compression. 

The data read om from the det.,~et.t)rs is tran:sferred to thf' permanent. storagG, 
via a serieR of pr~ing farms and and eWllt-building network. whkll perform basic 
recollBtruction, caliilmljon, etc. A sc::h"matic diagram showing thf increm,~ntal ''VCllt­
building proCeRS and thG rdnllnt DAQ IHl.rdware and ooftwafe at ell.('j] st.agG is SllOWll 
in JigUff' 3.15. 

Th,~ stratq~y in ALJCE ha:s been to USf' low-cost commodity components for the 
DAQ procc:ssing ru:dlitoc1.ure, instead of spe.-;itkally-deRigruxi hardwru:G. High-quality 
commodity PC's components, network int.err;onnccts ami protocols will bf. URed to 
bufkr the' data and transport, it to and from th,~ HLT prOC€SSing farm. Ff'GA's 
will be u:scd to ship the data ctirrctly from the DDL int.o tIle host flAM, which is 
1liied. ru; a larg,~ bulIn spw;c directly after the dete{Ctor l'€ad-out_ ThG data from the 
detector i~ Rl'nt to LDC's via the ALICE-standard optical lillIe DDL. Th,' DOL's alG 

terminated by Interface Units Sourr;e-Inl.erface Unit (SIU) on thf' originating side 
and Destination-Interfare Unit (DIU) on thG de;;,1.ination side. TIle DDL iR a poinHo­
point link, designed to road out ALICE Rub-Rysl.ems in a bta.ndard way, r;onRi~ting of 
(l. pilir of optical fibres. They are Il.'led 1.0 transmit dilt.a hot h to and from the detector, 
with a bi-diroctionill bandwidth of up to 200 MBjs [144J_ ThG DOL is terminated 
in Destination Itead-oUL H .. ~i,~·r Ca.rd (DRORC), wllieh interfaces the DDL to UlC 
PCI bus of a computer which serves a,<; thG Locnl Datil ConceJltrator. 

Th,' DHORC wnt-runs an Ff'GA and i~ capailiG of handling Direct Memory Ac­
CeRS (DUA) l.ran&lctions, giving the LDC full control owr (.he DOL ilnd allows event 
fr<lgJ)lentR to he traru;f"rred into the ho~t flAM at. a \-e,'Y high rat'~ (up to 200 MBjs). 
Thf' DROHC ('Ont.ains two DDL inl.€rfaces which are used to ,:opy rilW data to the 
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Figure 3.1ii: Data Acquisition (DAQ) data fI",,. overview 

DAQ and if neCfflSaJY to the HLT farm for higher-level procfflsing. Once th .. raw data 
is shipped into the memory of the LDG, it is S€nt owr th" ev"ut~building 11M-work 
to the appropriate Global Data Coucentrator (GDC), where whole ,'WIlls art' rt'eon­
structe<.!. This eY€Ilt-building lletwork eOltllITt~ the J,DCs t{l Lh .. GDCs via TCP/JP 
OV€I Gigabit Eth€Inet. The GDC~ are also l'OlIlmodity computen; running J,inux and 
are responsible for full e,.{Jllt remllstrudion from t.he m"€nt fragments on Local Data 
Conct'lltmlor (LDC)s. R.econstructed event~ i\.re shipped to transient storage in the 
"J<j)€rimenl al pit so that the DAQ is to some extent protected again~t problems with 
1h" connection to 1he perrlliment storage. which is located elsewhere at CERN. 

The ent ire DAQ Il.fchitecture is coutrolled by a se\ of software modnle; ealle<.! 
Data Acquisition ami Test Environment. (DATE) [1451. A detailed description of the 
DATE software is 1I0t rdevant. to thi~ v.-ork and the read .. r is re!"ffcd 1.() '1451 for more 
information. The DAQ fIl"chitecture ch;cribe<.l abm"ll i~ wry simple, as all d,'tf'd:.on; 
(indllding the HLT) hay .. the same iuterfWC€. Load balaueiug i~ elegant ly achievN 
by simply changing t he number of LDC~ or GDGs, ~ince the DAQ architecture i~ 

"ompletely independent of the layout of thffie. 

;~. 7 The ALICE ollline computing framework 

'I'h,' ALICE computing frffillCVi'ork was developed in order to perfonn both the ~im­
Idation of phy.;i lil obS<'rvabl('8, v.~th the resulting detector respollSC. and tile reOOll­
struction ami analytiis of the dat.a from real aud simulated iutera.:tiolls. SinNl 1& 
ti·am(>work is primfll"ily based on 1he de-fll.cto standard for data prol~ing in HEP. 
HOOT [146], the ALICE oomputing framcwork was calle<.! AliRoot.. AliRoo1. inherit.s 
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the basic functionality of ROOT: ('wnt generator~ SUdl as Pyt.hi,] 1147], (il'tcdor 
~imulation (ha,<;ed Oil GEA,'l"T3 [148], ~harcd mcmory d~~, pllIallel prOC'e8/lill~, I/O 
d~es, etc. For a &'lwmatk ovcrvkw of t.Iw fullctionalit~· and delX'lltiance of the 
AliHoot dflffiffi, ~ee figure 3.15 [1 781. 

AliRoot 

, , 

STEER~. 

HUPID I 

IW.ICE I 

I 

Figurt, 3.le: Schematic overview of AliRoot funct>ouality aud int.crricpclld('ncics. 

;~. 7. 1 AliHoot runcj,ionajity - siml_t1at~d and H'al d;lta 

In the ALICE frameworl.;:, simulated ,utd mal data w'c tn"'l,tc-d ~imilarly, alt.hough 
~tw'ling from dilTerent input~. 111 the ~imulat ion ca~e, the input is the physics gent'r" 
alion, where b,lRic panlmctcr~ arc u&xi t.o geocrate dibi.riumiol1'l of particles. There 
arc then tran~-port.ed through t.lw d('tcx:t.<x, and til'-' poirrl.s in the S€llsitive yolumes 
whcr<' hits MC rc:gi~tercd arc ealculalt>t\. The detector response is then applied to 
these hits, at whidl point digits (digitilCtl dd,odor r('8po"sc i~ available. Once tll'-'8e 
di~itR are obtained, the data is packed i1l10 the raw d,lta form,lt iUld at. Ihm POill!, we 
haw the interS€ction with the real uaw case. 

In uoth til'-' real and ,;llllttiat.(xi data C(l"'-\ the stllItin~ point for tll<.' reconstruction 
algorithl!l.~ iI; thc raw tlata. T1JCs(' algorithms are cleHrly detector-opedfic and the 
dCRCription of the remnstruct.ion data varie,~ frOlll det(x,wr to tletoctor. The wmuon 
spe<::trometer, fOf example, haR lwolevel~ of rE'Comt.mc!ion, where t.h., ciw;wrs Me first 
obtained and tlll'n sets of cll~~t!'.rR are fitted to ,] track moocL in onit'r to ohtain track 
canuidates. Once the paramet!'fS of tlll'Re track candkhw>;<; have i.>flen extract..xi, til'-' 
inforlllatioll is stored in an ALICE-wide format known aR till' E\'!'nt Summnry Data 
(E..<;D). Thc:sc various stagps of data used ill the framework , shovm a.~ a relatioIL~hip 
W.",-.,;]( the amount of information awl.ilable and 1I11l0Ullt of pr(}('t'ssin~ required, can 
he &,('n in figure 3.17. tt is not ,,~!hin the st'O]X' of this thesis to uescribe the d!'tail~ of 
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Monte 
Carlo 

• 
Comparison 

• Particles 

~~~::=:j:====~T~':"~k~ C<lndidatcs 

Summablc 
points 

Process ing 

Figure 3.1j: The ALICE data prOCef;s;ng framf'work, "howing th,. OOllllfft;On lwtWl'<ln 
s;mll!atf><.! datil 1illd rPill drtl.a, wilh the rpbtionship bf'tWCCll the ruuollnt of inforillation 
avmi8hlf' and too 1illlOllnj, of procf'tl1'ing I'Ojuired. 

the rest of thc AliRoot frlllllP\mrk, mill thp readcr is referred to ALICE Computing 
TOR [178J [or fUlthcr dt'tnilR. In Rhon, tilt' ALlCE computing framcwork prmides 
an inh'grated platform wit.h which to process all data in the ALICE experiment_ 

;~.H S1t111Hlary 

This wry brief description of the main features of the ALlCE detectors sUbsystems 
:<erVel< to illustrate the scope of the eapabilities of the detector. Here the focus has 
however het>n on the dillluon spedrorneter and the trigger and data acquisition, as 
these ,,·ill form the background to the present work on the dHLT_ More deocribing 
t he dHLT in detail, howwer, it i~ nece:S.'S<\ly \-0 elawrate on the design and capaiJilitie.'S 
of the more inclusive HLT, which ",ill be done in the lll'xt chapter 
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is defined as the distribution of momentum the 
relative to the ''''<:I,llU'", 
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4.2. T H E ONLINE HLT 

bo~ _" , .. ",,...~ . ..... "",, .. ,"" 

Figmr 4.1: Srhematic diagram of the func(iOllfllily of the lILT 

73 

Although the a<.-tual processing performrd at l'ach stl'P is dl'tN:tor-s}X'(ific (~a.ch 
det€Ctor focusing on different physics), thl' grncral prO('edure is as follows. Local 
hit f('C()llstruction is I"wrfoourd (possibly on FPGA co..-processors) on the digiti".,] 
raw data. From tlwn on, Ill!' hit points muy ~ handed off to a tracking algorithm to 

dN]Uce tra(k parameters. Once the tradrn have been identified, thrir tracl:: paraml't~rs 
may be converted to "physics quuntitit-lS' (sudl as momentlUll. PID, etc), which are 
then merg..ct from all sub-detedors in order to form the global HLT df'Cision. Some 
drtectors, in purtjcular the dimuon spedrometer. do not sharP mudl of the event 
with the other (central) d<:te<.-tors ul.ld their processing chain happpns in mlldl more 
independent fushion. The results of that processing arl' mprgf>d back into the data 
stream just ~fore the global HLT dpci~ion, Th" lILT d<.>dsion could validate or deny 
an entire event or only parts of rwnts (RoIs), in which caoo only those parts of the 
data 8f'1f'C1£ld. would br rrud out. 

4 .2 .2 Software integration into AliRoot 

The lILT online code for al.lalysis is writtrn in C++ and has to 00 udilpted to the 
raw data. In order to compare offiine Rimulatiollf; with the performance of the HLT 
oJllin!' analysis, there hm; to he an interface to thr ALICE ofilin!' code, AliRoot. Of 
oomsp, tills ai"';) is nN:essary for the "Ionte-Carlo data generat(.,i with oJIlinl' event 
generators to be sent through the orrlim" 8yot,('IIl. The 5pedfic impl~melltatioll uf the 
d llLT interfal'O.' to AliRoot will be discus..~ in drtail in the next (hapter. 
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Figllre 4.2: A gt"11<'xalDVPrview Df Ihe HLT data flow, "howing Ihe IDgical nmctioIll' per­
formed al P_"l.Ch "lng<> [tT,{;1 

4.3 TILT COluputer network archited.un' 

'fhp HLT oompmrr ardLitnctlUP is driVPll by til!' ALICE dctrctor hierardw Baswally, 
all ALICE detectors operate in a qUflSi-independent way, but are "YIlrhrou.iseci by- the 
ALICE trigger signaL~ - LO for timing and L2A to set the start of readout .. The data 
read out by the DDL's is transferred to the HLT FEP's while a copy is seat to DAQ). 
The raw dat.a hn.s an inhrn:Ilt. granularity to it whidl is p,Xploited by the aIThitecture of 
the HLf; f.g . the hit rnconstrllrtion proce&ling whirh is pprformed on the FEP's only 
n~qllires local information and there is no need for rommuniratiou betWOOll FEP's. 
It. is possiblp to termiuat.p morr than OIle DDL in a FEP, but wlwtiH')" or not this is 
ilG1.ua.lly done in the cxpcrimmt drpcuds on the "ata ratp of the particular detector. 
ilnd thr fIlllOlillt of procPS'ling req lIin~l. ' J.1ms; it is unlikely that this will occur in the 
CCISC of the TPC FEP's, wherp the data sizes and. processing times are the larger, but 
it may bp feasible iu the dilll\lOn spectrometer, wherp the event sizes are much lower 
and t he bit rlX-'JIlst ructioll a.lgorithm much 11.Stcr, du" to thp simpl,,)" data. 

Th" "atil ddiwml by th" ALICE DDL's ib int.crf(lCCfl to th" FEP's via thp PCI 
Ims of thr h~t Jrln.chine , to which thp oo--ca.llcd HLT-RORC card is ronnected, The 
use of t.h" pcr bllS t.o transfer information bctw('('fl thr RORC's and. the rest of the 
hClSt machine el),mres that the FEP ,-,all l.>e a,,; generic as pussilJ le. ,;ince al""Jtit an 
"".>dern Personal O)lll]lllter (PC)"s \Il3C PCI. 
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convention used in this work has been chosen to 
cornp(ments in italics. 

all HLT and dHLT software framework 
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Publi,n., 

Figure 4.4: Schmnatic diagrnrn of the network bridge of tne RLT cOffilllunicatioll frame­
work, showing th~ abstroctiou layer. 

node compolle.1lts and issue alert.s if Ile('es&'lry. Thc softwarc framework i8 also fault.­
tolerfl.llt and if any particulru: node goes down, thc jobs assigned to that particular 
nodr w:ill be rt'6('JllXlukd clsc"lvhccr either on a spare node or, if llOne are availublc 
at that. partir;ular, OIl r:urn:!ltly available nodes whell re.."<Jurces permit. 

This faulHokrance capability of the HLT was testrri by disconnecting a processing 
!lodr from thr HLT prototypillg ch18ler aud observing the effect Oil (he data output 
and input rat("6. Figure 4.5 8hows tlllit. even a complete failure of a node has little 
dred on Ih\' t.otal data pl:oce.."Bing rate, as a spare node was quickly a&;ignoo to 
prOC("6S t.1JC overhead. 

Tllis grncral outline of tile purpose and functjonality of (he HLT S('rycs as an 
introductioll to the ~pecific application of (he system to til(' dimuon Sj)K"trollleter. 

TIle next chapter:> de..<£ribe t.he design and implelll('nl.ation of thr dHLT, alollg with 
some jX'rformance lest~. 
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QiiultTolenince Test 

Figluc ·Ui: 'lffit of the HLT f"i.ilup wlf'rance with lXlP node failin~ and ()ne spare '1,»)1. 
Til<> eVIlnt" marked by "1" and "2"" nre th<> nl'twOl"k interruption on the originru nod" ,mel 
tl", n~di~triblltion of tlw WBk \{) the ~»I'Ire uade TPSpo::tivciy. :'<ok Ih"l filr darily: the 
~un,-", have b€€n oc[<100 wrUc811y in order see them "b€Her. 
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is somewhat similar to the of "cluster "~'U.""b in the ofHine case, however the 
IITnrn:lflTTl used in the online case does not do - it reconstructs hit PO:Sll>lOn,:,;. 
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Figure 5.1: Srucmatic diagram of the data flow of the rlHLT, The clLick oonnff.tion~ in blru-k 
Rhow the nom""J. flow 01 dat.a pr~ by the dHLT. Thc daillcd blue COIUlOCtiOllR fillow the 
input of calibratiOll and COlltrol information from DCS and the conditions datal.xu<e, The 
thin connoctioos in red sIlow I,he extlaction of monitoring data from the dHLT ploc<'&'ling 
main for'luality BS8ur8.lIClP purpwa.. 

As rlescribed in the previous chapter. the data is read out from the dimuon spec­
trometer in a raw dat.a format specified by an ALICE internalnot.e [136J and is pacW 
in a t.ree-like format., "Russian puppet.s··-\vise (Sl't' figure 5.2). \Vhen runnin~ during 
thf' adual f'_'{perimf'Jlt, Ihf' raw dat.a has to be llllpac.ked and reformatted int.o a for­
mat that the rlllLT ~yRtf'Jll can handlf'_ ThiR mf'~'lnS that rluring the development 
Rtage, that raw data hM to be genf'rated from rligitiS(:(1 simulated data, and pacluxl 
in the correct format in order to t(."'l1; the performaHce of the rlHLT eomponeHt~ whieh 
relate tc, the raw data properly_ The c,ffiine rlata ib generatC<'1 in a SCriCb c,fc'{Jerations 
which are performed in t.hf' :\Iontf'-Carlo input .. The firnt of thfflC oJlf'ratiom iR the 
simulation of the actuallllonte-Carlo hits On t.he detl'<'tor. which is performed with 
the GEANT-3 [148J Monte-Carlo traru;port. code. One~ these hih are !rnov.·n, the 
detector response function is applied to the depohltecl energ:>·. in order to produce the 
digital ~ignal which woulrl l>c expcctod_ knov.'11 w; "digit<;". The rligit<; are then elllli­
ter(~d iJ)to reO::lHRtnrcted hit.s, or "du~tf'l"S" hy a c1ust.cr-fiJ)diHg wgorithm aJ)d th(."lC 
du~tcrs are thf'J) fiUed to ~ t.rack modf'l by the track-rCCOllf'truetiOJ) algorithm_ This 
hierarchical data model (hits, digits, clusters, tracks) is specific to the offiine dilnL1()n 
spectrometer ooftware aJ)d ib uo;od for ~i mulatiHg the rlHr.T_ The expected raw data 
is obtainc'<l from the digiti'lod dat.a, packed into the same format as woulrl be dOHe 
for the actual data strf'~'illl hy an algorithm in tllf' oilline code. 

OHce the raw data hM been uHpac.kod, one is ahle t.o perform hit rCC01 ~~tructiOJ)_ 

Hit rcconstnwtion is the proCeHS of finding local dURtefh of firerl pads, and finrliHg 
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the ocntr~ of gravity of thm:' charge clusters, in order to incrril."" the resolution of 
the chambrrs. In tllis WilY, r<Nllut.iorls of the order of microllll can be achiev0<.l, aR 
oppO&X\ to thr lli'tl"Ctor pad sire:, of the order of millimE'trf'S. 

OnO' hit reconstruction ha~ been performed, tllf' higher-resolution reconstructed 
hit points are pas8f'{1 on to a tracking algo.-ithm. This is a genf'ric component. which 
will perform tracking on tlr set of reconl;tructrxi hits, in a way definf'{\ by the l;pecific 
tracking algorithm. The plUpose of thf' tracking compolle:ut is to search for track 
candidatCl;, gi""n very baRic il.~umptions which will be de;crih<->d ~low, in the 8poc­
trorncter chamlJ.cr8, anr1 thO"ll to c<'lolcuL'lot.c thO" t.rausvenlP momc:utum (Pr) of thoo; 
tracks_ 

Aft(,J: track identificMion and filt('ring, it is the responsibility of till' d • .'dsioll com­
ponent to {X'rform the trigger. The triggering is done: at a local and globallrvel; ou 
individual tracks and event·s as a whole n~pectiwly_ T he n:::cmlt ddrrmi:ncs whcthrr 
the O"Vl'nt (or part thl'reof, if tlw triggeT il; muuing in "filter" mode) is acocptC't\ to 
b~ written out, or rejected. Finally, sincf' ALICE DAQ will int.crface to the dHLT 
data strO"am8 aR any othl'r detector, tllf' po;t-formatting of the data from dIlLT dat.a 
structures, back into DOL data structures similar to tll<"l/le shown in figure 5.2 has to 
b~ pcrformoo by thr dedsion comjXll¥'nt aR ,.,('JI. 

C 'j ,) -, Haw data generation and llIlpacking 

TIl<" ALICE DOL raw l'wnt structure is only pertiuf'ut to t his \l,"Ork ins.ofar aR it 
i~ uocessary to ulloorntaud the dimuon-sp{'('ific data payload in ordN to unpack the 
data stream aud reformat it. int.o ttl[' ll{'Ce8sary sub-eVf'nt structur(:8. Also, in order to 
reuli~titally t.est t.he dU/.T iu the absence of actual data, it was lll'CC8Mry to haw a 
meaJ\S to generate a oot of realistic raw data on which to perform hit reconstructiou_ 
For tlll'OO re-aso'l~ only a bril'f dpscription of the DOL raw data 8trueture will be givBU 
here; more information can hP found at [131]. 

5.a.1 Raw d,lta generation frOln ROOT trees 

In order to realistically ~imulate the efficiency and speed of a software hit r<'COnstruc­
tion, it is uecessary to work on a realistic data 8f't. Since the offline simulations l;tore 
data in a per-clm,ter format in ROOT [146] trees, this data is far remowd from what 
can be expected in reali~tic running conditionf'. The data in tree fonnat was Illil'ful 
for testing whether tIle algOrithili performed aR r.xp<:etOO, e.g. giving the t'xpect.oo 
resolution of hits, but it waH uot at all reliable for performanoc mea.;;uremellts. SiuC€ 
the rcal data will have to be Ullpacked from the raw forillat into a more eouvt'nient 
format before thr hit re<:olll;truction algorithm can be Ilf'rformed, it. i~ neo:'ffiAAry to 
start from the eorroct format. The real raw data stream does not have the COll\'ellient 
ROOT stmcturing and is read out jK'r-chamber, instead of nne recoJ1.~ructed. hit at 
a time_ It is thlL'! nPCel8al"}' to rrfornmt the digitmed data creat.oo with AIiRDot into 
the DOL-wise raw data fonnal specified by the ALICE-MUON collaboration [136]. 
This was done with an AliRoot macro which mw in thr simuifltf'{\, digitised data and 
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then, with an U('c'mate and reali~tic mapping file, pad;:ed the resulting raw data into 
a binary data lilt> according t{l the format spetified by the internal not<' [163, 1541. 

5.4 The dTTLT hit reconstructioll 

The raw data generated from the ROOT trees hflS first to ht' ronwJ"ted into what can 
bc generally described HS "geometric" format, "jnce lhf' spatial positions, as opposed 
to the identifiers of the electronic eompolY'nts (chaJll}('1 numbcr, /lIANU card, etc). 
are required for hit ",'cOllStnlet.iou. 

Clusteriug algorithms, iucluding the ~implt> "C('Jlt.rc of gmvity" finding algorithm 
used for the hit reeonstruetion, are l'ommon in ficH'l such a~ digital image pr(){;€SSing. 
a~ well [lli variou~ other applicatioIll< of pattt'J"n rerognition. 

5.4.1 DatastrcaJll model aud ('hoj(,p or rp(;01l5truction algo­
rithm 

The data:;trffllll of tht' tracking chambers is unordered in the sense t.ilUt readout i!l 
not ordered according tht' ~patial corrdation. Thi~ means that chargl'b from ch[,nnel~ 
contrihuting to a givell (hargt' duster can be situated fm apart from each othf'r in 
tht' data stream. 

In omt'r to idcntify dust.ers effidently in an un~tmetured data ~tream. it is gt'll­
erally u~ry to specify a unique property which all clu.stf'rs in t.he data have. 
Usually, this is either the ~ize of the clu;ter, or the t01.alnumi)('r of dust.ers, but these 
properties me not applicable to the dimuon data stream. Thc clust.er size may vary 
from hit to hit (fIS ~hown in figure 5.3). aoo thf' nllmht'r of clusters also contaiIl.~ a 
large spread, due to fiuctuatiollB in the numl-x~r of pfll'tick'_~ produced in the colli~ion. 
The solution i~ found in a featill(' of tht' de('(ronic read-out of the detector. The high 
resolution of the 11ANU chip. which has a 12 bit ADC channel, asEuretl th.. .... t in E'fl.ch 
duster there will be a unique maximum ch.--umd. This is denoted as the "central 
charge". or "ct'ntm.i pad" and sinCt~ it is uIJique, t.he lIlunber of clusters i~ comtmined 
to be thf' samc as the number of central paW; [151'. 11le ~ituat.ion is simplifiod by 
the ~gmentation of th" dt'tC'ctor strips on t.hf' slats of chambers 4 aud 5 which h.we 
fine-grained segmentation iu the y direction and io,"ver resolut.ion in the x direction 
(!lO'~ table 3.3). This means that the hit H'con~t.ruction can eSFi'ntifllly be performed 
independently in the x (eolumn-wise), and y (row-wise) dimensions, sinl"" the proba­
bility of having two CilJBters on adjkl.f'<'ut. COllUllllli and row~ i~ ~ry ~mall. of t.hc order 
of::i%. 

111C ~pread in the nUlllbcr of challllels fired by a single particle grows invcri'<'ly 
",ith its momentum; lower energy pfl.Tticies dt'posit larger amounts of energy in thc 
dlaJnbers and creating larger eharge dusters Lil.1.n t.host' of a higher energy. 11le 
hits from low-energy particles are coIJ~idered as background. OJ}(' problem with t.hi~ 
algorithm is its performance without a lmver thre~hold. Since it only 1lC'fll'(hf'S to one 
neighbour distant, it may ineorrel'tly recon~truct two maxima of ch.1.l'ge; if very small 
chargc valuC's are not discardro. This behaviour will artHicially increase thf' eftkiencT, 
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Figure 5.2: The ,,,,erage llUluber of diw.l" IX"- rocomtruded hit for the diflPrent sl'f"Ctrom­
e\Rr statio"" (len) for m\lOlltJ or 20 GoV. Tho distribution of digit" p<Jr ro:;oIlstruded hit 
for muon' of energy" GeV - 10 G~V 8.lld 20 GoV is shown for OOIIlP'l.o-iSOll oll the right, for 
,harulwr 8. 

ix'cMl<l!' the algorithm will find mUI\' than OIl<' maxiIllllIIl lor a giwn hit. _ in some 
C3Se8. effidencies oYer 100% are ]XlS'iibk, whicll is d('arly lllJphysic'Ji. 

This artificially high 1lI11l1ber of hits, wHh a significant. fractiun of m.-.rlappiTl!; 
luts, will slow down the tmcl!:-finding algorithm, To uV<'rcOIJ'" Ihis prublcm, U bimple 
threshold, or "DC Cllt" was applio::! If) all ADC chalHl<'\S and unly thUS(' with values 
larger than the threshold 0:)n~idenJ(1 by thc algorithm. TI~' opt.imisatiuTi of t.his 
cnt. was dOlle by romidering the trru:Je-ujf twhV(\'11 \'XccutiOTI t ill1\' n\'CeSSMV and the 
eHkiency of the algori thlJl at r<'(;unst!u<.;ting hits. It W1W knuwn that all central dtarges 
ar(' above loo ADC chWIll('ls, whik most. 01 thc llUll-central rmuljes are helow this 
,'allie, 

Once the titr<'sliu\d i~ appli<xl, centres of gravity are found row- a.nd column-wise 
for the bending and non,brndiug planc respectively. TIK'He are then merged wh(,J:c 
possible wH h 1ru' GCntrcs uf ~rayjty i1) nei~hbouring columns (rows), This i~ only dunc 
for central pad~ whlch are ",~i1 Lin Olle pad-dimension in the y(x)-directiull fruUl \'adl. 
u1h('!, t.o find 111<' lull 2-dimensioual hit. [1571. 

Th\' low occupancy, coupled with t.he low number of pads fired per purtic\c 1I1\'-8.US 

that the prubability of uwrlapping hit.s is very low, about ::%. The hit. rocon~t!udiun 
algorithm cn.n tll('rMorc sm;rifice oophistication for speed. hl fact, for the pllrp~ 
uf th\' dHLT, wlY'rc t.hc Hul\' k; allocated ill order to lJlake a decision is below 1 IllS, 
it is suffidenl to du hit. roconsl.rudiun unly ill the belldil\~ plane. This would give 
high spatial resolutiun in 1.11<' bendil\~ plane, but. only very coarse-gntined resolution 
in the non-bPading plM (of 11 ... , orck'r 01 the b~ze of the chamber pads). Since the 
chambcrs <U1' wad out. per-plaue (",ith oTie DDL p<.'T plaue), this means that in fact. 
hi I. l"tlCunstmd iun ean bc doue for eoch plane independf'utly and phne-merging is nol. 
nrcessary. 

Dlrring Ihe dcw,jopm\'Ilt. of t.ILe algorithm, the specific implementation of the al­
guriti Lm v;ow; discusS/."J. and two 1'O.'llari08 were identified. These differed mainly in 
thc sequence of pr()(£Sbing and 11}<.' aJnowlt of intermedia.te data storage (mcmory) 
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needed for tbe procesRing. Thc dlOice algoritllm to be used. to reconstruct the ILit~ 
from raw data depends on the processing ,uchitect.ure it is to he implementoo on. 
The original COllCl-'Ptual design of the full dHL T Ryst.cm called for hit reconstruct.ion 
to be done Oll all FPGA in the frOnT,elld prorx:s<;ing nod~_ The algorithm tn lYe used. 
in that C3.ge ~hould conform t.o t.he fffJuircment.s of tiLe FPGA architecture, with the 
major coustraint is the footpriut of t.hf' code, induding thc lookup-tables rL'quiroo for 
mapping ilnd 1.& fIlllOllllt of RA'\! ncetled during prcx-es;ing. It is intf'resting ho,,·­
ever. t.o note tiL-1.t this will not be the fastest algoriti Lm for the PC CPU, whidl is not 
limited. by t.he severe footprint o:.lllstraillts tlLat all F'PGA is, ~inCf' t.he hoot memory 
celli be used efficiclltly alld tllis may Ue up to several GD. An fIlgorithm optimi:;ed 
for ULe PC epe oould be made to run much faste r on th,n CPU th.1.ll one optimi:;ed 
for the FPGA. Sillce for the present tile only architecture ilwilfl.b1c for testillg and 
bCllehmarkillg is the PC CPU, it is iIll'tmrtive t.o t.est. two differcnt. algorithms to see 
tiLe splm of one optimised for t.he cre 

5.4.2 PC-CPU optimised hit reconstruction algorithm. 

The algorithm opt.irnised for jhe PC-CPU rcliCll on fl. fairly largc lookup table con­
taining the geometrical and elect.ronir mfl.pping ,lIld segment.ation illformation. This 
inforllmtion o:.lllsists of t.he l>IAKU flud challncl lIumber~ for ewell pail t.he logicfll 
pru:! po~ition (i X,iY) in thc single deteetioll element local reference frame (ie, t.hc 
slfl.t), i\.~ well as t.he rcall)~ition of the pad in the global refeff'llce frame find t.he 
bcmling!noll-bendillg plalle information. Due t.o t.he large nUlllber of rhrumclR ill thc 
dimuoll spectrometer, thill lookup tablf' is Vf'l'y huge fIlld the fIlgorithm t.akes full 
advalltage of the presence of higll"speed RAM on the PC to ~t-orc this illformation. 
Thcre i~ one lookup table per DOL. 

The algorithm proce;se; tile raw dat.a in a j)f'x-DDL Wily, in l.he follo1,1,ing proee· 
dure, ~hown scllematicaliy in figure 5.3 : 

• read ill raw data ill the DDL 

• clleo::k eacll fired pad and consider whej her or not the rharge (TIlsse; tile thre:oll­
old. 

• wrt pru1.s with chfl.rge ilbove llnc:shold by deteo::tion element (slat.) 

• celltral Ilits are found in the bending fIlld non·bcnding plrule illdepelldently by 
OC<UlIling thc ocric:s of pa'ls 

• the hit is reconstructed by ,I centre-of-gravity eakulatioll from t.he three pilds 
belonging to a runtral pad. 

• reconstructcd hit p~itionR in the bending and non· bending plfllles ,ue merged 
to form iI 2·,JimensionaJ j,it_ 
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Figure 5 .3: Sdtc"rnatic diagram of the PC CPU-optimhoo OIuiIle hit rff"ou;,iruM,iou alg<>­
rilhlll_ 

5.4.3 1'.1'(;/\ optimised hi! recoustrllction a lgorit.hm. 

T hf' algorithm optim isec-i [or the FPGA is const rnin c..-t oy thc fad that. it. cmmot 
haw a V(·ry large footprint. Thi~ mcUllS that there is space for t.he mapping lookup 
tablc and the implemcntation of the reconstruction algorit hm, but very little else. 
T herefore. the data has t.o oe procCSOC'd in two st€PS : 

Read and map Tn this step. the data is read in [rom thc DDL, plaQ-tl into a buffer 
and mapped from the raw data format into the gC"<lmetrical data format using 
t.he mapping lookup tables. 

Nearest neighbours and centre of gravity search The data is theJI pM~~d ()VI;r 
(in the bending plane Htrips) and pads with high charges in lhem are found. 
When ~llch pads are found. a neighbour with high charge is S!'ll.rched for and j[ 
round; the c"entre of gravity l"alculation is done, 

Clearly, the data has (0 IIC pU8&xl <.Ncr Iwke in t his CU8(\ as oppoocd t.o only once 
in the case of the PC-CPU optimiS(~i case. At. thc lime o[ ""riting. thc algorithm 
opl,iTHi8Cd [or Ihe FPGA had b{"cn ~'()dl-tl aud tested only on the PC-CPU, in order 
10 che.::k ii.s efficiency. 

An oui.line of t.he algori thn' i~ shown jn figur{" 5_4( a); 'with thc l"orrt~pOJ,diJlg state 
lllaehine gi\"eu ill 5.4(h) _ The timing of the algori l.lUll is not realist ie, as it has not bN;n 
lested na tively with ~yllthC8iS(-d cod{" 011 the FPGA, although this i~ in in progr('8l;, 
Since the fiI~t illgori thll' has !lWll shcm'l' to respect th{" timing colI~t raiTlts set oll it., it is 
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-
'" 

-
(~) Srhem~ti" (b) SlaM maehiIlc of 
outline of the 1.'" FT'GA-Dptimised 
FPGA·optimised hit "'''lIl'trurtkm al· 
hit reconstruction gorithm. 
algorithm. 

in principle sufficient for The hnHl dULl'. The process of t-esting faster implerIK'lJtations 
is a work in progTCSf\. For tll(' rem~lnder of this work, the hit r('construcboll will refer 
TO the PC-CPU optimi_l algoriThm, muCffi specifically stated ot~'rwisc. 

5.'1.-1 Hit reconstructioTl resolution pcrfonllnncc 

The rffiOlutioll of tll(' hit recollstrudion algorithm hAA been estimated by compariug 
hit positions fOllnd with thuse geuerated. A large AAmple of event!; wag generated 
with singles muons. and then tfR.lJSported through the detector apparatus with the 
GEANT toolkit, aud the dl't-ectm responoo applied. The digitised data ""'ere par-ked as 
IlRuill into the DDL format ulld then procegsed Virith the hit reconstructiou software. 
The positions found by the hit remnstrnction suftwilrc ViTre t~'Il compared hit· by-hit 
to that indk.ated by the Rimnla1ioll. 

A &"lmple di~tri oution of tlle'Ie -'residuaig -, - the differences in lX'Sition b€tween the 
geuerated and found hitA - is shmITI in figure 5.4. ARSuming a Gaugsi.'lll distribution 
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H Residual" in the non-bending (lI- z) (d) Ik:lidu.als iu thp bf'.uding- (x -z) plflIle. 
plane. 

Figur(' 5_4, ::Vlerull1red Ilit rec<:JIllitflldion r""idu,.),; (XbM..,- xGF. ... vr) in t.he bending (left) 
"",d non-hending (righL) planffl. filled to Ga,lill>itlll distribution". 

of the residlli!l~. "." kwe u rf'OOlution in t h(' b('nding plane of less than H(l>tm. 

5.4.5 Hit reconstruction timing performances 

In order to see whetilPr the time cOIlslruint on t.h,~ hit rcooIJ.~t .ruction algorithm is 
satisfied, the hit reronstrudion uigorit.hm wus codcd iIlt.o R(X)T macros and timed. 
There are thref' factors which COllld inJlllence t.he tim(' nroloo for tit(' hit reeonstruc­
tion 

1. Channel threshold Cllt (DC cut) 

3. Ilit f<xonst.ruct.ioll algorit.hm , which algorithm is used, hm' f'flicielltly it is 
implf'mcnt('(i; end OIl which plalforTl) 

Benchmark r .. snlts of the hit reconst.ruction algorithm 

The algorithm WilS mlli iWIlcilll]Brkoo by nUlIliIlg it on a 2 GHz CQll)puter. The time 
nf'cded WilS meil.~llred ilS e fUIIctioIlof tit(' DC cut impo>;Cd "ith fixed number of inpllt 
particlffi (ISO per eveJlt), i~ siumn ill figure 5_5{e). Tlu~ dficio'ney is also shown in 
figllI'€ 5.5(h) M u fUIIctioIl oJ DC eut. The re~>lllw arc satisfactory, in that with tllf' 
Ilominal. DC Cilt of 50 d"HlIle!s - cl~n to enblH(, a maxiTl)al dfici('ney-to-timing 
rutio - tile timc requiroo 1.0 r<XVIli;t[uG'i, lhe hits of an M'flIlt is well below tllf' Ims 
limit. [158] 

Implications for th .. implern.elltation of th .. hit reconstruction algorithm 

ThO' choice of the final nrchitcc1.llrf' on whkh the dIlLT hit reconstruction algorit.hm 
will be imJlkmcntcd k; yo't t·o b(' dedded_ Althou,gh, from the resilits of thf' tests 
mn Oil the pc-cpe shown abow, it. L~ clCM lhat t hi~ will s\ulk.> For the foreseen 
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(.~) Tin,ing of dOLT online hit K>('()ru;trnction (I!) Efficienc'y of tho ,IHLT Ilit re<X>Ill<truG"tioll 
algorithm tiS " f,metion of DC ('11t with a algodthm as "function of DC ('ut. 
nomina] number of partidcs of 150. 

Fignre 5.5: Timing and efficlenr'Y of the ouline hit m::oIlstrudion algorit.hm on tr8.('king 
,hmnbers 4 and 5; lIS Ii function of DC cut, for a nominal ll1nnber of 1,,0 muons in tlw 
spectrometer. 

<lim110Il spedrOIllCU'T data Tates, the chine8f'-chedwrR algorithm processes the data 
WitlL suffici('nt ~peed, efficiency aJld ac'{;uracy, Thf' numbf'r of fwnt-elld PC's necessary 
i~ much less than that of the ALICE TPC, whkh requires ij('v('ral lmIldroo. By 
c<)ntrast. the dimuon spectromf'ter rffjllirffl on(' CPU per DOL. which corrf'SprmdR 
to only 20 CPUs - or 10 dual-CPU frontrf'nd n()cjel; - for the tracking chamber hit 
recoru;truction, The final choice ()f ho"" t.o impiC'ment th(' hit rE'crlnstruction on the 
PEP'~ awaits tILe ()ut.come of tlLC implemClltation and testing of a faHt algorit.hm on 
an FPGA2. 

a.a The dTTLT tracking algorithm 

In I he gf'Jleral ~ellse, a trigger ~lgorithm has to be designed in ordf'r (0 milke k\ decisioll 
on an event or part t herm£. Thi~ imolves sett ing some conditi()n f()r Ill(' data under 
investigation t() pass, IUld c.bedting whethcr it aG'tnally does 00. III tilf' C~'l.Re of the 
ALICE dimuon spectTOmeter, au f'L'l.lllple of Ihig t'.l11<lit ion limy l>e3 that the particlc 
wl, id L rC"Sultcd in iI tru.ck in the spectrometf'J", aSRllmoo to hc a muon once it has 
IravcriJ<XI thc muon filter, has a transverse m()mf'lli.llm grC!l.tcr thaJI some threshold, 
Ihe PI ('ul. TIUg is t ll(' baJ:C essence of the triggf'r algoril.hm - a G·ut on tile PI" of 
c~llldidal.e (rack>;. TILC mWlJlcr in whidl these tracks all'' selected iR up to thc spe<:ific 
tracking rugorillnn ll~ed. 

'Te8Ung L. "Ilfrentiy in pro;>;r"'" 
"Thi, i, th" Oll\V tri!(gcr criterion disc\l8Sed at length in tId, tIlt"''". howeycr it ill 001 Ihe only 

oooceivable scenario. The "'-lIl<>cpti<J<l and testing ot oilier triggering logic i. 'w ongoinK work. 
Natllmlly, "" th~ 'l>""lromrter is drnin>ed to &xural<'ly measure the d""ay pronucts of mesons, 
which deeay inlO high p.,. mnotlS (_ dlapler 1), the fiTllt tri= i<C()nario was was oonceived "" ~ l'r 
""t. 
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A first illgorithm for R'let~ting trll.ck., lm.~f'd on seeds from L() triggt'J" records from 
the lrigger data Wct<; propooxl and st.mlkd by Frank Man8() [155], but. tius is by no 
mcans the only algorithm capable of identifying track; and making a cut on their 
transverse momenlum_ The tracking algorithm that is uaed with the dHLT has to 
fulfil a kow very gcncralrcquirc'lnent.s: 

• It h& to ~ as efficient and inclusive as possible: as many tracks M ~iblc 
should be identified COIToctl,' M candidll.tre, 

• It has to ~ & accurate as poosible : thp Pr of till' identififrl tradlS ~hOllld b<: 
calculated t-o high procision. 

• ft h& to intcgmte well into the datil. transport framework : the illgorillllll shollid 
he able to be coded in a way thai-makes it compatible wit h the modlllarit.I' and 
int.er[aln; of the data flow framework. 

The firsl invcst.igation into the p06sibility of a dimuon High Lewl Trigger done by 
Manso [155] was baRU on a tra"k-finding, algorithm which used LO information liS 
~h t.o search [or lut.s on traddng stations 4 and 5, in order to construct tracks. Thi~ 
was a fairly linear and ikrali'w (with only 2 ikrations) procedure to which there exist 
in principle alternatives_ This so-called "lIlaILoo" algorit.hm was simulated in rollgh 
tf'J"ms with offiine code' ami provided the baseline for what a tracking algoritlnn of 
t.his kind cOlilu achieve, 

An alternadvc to "a first algorithm [or the dHLT", "a oocond algorithm for tllf' 
dHLT', is currently w Lder study [160]. This is a hierarchical algorithm which worb; on 
a locallcvel t.o build up tracks_ It. is inherentlv more parallel than the fir~t algorit.hm 
and is a [»<sible alt.emat.ivf'. Thp ddalls of t.his algorithm arc nol within the SCOp;' 
of tillS thffiis, and the amhor refers the reader t.o the work in progress [1601. 

5.5 .1 The "Manso" tracking algorithm 

The basic principle of til{' tradting illgorithm i~ to llse t.he H) records as sc~:ds to 
search for and validate ciUldidate triU'ks in thf' ~Pf"-trornetl'i", in a very efficient. and 
fa,,;t way. The raw data from padl ic>('ill triggf'J" circllit recorded by thc n,uon t.rigger 
elect.ronics contains estimated information on t.he position. deviation (in the' y direc­
t.ion) and trans'Vcrst' momentum of the partidp whidl callscd it t-o fire. An iJHplicit 
assumption is madf' hf're, that thf' partide' he.;; originakd at the Interaction Point 
(IP) and has passed through the dipule maglH't, Tlus <\.$uJHption, along with the de­
viation reported by thf' triggf'J" dft'lut, allows thp lracking algorithm t.o open a search 
area, or region of interest by f,Xtf'lidin,g a vet~tor toY.;ards tr8.('king station 5 of tile' 
spoc\.romcter, TIlls vector is cruculated tilkin,l; into il.CCOllilt tllP dipolp magne'tie flcld 
downstream and assuming that only m1l0l1~ pa&~ t.hrollgh t.he JHllon filkr jmm(,.-jiatdy 
preceding the trigger chambers. 

For earh eandidak, an ink'Tscdion point It" on each of the tracking chambers on 
~t.lI.lion 5 is udeIJuine-d, from thc LO information and t.he z~p08ition o[ the chamber. 
This intersection point thf'll forms the ecnt.lp of a R'arch area, with rwiu\< fl,_ Since 
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5.5. THE dHLT TRACKING ALGORITHM 93 

Tabl" 5.1: &",d, radius paT(\:md"r~ for the dHLT tracking algorithm fot, the r"!';ion of 
in\<JreBt (RoI) search. 

the dell!;ity of hits on the traeking rhambers 1; not cOIllitam, but fa.ll.; off f'xponentialiy 
ac.::ording to 

dN = C. e-I<"·" 
d, 

(see figure J,U), the seflIch radilL~ iR pflIametrised:lS a linear flln(1:ion of thr radial 
di~tance from the bf'am pipe, in ordf'.I 1,0 optirnisoc I,he dlleieney The ocareh radiu.; of 
a given ('('ntre puint wit h rli~taner H" from the bram pipe 1; defined a,<, R , = a· Rp+ h. 
The value'S of Q anrl /J are choocn Oll earh station (4 and 5) and are trade-off betwef'1l 
maximising aeccpt.ancc of muons from J j'¥ decay and reducing contamination fwm 
bakkgrollnrl muonie sourrcs. Thr vulues o[ a and b used in the first study of the 
rffirieney of this trarking algorithm are given in table 5.1. Tile !Ilea defined by Rp 
artrlli. is then S<'archcrl for arty hits within it (see figure 5.7). If hits are found, thf'n 
the a lgorithm proe,x,ds to the next iteratioll, while if the search result is nf'gative, the 
trad: ranrlirlate is rejC<.~t-ed. 

-- -' -- --

Figure 5.6: Schcmatk ,lia.gram of thc "Maru<o" tmrkiug algorithm (not to lOCale). 

The nf'xt. iteration of thr rugorithm is similar to the first , The hit. fOlllld on 
stat.ion.5 is conRirlrrcd, it 's rxart !-,ooit ion rletermined (to within the accuracy of tbf. 
hit reeollf'tr Ilct.ion algorithm) iUlrl a nrw region of interest is defined on station 4. This 
is donf' by projed.ing fl. veet.or ba.,-i: onto it, in fl. similar way as in the first iteration. 
This vector is defined by tbf. tbf. hit on stat.ion 5 and thr triggrr rir('ltit on t he trigger 
station associated with It , The seardl arefl. iR defined on station ,1 with thr mrthod 
and parameters given in t.able 5, 1 and all hit.s fOllnd wiThin the RoT are kept.. 
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ci.!'. THE dHLT TR.ACKING ALGORITHM \H 

'"' . , 
,. 

, , 
, 

" '. - , 

Figure 5 7: The last trocking cha.mber or t ile dimuon spOCtrOillPter (duunber 10) i" silown 
witil " sample (central) evmt. T ile digitiood hits are sho""" alonp; with n.n example of " 
possible ""arch fflclill~ from the LO information. The ,.,>lTch. circle has iii< ceutre at Rp "ud 
"radiuo of Rs give" as a fuuctiou of RJ' (_ text). 

Oue~ the hit J.>06ition~ of the (rnd< cnndidak ,uv d.'tclminN"!. the tranSVl'fSe mo­
mentulll of th'lt U"N:k i~ th~n c,lkubtN"J. A<:<\llninlj ,1 fbt lIla~nl'tic fi,.. ld distribution 
in (he riiJXll,... fIR w,..U as f'trnight trnd~s in the x - z planl' and negJocting illultiple­
~att~ring dfocts, the tmn8Wl"S(' tlloml'lltum of a. track is gi"...n a~ a f"nctioll of the 
defk~tjon nJtgl~ (Oa). the ,w1gni(ud,.. of the nmgllf'tic fi,..lri 13 (Tl til(' z-lrngth of till' 
field area ( I,) by (he hy [128: 

q13L Jx~. + V;· 
PT=O.3e;;-' zl' ' (5.1) 

whl'rr .r",!)" and z" aI"<' thf> oo-ordinatcs on the detedor. inside the dipole field. 
a~ shown in figlue r} .8. TIl{' posit ious of the hits OTi the t.hird statioll. illside t.he 
dipolr ruagIl,..tic fidd are l'Stimat.ed. IL'iiTI g the above a8$uillption~ on the track. from 
the positioTis Oil the first aud seo:Jnd trigger eharnher~ (x :,"!Jl,zd ,md (Xl'Yl,Z~) 
rl'SPf'Ctiw'ly : 

Using stalldard error propagation, the uncertainty 011 .. he tran,veroo mOllleu\.uw of 
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1>.11. BENCHMARKS OF THE MANSO TRACKING ALGORITHM 9[, 

trfl.("k~ ("}ucuiatrxi in t.his way (".un l.X' shovi'n to be proportional to t)",-, lUlC<.'rtaimies in 
tll<.' positioIlll x" U, and y} 

, 
i , 

~, 

" .... , 
, 

OJ,, OJ , 

Figure 5.8: ALICE <..iirrmoll trad::ing algorithm P1" eakulntion principle, &]upte<..i from thp. 
LO trigger )Jrincipie [1281 

Siuce thn; truddng a lgorithm starts with I.ht' LO (".flwlidat.c8 u.s oot'ds for track 
finding. it ('aunot recco-".-er tracks that VI hflS nolo =ptrx!. III ord<.'r t-o O'Il.'rcomc 
this short<.'Omiug, it v;w; propooed 1.0 set the VI cut wry lov.·, far below til<.' dHLT 
cut. at t.he J/fJi t.hreshold. in ordr"-r to maximise lij{' effir'i{'u~y. Siue<.' the global LO 
t'fficit'nq (integrated over Pr) is around 85'),'0" tllis traffiing algorithm can nt'ver 1)(' 
more efficit'nt t.han l.his valw' and CfUl only rej{'('t background. 

Thl' l'flicienq of the La Cut is a factor contributing to til(' tot.al ~Jlt-mlC<' of 
dimuons, ami the lewl of tlK' ('ut with l.he dHLT in pbce is a maHer for di~·llli3ion. 
An issue which at the time of writing Vi1lll under im'l:sLigation is hov.· the dHLT 
trar..king algorithm ",ill handle high hit density environment~. Wit-h no pr&filt~ring 
of tile 1.0 iufoDnation. tiK' dHLT tracking algorit.hm may b<- fIooJed wit-il too many 
,;('(~ to promoo in l.ht' alloU('(i timt'. Ho",~y('r . if t)Jl'o' dHLT t racking algorithm is fu.sl. 
and efficient enough at high ffiultipliciUrs, ( 1)"2 .... may be uo nel'd to maJre a PT cut. at 
the La level - all the fired ("ircuits of til(' La triggt'r may ~imply be passed on to Ihe 
dHL T. This llwthod may in principl" a('('l'pt more :;ignal than with I he pr('- filt ering of 
UI information, but it is douhtful how .... -aluabk' the information would lx', since the 
filt('roo trarks would 1.><' flt lov.'-Pr ami lienee have a high prohability to 1.><' rej{'('wd 
by 1.11(' dHI.'l' anyway_ 'I'll<.' Jlro~pect. is uuder ~tudy[ Hj.(f. 

5.6 Benchmarks of the rvlanso tracking algorithm 

Tht' fundam('[ltal prop<'rl.ir.s of l.il(' dHLT algorit.hm having been dE'iinr;d, it WM de­
rided to pt'rform some bflilic hendllliark \.('61,8, using simple input distrilliltiom, in 
order to Ix>ttl'r uIKieThtanri tbe intrinsi!' dfidcncy of t.he algorithm. Thl' etfick-nr:y is 
definN as an output distribution divided hy an input distribution. In tht' Cal!(' of 1.ht' 
dHI:r effi<.'iency, tilis is the dHLT-calculated "fiT slX";trum di\~dKl by the input Pr 
spectrum_ 

' Tl>P lll>lnt&iulies in the z I~",itioll are '\.SIlumed to b" vcry small su",,, Ih" der.octo"8 M,· a1ip;n"d 
in thO< <iir",tion wry a ,x'ura"'i)- with the Goomc\,."",j Moniloring Sy~t(·Ul (GMS) ""stem_ 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5.6. BENCHMARKS OF THE MANSO TRACKING ALGORITHM 96 

5.6.1 Cut \vidth and monlCntum rccon~truction accuracy 

Of course, the effiCil'll0' of the cut depends on the accuracy of the liT detprmination of 
the algorithm. The uncf'rtaimy on the PT of a trftl'J.;: calculated from the dHLT can b~ 
expressed in terms of the uncert.ainty of t.he hit pOl'litiOils llB well M the inherent Ul)­

certainty of the dllLT algorithm. Til<' former is well-defined hy t he segmentation and 
hit.-n:nm~t.ruct.ion eo<.k dCl'(;rillCd abow. while the latter refer~ to the ~implifications 
mOOe in the tIHLT trocking a lgocitlJlll expression foc the PT of a track 

The sy~t.eIllat,ic uJJC<Cltaint~ of the LO a.nd dHLT can be estimatPd by TN;orting 
to high-stati~ti~ lItont.('--Cru-lo bimuiations, A large number of mU0l1~ with a fiat 
(list rihution in [>1' "we generated and then LO a.nd dHL T pTOCffiSing performed on 
them 11601· For the simulation tltf' entirf' dirnuOil spect.rometer WllB included, including 
those part,s of t-he ALICE det.edor wlridl share the dimuon rapidity region: the 
forward det.ect-on; (VO, TO and ZDC), the front aiJR()rber, the dipole and L3 maguets 
lUld the muon filter. Assuming that the llllcertainty of t.lle dHLT and LO PT estimates 
arc Gamsiau distributions, the Hy~tematk uncertainty can be found from fitting the 
tliHerenCffi betwe"TI the input muon PT and t.he PI' calculated by either the dHLT 
and 1.0 retipl"Ctively. These fits, shown ill figure 5.9, 5Crvc "'" a useful e~timate of the 
~y~t.ematic uncertainty. From figure CI,g Inl can see that frOIll the bimulat.ioI1'l, the 

Figure CI,g: Fits of the di ll':I'<mce bd""-'"ll tl"., PT ",llClliat"r\ by tile UJ (len) and dliLT 
(right) algorithms Ilnd tll€ input P'1 of lIlUOO". Now Illilt. t,M width of the dHLT di8U'\but'>on 
i" "4t:nificantly »nmllf'T th1l.ll thllt of ~ll€ LO distributioo. 

accuracy of t.he dHLT tracking algorithm is about 250 .\IeV at a PT of 2 GeV, In 
order t.o investigatf' the slmrpnC&; of a [>1' cut, assuming that the uncertainty on the 
dHLT 1'1' calculation is it GmlS'lian distribution, the eflicif'llcy of the dHLT can be 
parmnetriood as iUl error function: 

AI ( '"' \ ""' (prj = '2 1 + Er f P-l':rz~j ) (5.2) 

Hrre, the jlaramet.er~ A (amplitude of the function), 'l (the "~kin width" of the cut) 
and {Ij,u aff' to bf' fitted from simulat.ed di~tributiollS, Thr results of t.hese (nor­
malised) tit.s are shOl'i"n in figure 5.6.1. For the given accuracy of OUf tracking and 
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""m-o._o.," Ji 
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, , .. ,-•. ,. ; ',' Go,", 
Figure 5.10; Fits of the LO (left) autl tlHLT (righr,) ~fticif'lley fllller,ioll". Note that th", 
ntted "kin width (I) of tllC dIILT function is 8111lillec than that d LO. 

lrit-reoonstruction algorithms, the :;kin width is fitted to be 722 ± 406 !l.IcV for a 2 
GeV cut. 

Previously mentioned was t.he possibility of other tracking algorithms which had 
different basic assumptions. Sinl~ the currf'nt "Manso;; nlgorithm 118(.0<; only the barc 
minimum of information from the tradi:ing dlmIlr...,rs nc=y to pr~ditt RDIs and 
cnlcubk thf' 11'1' of tracks, it is j)(:fflib1e tlmt it. do(" not have the lIluot accurate PT 
prediction p0!3sibif'. A systemntic ~t u<.t· WM lmocrtakcn 1160J to inye~tigate the rf'Ja­
t.ionship lxf,wttn the skin width of the efficirncy curve, the intrillSic ff'.>olmion of the 
hit roCl:m.~tnlction nlgooithm and the tracking algor ithm used, A general pJ<pression 
for the skin width in tcrms of the ~patiaJ reoolution O".patial of thp hit reconst,rnct ion 
algorithm (lllrl the tranSVCf>le momentum Pr rcsolution of the tracking algorit.hm is 
given by . 

2 ",,12 \ 2 
VI' "1J'.p>fi<l1 2' 

2 + llO"aj -
7rz}-(tan(9") tan(2")) fi'J ' 

(5,3) 

whrre Ak i~ an integral OVl.'r () at a giwn P'I cut: 

(
Z2 - ZF . Z2 rf;')' . ii1n () -
Z2-Z, Z2 - Z[ ' O.3qI-JL 

(5.4) 

+(ZF-Zl sinO+ z, . rfT" )'l~dl) 
J!~ Zl Z2 Zj O.3qHL . 

Here, q, Band L are tllf' marge of t,he particle, tlte rlipolc magnctic field ~trength and 
di~tance the particle travels through that field respectively, as rlctin(~1 aboVl'. The 
pOSitiOll~ Zl, z~ unil ZF arr t hOO(~ of thc tracking ~tat iOllS 5, 4 and 3 rrspectiveiy (Ill< dc­
tined allove), The values ":<0 and "r..,c rcft~r to the reoolution of tlll' hit-re<::onst.ruction 
algorithm in the x- (l.nd y-ilinxiions rffipectively_ 
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The Pquation for the skin widt h is pararndriS0i in (enIlS of the resolutions of the 
tra('king and hit r{'COns(ruction algoriilnns. It is thus possible to investigate the be­
haviour of (hi~ jXlram('(.cr ilS these resolutions are changed, which Vi'Ould reflect poso;i­
ble d('vdopmen(.R of the hH_rffOIl8truction and tracking al~orithlllS. It was fmUld that 
significam improvemf'nl.s oould be made hy 11'J.ving Il. more accuratf' hit·roconstruction 
(and hellO" orad-finding) algoril.hm (<1'JXIltal), hut that in order to improve the skin 
widl.h by orders of m"gnHud(', au improvcd imrin~ic <"Iccun-v:y of l.he algori.hm (<1a l.'I") 
is nl'l.-xlcd. 

5.ti.2 Haekgrolllld rejection fnctor 

Wirh R)'lllmf'uic PI' cuts at th(' LO and dliLT k'vcl, i' has lllX'n "hown to suppress by 
roughly a factor of co thf' amOllllr of dat<"l accepled hy l.he sp<xtrome(('r, by rejecting 
bad'~round b&sed on its tracking algorithm. This fador h<"ls been CSlimatro to be 
even hi~her (around 6.7) if asymf'tri" "U(.8 are plaO"d on track ('-9.ndidatcs at the LO 
and dHlT leveL with a low Pr cm <"1(. LO ,mel a high cul. at (he dHL'l' leVf'J. 

5.ti.3 Acceptance 

The acceptartce of dimllolls from thf' decW of '!/'i! al1d Y meoons with I,his (rocking 
algorithm has been inwsrigatoo and oompared .0 (.he f\(x'ep(,m(Je of LO. While the 
ac('eptaIK'e of J/w dimuon decay products is ahoul. 10% less (around 6g% for dHLT 
compared to 78o/c foc LO), rhe acceptance of dimaolls from l.he Y dec<"ly is decreu.s<:'d 
by only a eouplc of pcreent (81o/c for dHLT comp,uoo to 86% for LO). 

" ~( a. Summary 

The design of (he dHLT build" doody OIL that of the HLT, which allOWR it (0 take 
adv,m(agf' of (he HI: I"s soH ,var(' llloouks a,,; wcll as hardware components. It ha~ llf'en 
"hown, with V(1"Y simple input disrributiolls, that the dHlT (',an recQns(ru('( (rack;; 
more accun.tcly than dIe LO, and that with the CllIT~nt trarlting algori.hJn ,mel hit· 
re('olls(ruction accuracies, a sufficient enhancemf'nt is achieved. The possibilily exists 
.0 improw thl'S(' wlUlts by implemcming improved tracking or hil. recoru;(ru('(ion 
algorithlll8 and a generall'xprcssion for the skin width of the effidf'llCY cmVf' hilS 
been given in tenus of these factors. We Viill ILOW d€ocribe the actual implf'mf'Il(.a'iOIl 
of (he systems ooth offline aud onlin(', in the following chapter. 
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Chapter 6 

Implementation of the dHLT 

n.l The onlille alld oi1line cases 

The dHLT has bef>n ri"vf':ioped all a set of software components Viith interfaces to each 
other ru; well as data sources and sinks. This chapter anus to describe these software 
modules and how thf'Y relate to p.&<'h other. The dHLT iI; rlesignerl to be usen in t.wo 
moo~ 

online wilh full intf'gration into til(' data transport. framework, operatmg in real-time 

offline with intf'r£'l.Cf':S to thf' ALICE offline simulation frame'lVOrk, AliIWot. [lU2]. 

Uotl, of these environments are essential r .. The deVl'iopment of the dHLT system and 
I,ave different dat.a input and output formats. The interfaces are dl'llignoo soch that 
the processing componenl.s arl" independent of .. he rlata snuwes or sinks, whidllllakes 
th('Ill easily intf'rrltangeable and allows for testing the dHLT in diff,-.u'nt. n>lXles. All of 
t\,,, above dfflCription of the dIfL'!' .rocking algoritJ,m has bef.n tested in the so-called 
"ofHine" computing environment, which is to say that the algorithm was tcst<:rl on 
simulakd data, with no illterfu£e or connection to the HLT data transport [rrunf'\vork 
This analysis is vwualJlt1 in order to check global propeIties of ti,e algorithm, such 
as the maximum efficit'llcy, backgrouud rejoction, ur the time takC1l for the dHLT 
tracker to identify tracks and oompllk their trall~veISf' mOmf'lltum. Fl1rtioeImore, by 
isolating thf' dHLT lJ)()(jllles, it is nuw.h eaRier to idell1ify problems related directly to 
a spocific module or auotiwr. 

III the ouline case, the emphasis is 011 rt'alistic data tran",lJOrt and timing, in 
ordN to understand whttther the system call physically handle the load placed 011 
it. IntcrfacCll to the data transport [ran""wrk Wf'Ie used to simulatf' the dHLT in a 
semi-realistic way, similar to th" envisaged sittmtlon at tht1 actual experiment'. The 
input termi1l11S (raw data) is left opell-f'uded and several options arf' being devf'loped 
[HiO, 165], ifi'Cluding input from dat.a files or data Jlublished from RORC's. In the 
final system, thi~ will be provided by the data ~treams from the dimuon spect.rometer 

1 As work "II the prOF<-"t P"'8""'''''' ("'.., [160, 165[), tl""", int"rirn P""""""'" and d"t" pTIx, .... ,ing 
rompo""fits "ill be replaced with (he definitiw yersioM. 
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6.2. INTERFACE TO THE HLT DATA TRANSPORT FRAMEWOROO 

OOL's, whik during prototyping thi~ hus to be providoo by files with g(,f>Crated raw 
data. 

6.2 Interface to the HLT data transport f'ramp­
work 

Pili mentioned before, the data tran.~port IramewDik of the tlHLT is the same onr 
as the ALICE HLT, with dimuon sj)<Xific pr(}('%Sing l'1Jfllp<Jnents. A more detailoo 
description of the full fUllctiDnaiity of the [ranK'work is given in Chapter 4. and Dnly 
the relHwmt parts will be highlightoo, where they p€rtain t o thf' development of 
the dHLT system. For a full description of the data transport framework, S('e rds 
[16 1,151 [ 

TIle input tennillUS tD the publbhl'l-sub,;crihl'r framework depends Dn whether tIl(' 
system is b€ing used in the online Dr offiin(' mode. In the onlim' <:&"-'1, the data input 
i8 from \11e detectDr DDL'~ via the FEE's. In the offline case, the data is pnblishetl 
from tlata files whidl reside in memory. A file- or DDL-publislmr rccdv~ the L2A, 
either from tire df'toctor trigger cl!.'l.-1;ronj(1j or from a mDd;:-np whklt simulates the 
signal at a given rate. Once the tlata hu,; been published, tire pmc('ssing chain can 
proceed, starting with the reconstrudion of hit8 from the raw data. 

6.3 Offline implementation of the ALICE dHLT 
s<li'twarc 

TIle procmsing chain Df t h<- dHL T consist~ of several pmcessing and data tralLsfor­
ma\ion steps. 11lMe prD= aud their dependencies "ill b€ outlin("<1 bt:low. 

6.3.1 Raw data and reconstructed hits 

TIl(' first fUJM.-1:ion of tIm dHLT is to atXjuirc til(' raw tlata and transform it illto the 
rccOlI.~tlUCt.OO hits format. 'J1m COI.llp0nf'llts whk" arc rf'<.luirOO for t.his task are 

• L2A mock sigua1 generator 

• File pnbli&ll('r 

• Hit rflCDnstructiug process component 

• Hit reconstrnction algorit.hm 

• Ik<.-'<Jn~trncted hit writer process compon('nt 

The L2A si,.;nuJ gcncrator would provioo thr '"start" signal to the fik publi~her. in a 
~imilar viay that tht> real L2A ~ig:nal would open thc gat('l; on the reatlout riectronies. 
Tho:: actual rate at which tllis i~ done can be tUll(~L in order to ~imulatf' difi'f'J"ent 
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6.3. OFFLINE rl\lI'L~; r\'IF.:"rT'ATION OF 'lIn: AL1C~; dHLT 
SOFTWARE 
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(~) flaw rlil.ta generation and ha re<:Oll- (b) Tracking processing component.'. 
strnction pro~"sses. 

101 

Figure 6.1: 5chentati~ diagram of the reu:>llstrocted hit (left) and traddng (right) prooossing 
c(lI1lponenL.s. 

H''l(]OIlt. rat.es. The Fik publibher~ then publitih the data contained in the fiks =d t hi~ 
dat.a i~ tlwn hnJldrd off t.o the hit rOCQnstruction procet;sing L'DmpOll{lllt ~llbilCribrrs. 

Onee the hits havll heen ramlbtructed, the data is Pllblished to a recon~truded hit 
writer, whieh writes the dutu into u stream. This strenrn is thrn published awaiting 
subscription by a tracking l'Dlllponent, 

6.:3.2 Tracking component and Decision component 

The r0C<.)Il~traetrd hit.s t.hat. !l,re publ.i~hed are bubscribed to by tmddng COlllpunrnt~, 
which perform t.h~ track finding and PT cut. The dHL:'r componcuts for this are : 

• PubSub Framework 

• Trigger Hecord raw dat.a 

• LO Raw Data Parser 

• Trigger Record Trallblator 

• Tracker ProceESing Component. 

• Tmcking Algorit hm 

• Track Writer 

• Deci~ion Record \Vriter 

The LO trigger dat<l, once parsed and trnmJatcd int.o thr fOrIDat nec=y for the 
t.racking algurithm, provides the seOOs for the tracking. Thi~ i~ then passed by the 
dat.a t.ran~purt frWIlevi'urk to the traclrer processing compuncnt.; where the tracking 
algoritlnil i>; exccutrd. Once the trad: has been oonstrnctoo and the IN hfUl boon 
calcnlated, thr dHlT dccision ean be made, Sinee the dHLT decision i>; wry ~impk, 
it is coded as pnrt of the t.mcking compunent and the results of this nIl' 'i'i'I"itten wit.h 
the Decision Record Writre. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

6.4. ONLINE IMPLEMENTATIO::,{ 102 

6.4 Online implementation 

The processing components des::ribed aoave were what Wah deemed io l>c n=ry 
to fulfil the design requiremellts of the dHLT, howcvcr the actual impicmeniation is 
not discUBse1. The implementation in this case waB discussed and two scenarios 'were 
envisaged - a "mllha.ck" &rchi\.ecture and a simplified monolithic one. 

6 .4.1 Thc "callback" opt.ion 

Since the dHLT haB the inllerent COlo,cept of regioI1'l of interest, it is poosiblf' to for­
y,,-acd only these data. of interest to the decision components. An om-ious advilJltage 
of thi~ ochcme would be that thcr~ wonld be a reduction in tile data rate 0\'Cr the 
communication nc\work, since only fractions of events would he sent, however there 
were disadvantages too. The most severe of these dllidvffilta~ was that there i~ a 
requirement for a "callback" mccllanism, where the decision rnmponent would request 
tile RoI's from the nodes where the recon~tructed hit information would he ~or!'(\. 
This feature is not present in the HLT data tfil.n~port framework, since in thib fwme­
work data is envisaged only to he transported in one direction. An elaborate fjCheme 
of message pa8Sing would have to he cnn.~1ructed OveI the functionaJity of ihe HLT 
framcv>urk in order for the Rol callback mechanism to work. Since thi~ reprffient!'(\ 
a move away from the philosophy of ui>ing ~ta,ndard frmnework components and t.he 
aclna.llevel of the reduction in the dab sent oveI the network was not. dear, it wm; 

decided instead to follow simpler and more pra.cticfll approach. 

6.4.2 The "monolithic" option 

Alt.hough ihe callbock opt.ion offeroo a very ~kgant aad efficieut solntion in principle, 
(.he tochniral problelllb ~tated above meant that tile implementation of tllis metllod 
would tuke wme time. A diff~rent solution was found, by r~mo~ing the Rol-pllBSing 
functionality trom the dHt.:l' dccibiou component. The tracker would pass on entirp 
events insteA'l.(i of only pari~ of t.hem t.o the dc.:jbion component. TIus meant that there 
WM no nl'ed for the derioion eompone.nt. to communicak it!:; desired region of interest 
to the tra.cking pr'-.lC€floeb. Thi~ option W(lS dubboo t.he "mollolithic~ option since the 
e.ntire data of (In event b 1l<l&;N from the track-finding processing components to the 
deci&ion prC>CC$ing component, inbkad of OIlly parts of ewnts. 

Note that tCparate t.racking component~ do not have to rUll on separate node><" 
thanks io the u~twork-transpareacy of the HLT data transport frame"i'mrk. This 
abo mcan~ that the deei ~jon component may be on the same node as one or more 
iracking component-b. Tile only con~traint was the amount of resources required at 
the e_"'lleCt!'(\ dMB. rat.e.; oy thf' v;J.rion~ prC>CC$llg component!:;. This would dictate 
how the proce~~ing compOne.llt~ w0\11d l>c bpread among~t HLT compute nod~ . For 
ihi~ reason, and in ordfr to integrat.e all of the ooftwure eompollCntb to determine if 
there W('re any design flaws at the time, an integration test "l'm.s lmdertflken. 
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6.5 The dimuon High Level Trigger integration test 

It was dock:h:d to t~t th" systrm on th" duster at t he UCT-CERN R~0arch C(')1-
tre. Although at thr time of the i:ntegration test, the full data chain had not bel:n 
complrtoo - in particuhir, raw data generators had lIot b€en included in the chain, M 
'well M thr RORC publiRhel"F' - the exercise would be valuable to test the interfaces 
bciween thr processing components. The interf= to the data inpnt would also br 
defined for later intrgrat.ion and tl>c design of the wholr ~y8tem could be tested to 
see if it v.-ould actually be able to handle the load placrd on it. in ALICE rillming 
conditions. What is more, wit.h a t.est brnch >;ftup. it would be J>U'3Ilible to stress the 
system in variOll:l ways, in order to detrrminr its behaviour under vaf}ing states of 
network, C,entrai Processing Unit (CPU), di~k Input / Output (I/O) load, etc. 

6.5.1 Test-bench technical specifications 

The test was performed on the UCT-CERN JU:scardl Centres oolllputing facility, 
Cluster for African Research in Massive Energetic Nuclci (CARME~) [164]. At the 
time of the integration test., the cluster shown in figure A.3 coll:listed of 20 compute 
nodes running a Linux 2.6 oories !romel and a head nod .. wit.h attachPd Redun<.i..'Ult 
Array of IneXp"JlSIVe Disks (RAID) storage. 

All the oomputers were Intel Pentimll IV based, with the compute node!< mnning 
on 2.6 Glh llyprr-Threaded CPU's nodCfl. with co12 I'IlD of Random-Accrss I'Ilrmory 
(HAl'll) and 512 kl3 Levd 2 caclw. Thr R('n-er Wall a 3.2 Gll/. CPU with 11m of L2 
eachr and 1 GB of RAM. The operating systrm of both oomputr nod0S and head 
nodes was a eust.omi&'d V("rsiOll of RedHat LillUX 9, with the head node nmning a 
2.4.25 basIxl krmcl. Several patch<::s, induding tliOS(' for 80curity and the PCI and 
shared mrmory mterface driver n0CCSSary for running the HLT "Were applied to this 
hrnel. TIIC oompute nodes' nctwork interfaces were D-Link 520 Fa:ot Ethernet PCI 
cards. ('Onnected via a SUIeCom 10/100 Mb/s switch. The switch had a Gigabit 
backplane and two Gb/s ports, one of which the head node will< COllllPCted to. This 
meant that th" maximllm bandwidth available t o each nod" wOllld be arollnd 10 
IIIB/s, wlJile to the hald node tlJere Wa:J a maximum of 100 MB/s available. An 
J\etwork File System (NFS) [166] Wall exported to the nodes from tills port, but they 
also had 80 GB hard driVCll wit.h a local ext3 scratch partition with roughly 50 GB 
of free space for data. I\[or" detail~ on thr Systf'lll can hr found in Apprndix A. 

6.5.2 Integral,ioll alld stress Lest goal" 

Apart from th" actual t.est of the intrgration of the dHLT code modules described 
above into a coherent, "I'i"Orking form, thf J\ovemb{'r 2004 test airnf'd 10 stress the 
dHLT s)'Btem in two independel.lt. ways: 

1. D"ternrine whether the dHLT architecture oould handle th{' fOrf'Cf'.l1 rates, ill as 
realistic aE; possible a:; scenario. 

2. Determine whethPr tllf' dHLT tracking algorithm gavr Rellsible rCflults 
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III the first case, since final versioru; for all componentb were riot avwbblc aL Lh" tilllc, 
rralistic values for the time r~'quired to prOC€&; data would be illscrtcd as dUlllllly 
process components. where the traclting would normally Imn~ bccTl dOllc aTld this 
would \.est whether it was po~siJ.,le with OUI network architect.ure t'J handle the forSCCrl 
event rate. In the oocond case, the tracking componeTlh would bt, ir!l3cr1.00, buL 
rocXlnst.ructed hit data would be fcd in from a lile instead of frolll DDL str('wn~. 
Thi~ would check whet.her t.he tracking colllp<JIlent. would efticicIltJy alld faithfully 
reconstruct the simulated track;. 

6.53 DUlnmy load stn~HH t(~HI, 

15 NuJe DumMY TrucK. r Sot'"" Tes.t Setup - "liLT loteg'",ior Test 

TaskM3I1ager Master Node: "RP3 .phy .uct. ac .za 

,,, -, ,," 

pI""'" 

Figure 6.2: Schem~.tic ui~ grflm 01 the phyej"a[ rial" tlow oft"" dummy Str~S8 test. Conn",­
tion'l anrl frlUll€work pr~fi.""" ar€' ,mown. but not individual dHLT fr3Ille\VOrk COUlJ->Oueuts 
( ..... figure ti.3) 

In this test., the framework of thc dilL T Syblcm would be tested 1.0 Sf'e whether 
it could fJ<l,Ildie the d,)ta. ra\{' foresox~fl during Lhe highest daLa. rate fOI'S<'ell - Ph-Pb 
collision~ at 1.0 klk TIl(' raw data ami tradcr were lloL indndcd. bUL the time ta.kPJl 
to nm thr hit reconstruction proce'ili from raw data and tracking colllponelltb wa.;; 
estilllat.ed arid i'!Cluded ill the fmlll('work as "dummy pro<"CSRCS"" The&: [ue procff'.se; 
whidl do uoL admilly perform ta.~ks, but use CPU time in the same way a.;; t.he actuui 
processing oomponent~. Nominal ewn\. ~i:(ffl a[[d m1.~ were ch=" Lo corrcspond Lo 
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tllO-' respective m!p<imum values, including the ALICE-wirk ~ufety factor of 2 on the 
l'xIX'Ctoo multiplicity, namely .';00 kB/eW'nt at 1.0 kH~ for Ph-Pb colli:;ion,,;. Note 
that the situation under ~tudy rorresponds to central Ph-Pb collisions, where the 
partick multiplidty L~ the highest, while the trigger rate is the dimuon LO rate limit 
~1)('Cificd by thl' ALICE trigger system , not the rate of central eV('nt~ for;;c.:;n_ Thi:; 
scenario asmllllcs that all CVCllt~ arc ("ntra!, which is ckarly not the Cll:ll' and is a very 
IX'SSimistic assumption. Hov.'Cn'r, ~ino;:e thc purpose of the test was to &'<J to what 
extent the system c'{)U\d be stres.~'C!, the very worst eas<' SCl'nario was chosen. 

The total event size of 500 kB foc the dinmon ~pe('tmmeter was as~umed to be 
hlmrE'd equally betwf'E'1l il FEP's, with 2 FlltPub/iF./ter compollents carll. Thi:; cor­
responds to til<> situation in the experiment, where 2 R()RC'~ will be hosted per 
FEr, eaeh reading out a DDL of the sl-.e.::trometer. Each of thrse FiicPublishCl's was 
then subscribed to by an EuentSmttpt'er. which fanned out the data into 6 ~tn'alll~, 
for loacl-balandng, since thl' events are a<;o;ullwd to bl' publillhoo a:;ynehronously. Up­
~trefUll, a:;ct of 6 dummy dimuon tracking prOCCi>Sing compom'nt~ subscribed to these 
events, making t'-, number ew'nts published auel bllOOcribcd to equal on the average. 
Since the aim of the test was to check only the tolerance of the system to a high ewnt 
rate, the actual tracking processes were substitutl'C! for dummy procE'R'!CS. which elim­
inated a source of uncertainty in t'-, timing. Thf. dimuon tracking romponent hflll 
itf.t'n tested with offline rode and vms found to take on tllf' average 15 ms to find 
tracks in simulated central Ph-Pb events. Thereforr, thE> dummy tracker ('O!1~isted of 
a dummy pfO<'.ess which lasted on thr averagl' 15 ms, with a ~light Gtlllssian ~pread 
of I m~. 

Once the&' proc!"Sl'iPS hflll completed, the data ",'(I." then publi~hl'(l to 4 streams 
via allother EuentScatterer. OJfrespol"luing to these four streams were four Deci~ion 
Components which repre&'Jlted the end of the processing chain and signalled the end 
of the event to the Task.Muuagel". The full layout of the physical proceR.'ling chain is 
given in figure 6.2. The HLT framework components besides the dummy tracker and 
dc'Cision components is shown in figurr 0.3. 

~'I=d ,-------";;:;= 
0"" .. , • 

• 

Figure 6.3: The I1LT rrrnllGwurk wmpol>""t" implcIll"llted ill \h" dummy 8t"'"3 tes\, al011g 
with the da.ta flow. 

The above setup was run at a low event rate (below I kHr.) and was found to be 
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btahl!', with all thf' compon!'nl.8 working as !'xpectoo. 

.~r: .. "~. ~ .~. !\, .... ;..,~\ .... .... ' .' .'" , .., 1 l' ~ , 

I 

! , 
... .:.~. iii .. ' 

, 
r , I 

('h~Nd(I'":m. 
, , 
, 
, 

-
(3) Data ootpm ratoe for a fill'" (b) CPU utili""'tion for the file­
publiEhing noile at fill event rate of 1.2 puhliehing node Ilt an event rat~ of 1.2 
kH, kHz 

Figure 6.4: File pubfuJJcr noue rC6Ollrc"" utilisation uuring th<c .-lHLT ~tre88 test. 

The event publishing rate was then pushed first up to 1.0 kHz and then to 1.2 kHz, 
in order to fulfil thfo goals of Ill;> stwss -wst - t.o S/'f' whetht'r thfo same behaviour at 
10Vi' rates would l:Jf' exhihited by th;> 8ystem at I!'aiistic rates, At 1.0 kHz thr system 

! 
----- , 

1 , 4 _ · ... I .' rr~V~I\t!;l\ , ' 1'V;~Y<1. 14 "O N O<. 
, 

" 
W~ll~~ , 
I I 

I I 
"it! h""tl~ j ...... .,"'I'-1 , , 

•• •• .. .. .. .. .. - -
(3) Data input anu oo~put mte>< for a. (h) CPU milisation of the tra.cking 
tradting node, at an event rate of 1.2 node at a.n event rate of 1.2 kHz 
kH, 

Figure G,5: Trading node rlOOurcc utili"",tion data. during ~he dRLT "tress t€8t, 

again jl{'rfurmed ~ expect{'t\; "ith the load on the CPU'b reoching Jwund t.he 70"10 -
90% mark. At 1.2 kH/; the network IxntJeneck btart{'t\ to oocome apjmrent and r~,tes 
above t.his oould not be sustained for more than a few minuteb without the ~.Ybt.em 
tailing. 

The CPU and network utilisation for the nodeb in the various leveb of the cilJ.in 
are shown in figures 6.5(a) and 6.5(b). In figure 6.4(a), vre can see that the network 
bandwidth is saturated from the file-pubJibhing nodes, in this ease bambino03. The 
data output rate on the file publishing not\es is roughly equivJlent to the rbta input 
rate measurffi. 011 the tra.cking nod!'s, as ~hown for b3Ilbino08 ill figure 6.5.3, Shol>m 
alongside is the CPU utilisation on this node while data is b\'ing proce&lefl. The CPU 
utilisation is not saturate<l but nevertheless quite high. It. is albel ,;hmo'JI that the dat.J. 
outpllt. rate is smaller tl"wn the input rate. This ib not surprising since dummy data 
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(,,) Data. input iilld output rates for a (b) CPU utilisatiou lOr the =c uode 
Ik~ion node, at an L'Veur rate of 1.2 fit 1.2 kll7. ewnt rat"_ 
kH~. 

Figure (j.G: R=U1"r>' lltili,mion for fI De"'~.ionUomponellt node during the dHLT str~ss 
teot. 

was used, bUT this wllS t.o represent. thr situation in reality, where thc' data is convertcxi 
from raw data to recOllBtruckd hits_ Thc output data of t.he tracking nodes is thm 
published to the decision eompmwnts running on the ded~ion nodes. All r,xnrnplc is 
shown in figur<: 6_5(b), in this ca.se bambino 18. Inlhis test-- t.he ,le(jsion componellt 
perfonnoo wry little proceslling, basically only signalling the rnd of an event. III 
the real =, the d<xi~iolleomponent vmuld have t.o perforllL slightly more intrIlllive 
proceslling, ba5ically performing a cut on the data set._ Thr output data raIl' might 
aliJo llot refk'd reality. in the "callh3.l'k" (,)ISe whrrr ROls are 9C'nt back to traekin~ 
nodes to select regions to he read out, sinee t.his information has to be transmittc-d to 
the publishing no(k,<,. TIl(' actual siw of the increa.."", in dat.a ral.(~ depew;\,; heavily on 
thr rncodiug of the Rul's, 1111(1 the lILechallism 11~ed to transmit. thrm, but as stated 
before, the callback opTion has been left. open as a pnssihk rdinrment of thi~ work 
l\lId Wa'! llot implementer! for the current. r('Sults. 

The leugth of the dlll111UY stress test run WBS limit<Xi by thr data storage capacity 
of The processing nodes, since a wry 'l'$ix>Iw log ]rve! was cho,;<'n and these messages 
were spooled to log files which could wadI &:vc'ral huudred !1m. As a proof of prin­
ciple. the lesl was ~UCCeffiflll , showing that. rwn ""ith il. loK-bawlwidth ~eTwork, like 
Fust Ethrmd, it is j)OI!Sible to fUn the dHLT at full rate. The hottknrck 'was dearly 
with the network band,,-i,lth BS novdwre along th,' chain was CPU utilisation satu­
ration refl<'hed. If the hit nx;onstrudioll algorithm is eventually implementNi on the 
RORC PPGA, then the CPU utilisation on thr publishillg nodus will redu~ signifi­
cnntly, Given t hat the final dHLT will operate on a GbE ndwork, with lllore powerful 
lILochinr:s, the dHLT STress Test Cilll safely he assurJlrd to ~how that, t he syslt.'m wili 
1IL1Illflgr thr load pliwed UPOll it in the final experimrnt" The qur:st iou of whether it 
will be us flccumtc' and rilieient a'! offline predictions wilS a ttemptecl t.o br UlISKrreod 
in the tradrer integration trst ,\rscribed below. 
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6.5.1 11onolithic dHLT tracker integrat ion 

TIH' purpo;<: of tlle [;('Colld test Wllll to see whethrr the trar.k.s gGlH)rakd by simulated 
e",-,nk< oould be recowred and prop<'rly triggered on by the actual dHLT algorithm. 
For this kst, it WllIl requirud to isolate as many aspects of thG Ihunework that did not 
depend 011 the actual algorithm as po;;.-<;ibk. A~ it Wd.'; alrGady ShOWl] that the system 
could handle the full network load, tiw tra<:k~'r iukgration test WllIl set up in a way 
00 as t.o test only t.he 80ftwarG componC'llt~. The data How a<.:ross nodel WllIl kept to 
a minimum, making the simpkbt poo;jiW" oonn~,,-,tiolJ.'; between softvrare componellts, 
Since the network irrterfu<.:u:; were tran.;parent to the dHLT proce;sing components, 
tllis has no inilu,'nce on thG algorithm, 

The monolitllic implemGlltatiolJ of the dHLT tracking and decision compollentR 
w<m run on a singk no(k an<1 w"re found to perform satisfactorily-

G.G Global TTLT t est over public Internet network 

Taking adviUltage of the fact_ that n~t of thG m~'mben; of til{) dllLT <.:ollaboration 
were together ill Cape Town in :'>Jowmber 2001, it was d"rkkd to tcst tllG limit;; of 
tlle performance of thG HLT datn prO<:<..".:Ring franwwork, in a field which it ww; never 
designed t.o work for, tlle public Internet. Since tllGr,' are no hard laklli.-'Y limit~ in 
principle Oil the data prOCffi.~ing framework, it was JXl'i8ible that. it would JX'rform 
even OVf'l" thousands of kilomet.res. Although mallY of t.he processing component.:, 
lI~re not available at the t.ime, it was decided as in t he case of t.he dummy stress t.est. 
to nH-e mock-ull "dummy" wr,.;ions of these2 in order t.o tehl- the HLT framework over 
as far a distance as possible. The test was envisaged ab a proof-of-principle demon­
stration, in order to shoo! the feasibility of transcontinental real-time distributed 
computing syst~m. The obvious limitations of the study, which are ffiSentially ilL>/.­
lI'ork congestiOil-rf'lated, should be kept ill mind. TIle primary aim vras to produce a 
syst~m in a working ~tate. while a secondary aim "''lib to study the level of the impact 
of these limitation.';, if a working systflm ('QuId be achieved. 

6.6.1 Global test setup 

ThG site:; in tlle kst WCl'G thG Univcr:sity of B"rgen (:'>Jorway), tlle Kirchhoff In~titutG 
of Phy:ik8 in Hciddh"rg (Gcrmany), tlle .Joint Illbtituk for Nuckar Studks in Duhna 
(Ru,,-<;ia) and tiw UCT-CERN ~'arch Cf.-'ntw at tlle Univcn;ity of Cap" Town. It. 
Wab de<.-id"d that the data ilow bhould mimic a>; da;ely M po;;;ibk the rml data flow 
of tlH' ALICJ:: experiment, with sub--evcnls ~'ing built into full ,,,,,,nts hierar<.:hi<.:aHy. 
Of tlH' varioUB participating ,.;ites in tlle test, thwe WCl'G in tlle northern llGmisph,'rG 
COTJIle<..ted on a reliable and comparatiwly fast network; tlle bottkne.::k wa~ dearly in 
the link to th" wuthel1ll11ost site, Cape Tbwn. As thib WUi; abo the bite of thG dHLT 
implemelltatiOiI on CARr-lEN, not. t.o mf'ntion thf' fact. that thf' dllLT collaboration 

'The dimuon cit'" data publi']""" , ".1/ "'"J" nol available, and many of the dHLT and lILT 
processing oomponent.'l w<:rc still under dc.dopIlICnt. 
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wa.~ gatlwred there at. the time, it WM decided that the final steps in the chain 
m..rging dHLT tril.Ck information and pfll'Sing HLT trigger decisions - would be 

perforrnec[ in Capt' Town. The oth€r Pilrts of the dllun were linked via Heidelberg 
in the following fashion, ~hown schematically in fip;ure 6,7 : The three sites in lhe 

.- -- -- . 
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TCf. TCft Tefl -"'-- .;;- / 
~ .. 
~--

Tromsoe 

TC~1 TCf4 
- .. " 

/ 
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" -- " ' -. 
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TT~" --. . 

"'­m • 
_>< Il'''- t 
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_ OTO 

, -.Caii''-Yow:n-· - --. - . . ~ 

, TCF , TPC cr,_ F.-do, NOOo 
· n rf'C 1""" ... _ . 
• ft',,-, """"';~CC"" ,"xlc 
' OCF . m, •. o, O ... 1« F' '''';'' · NOOo 
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• GV, ~. ""'" _ "". _. 

Figure 6 ,7: Global HLT setup with all iavoh'L.u siks MHl nodes. The coolpOnents on each 
node are not shown 

Northern Hemisphere were set up to fUn dummy versions of the TPC dl1~t.er finder. 
The TPC dat.a stream is read out hierarchically-1 - "slicCf;" an: COIlbtructed from 
"patriles- on which ch1~t.er finding is performed. Dummy prOCC'l.'<ing components for 
one, two and three patches were set up at Dubna, TroIllSOe and Bergen r€!<pectively. 
with each patch being pr<.>Ce&ed on a >JepllIate node. Tb illustrate, the processes 
running on the no.-iCf; in Bergen is shown for exampk in figure 6.8. with the light 
shaded box reprCf'{'ll1ing a node in the cJ\L~lf'r and til(' ,[a rk 8haded ooxe:s represtllting 
HLT comjlOnent.~ . Except in the CflSe of DulJlla. a forwarding node was neces.silry, 
siuC'e tile clusters compute nodes are generally protected from the public netw-lrk. 
The fOrl"arding nodes at the various institutes were conuected to the iUlernet , and 
all connectious were relayed by tilem to the compute nodes via their TaskManagers, 
d~ril><xl below (Sf'{' aloo cJlapter 4). The output data published at these siteo was 
then sent to Heidelberg. Subscribers there merged t.he 6 publishoo event fragments 
into a. single event and dummy proCeAAes simulated t.he next step in the proeffi);ing. 
which was track-finding on lhe clust.ers. This was ,[one on two dual-CPU no,[e:s 

"See th~ ALlCE TPC TOll for II>"e detaiL! 
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6.6. GLOBAL HLT TEST OVER PUBLIC INTERNET NETWORK1lO 

',oeo_~ N,'" 

l ~ u~':ho<H~cb' ~§§ 
p,~"".", ,,, .. , 

Figure 6.8: Setup of the lILT prO<:c:><;in" moon],,, D.t the Ik",,,CIl du~tcr. Block oval" denote 
ph)":;ieal !lOdes; while grey boxe;; denote HLT proro;sin" oomp<lI>GDts. Th" network bridgeOJ 
(.0 the re/"y/forwIll"ding nooe BJ"e "Lso "!>own. 

olle of the llod~ WM r~f>'lI"I>'ibk fur handling the ~uW:ri!Jtiun and merging of t.hr 
incoming data, forwarding it to t.he ""'-'o.md nude tu pcrforn, t.he tm("king. The resultd 
of tlli~ trll.C'bng setup, shnwn in figure 6.9, weI"(' then sent t.u the du,,;ter in Cape Town. 
Too CPU usa~ IUld network trilffic wa.~ monituroo in Cape Town. 

:=:;='f"'~ - I,~ -' -. -- ,--: , ,--
"_ .. moNo .. ' 1--~ · 

1-~J --, ------------' H---- : ~-.;o;.--;;l . -. --I ___ ",- , --- ' 

[ ,",", ... r~~ ... ,""'_. "ocl" 

'''~] 
, 

"'...,~ ... , 
! =, r[~;'" = ,- , ... 

·~· l i:--:'" J,. _ _ ~ ~~·, r ........ "., . --.. -~ I . " --.. ,._' ----, I 

Figure G.9: CIWlte.-~fiDding "u\Jscription and trocJ.:iJ~ pro~ runnillg on the IIeidell>erg 
cluster, Hinck ovali; ""note phy>;>cal nod,,", WIth p;r"y boxes rq:>ro;cnting HLT pr~'S, 

In purallel to the I-'roce~ing in the :-l'orthem lJellli~l-'here, the duster in Cape 
Town was set up to Jlroc~ dimunu data. Two dummy cllli<trr-finding pr0CeI'Se~, 
each ruuning independently on a separate IK.tk were ,;caUered to dummy tracking 
vroce~e~_ There 'were four tracking components, cad! rulming on a node_ The uutput 
of tl~ lracking C()llIpunent$ was ~t, tu t,h" global merger n()(le, which also ~ubR'1"il)(,.-j 
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U.U. GLOBAL HLT TEST OVER PUBLIC INTERNET NETWORK111 

to the rc;;ult~ from Heidelherg. 

6.f1.2 IlliI'TllsA:M(w.agPI" setup 

As <.k&:ribcd in the previoUb chapter, the HLT UOO5 a module called tlX' Ta.8kMa.n­
ager to ellliure that the COlllllOHcnts ncce,;",ary for the giVf'1l set lip fire iaitiated in the 
l'1JITK1. order a.nd iOYllehroniood. In tills CfI8e, the sysl.em was coatrolled by ~ .3-kvel 
hierarclIical TaskMana.go· ootujJ ~llOWn in figure U.W. OVf'xall control of the ~ystcm 

""b.o 

iY "', ' LI " t_='-J '~ --
"" LI , LI 

" 

Figure 6.10: The hienud'Y of the global te~t Ta,;k.M"ru"J"'~ at th~ ,.,.,.imlH sit~s. EII('h 
L:l liI .. J,J,,fana,qer sl"vf' is cont.rolk><l hy rile c~t L2 Ta8kMar.ager ",,[vants. In the ""-'" 
of Dubll". which tl".,." was not IIllood for lin int<'<"medillt" relay/accf'sH no<\e, the T,3 slaw, 
l"a.'li;;Mana,qer is controli<>d by the Ll "Ma.t<:r in Hciddberg, 

was given 1.0 a top-wvel {".\Iasl.er" , or L I} T(J,skM Imager n.Jllllillg in Heidell.>e£g. This 
top-level 1'!l8k.Uana.ger cmnmllnicatoo v;~th inknnediary ("&ervani " or L2) TaskMan­
agers in Caj* Town and Ikrgf'n, where rday/access nodI'S were ill place. The third 
level Ta.<kMlmagers ("'Slaw" O£ L3) pcrformoo t he low-Jewl tAAks that the Ta.<kMan­
agel' com[JOnellt wus originally designed for, such a:o initiating a.wl iOynchronising t.h<J 
Hr;rs processing and t:ommullieation (:OIfl[JOnellts. In Dubrw., where there was direct 
accC>.S to thJ compute node (no re1ay/at:e~ no<le), the Ll TaskMal1aqer in Heidrlbrrg 
collllllilnicated directly with the L1 T(J.sItM(J.lIllgfr. 

TlK'se hierardIicallayf'.l1l of 'l'asHf(J.nagers simplilku illHr1<.'n:;cly the eonfiguratioll 
of t l}f' t.est. It was pOSIlible to st.art ~nd stop the sy~tt'ril by issuing a single illstmctioll 
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6.7. NEXT STEPS 112 

to the Ll Ta.,kManaqer, without, having to manun./ly initiate evely lenJ in the HLT 
proc('Ssing chain. 

0.0.3 Global test results 

At, the moot basic level, t he global HL T t.est can l.>e tl-TII\ed a success. Referring 
till' ~ims of the t.est, givf'n nbm:e, t.)le primary aim ww> achieved in that tl)e system 
wm; built and run fur »eveml huurs uninterruptedly. Figure 6.6.3 shows the recorried 
network nctivit.y {)ll thf' CAR!>.tE.'I hend rnxle, shov;~ng that t)leIC "ue no lapses in 
comnlllllkntion UI net,wurk hlilur('S. 

(3) Full dumti011. (h) FOCllS on une hour, 

Figure 6.11: Nctwnrk iUfJut rate"" to the CAR1!E:'< head node dnring th .. glub."ll fram<>w<xk 
ttJ!<\, roo: th .. rull duraoiou of the run, "Illl during nne hn..,-. 

The p€riodic spikes in the network activity repn.'sent the transmission uf dat,a p€r 
event, The eveut rate was not set by ha.nd a.s in thl' dwnmy stress test, as t.he aim 
was to see what rate was achil'vable, During t.he giubal t,est, a f~;rly s t,nble rate uf 
about 10-15 liz w&~ achil'ved, with the systrm rumung for »eveml huuIs. This very 
low rate was to be expecte<l due tn tIl(' bott!rnif]( into DCI', bllt the syst.em jJruV('<\ 
nonetheless VIlI}' staLole. 

6.7 Next steps 

The first, integration test of the riHL T oornponeuts ricscribe<\ ahO\ll had 3. velY limit('{! 
scupe, bllt Iwhi"""d its objedive!l. 1>.. Iany of the components of the [ull dI-lLT system 
I\l!re nut available and Itad to l.>e mocked up for the test. Lout the integratinn or tbesl: 
is curremly uuder v.ay. 

Tlte offline dHLT track-finding code is being integrated into the ALICE ofHilW' 
sililuiat;uu framev;'ork. Alifloot. This is part of the full HLT integration i.ntn the 
offline fra.mework and is n=y in order to test the TlLT proc('Ssing during the 
ALlCE Datu Challenge. 

A.~ regaf(l~ the rest o[ thl' dewlo]llllem of t,he dHL T, t his is somewhat uutside uf 
the SG'QjJe of this tl)l'sis, as it is a v;'Ork in progress. The definitive versions of the 
trark-finrling and hit-recunstrllct,;un alguritlim, as well as tim decision regarding the 
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6.7. NEXT STEPS 113 

implementatirm platf()rm (:FPGA w; CPU) will be decided during the following dHLT 
inkgrat.ion tR~tol;. whkh ilJ·e plannoo to oecur at least oncll a year. 

We have "hown ill the last. two chapt<-r~ how tilll dHLT is built on a larger &lft­
ware framrwork, the ALICE HLT, in order to improVfJ the physics potential of the 
~pe<"lrometcr by improvillg the accuracy of the trigger information. The design prin­
ciples and eoustraints havll been diocu8.~. and the "pecific implement.ation ill both 
the online and offlinll ea8e has been presented. with validation of the performanc"\:' of 
the system in an artificiaJ phyfiks fJlvinmment The simulat.iollh ul'llXl to tebt the pllr­
formallGC of t.he syst.em were dmw with muoll~ of fiat PT ~pcctra. lea~ing any actual 
physics ("onsiderat.ioll~ a~ide. III t.lw llext chapter we will focus makiug fir~t invfJSti­
gation~ ill\.O t.he peIfOrmall("\:' of t.lw dHLT in a more realistic phy~ics lluvirOllllent, 
uRing offiinr Riml!lat.ion~. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 7 

Physics performance of the dHLT 

7.1 Introduction 

It has r.f'l;n shown ill t.he vr('yiou~ chaptcr~ that the ALICE dirnuoll spectrometer 
i~ spcciflCally designed to JHC,l~un; tlilllUOllli with good accuracy, and the dimnoll 
High Level Trigg!'f i~ aLle to diocriminate with groat pfficieIl<'.'· agailL~t the lOW-Pi 

hackground Jl!UO"~ oompared t.o LO. In order t.o perform these otudir'$ dcsc.ribctl 
ill th" pr~ing chaptpn; hoo:ever, the input. spectra of sllw;le muom was not that 
which is <'Xpect.oo from actual physics events at ALICE. Rather, the spectra which 
w(,w p;lw.xi through th" dHLT wt're intentionally f01"l'ed to be fiat in pr, allowing 
t~) determine th" aocuruc'Y alit! eflicil'llcy of t.he tr4;~er across the entire Pr range 
expected at th" LUG, albeit with ulIrr'-8libiic error estimatt'S. 

Of cour~\ till> ~pectra of muons from heavy quarkonia rlocay do not have a comt,allt 
PT distribution. Inst.eaJ. these exhibit pe.m around 4-5 GeV and 2 GeV for t.he T 
and J/~'} re~pectively (see fir-;ure 7.1). and have t.ails which extend fal out iuto t.he 
high-rr r~gion. The distribution of b&ckwound muons, on the ot.her hand, is wry 
different. - milinly below 2 GeV (.<ee ftglUe 7.3). Tlus dUl.pter aims to inwstigate t.he 
response of t.he dHLT in a "realistic" physiCll environment. "Hl'wistic" hen' ldrn 
to the expected phase-space distribut.ions of parti<'les produced at the LHC, but uot 
nfJC€~~rily to t.he yields, since such a study would require mll<'h larger complltiug 
resolUCI'~ tlw.n were available. 

Recall that, as discussed in dlapter 2. a clear signal for th" cre~'l.tiou of the QGP 
was predidoo to be the suppression of heavy quarkonia, d U/t/J) aud /JJ (T), uue to 
Df'bye ~reeninr-;, measun'C! in t.he dimuon duumel. The Pr spectra of t.he dilIL\lOus 
from the decay of these mesons i~ predicted to be heavily iIlilueIlc'Ct\ by the preoonce 
and characteristics of the QGP and one mod"l [1741 will be \lS''(\ t~) pn>dict their 
subsequent spectra . The NA50 (and 00nsequent KA(0) expcrirrwut had great Sl.ICC<oW 
in measuring t.he anomalous suppression of the .I/t/J )'icld iu the dirr)1lon charlIld 
[1121. The suppn'SSion in the yield relative to "normlll." nuclear suppn'SoiOIl was 
acC(mnted for by hadrollic absorption model. 1851. uxO'o'pt in the most cent.ral Pb-Pb 
0011isions, where an anomalous supprcs.~iou w,lS was clailILed to haV!' beeu obtierv€<:\ 
11121 (seE' section 2.4.6). At the hir-;her energy LHC fJ..xperiments, however. theoret.icill. 

114 
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7.1. I NTRODUCTION 115 

predictions for the Supp[f~sion o[ gu. ... l.rkonin. Me not as dl'ar a~ at the SPS. For 
iIl~l.ance, the glaon Aha(lowing a.nd "nurIllal nuelecu" effects (including nuclear and 
co-mm'er ahoorpl.ion) on the yield and ~pe< .. -tnl of thl' n':OOnlille<.'~ is not completely 
1.Ulderntood at LUC enrrgiffl. The NASO analy~i~ abo made use of the medium­
indepf'ndent. Drell-Yan dimuon produetionml~hani~m. which was used to normaJioe 
the quarkonia production rate<. However, for the dimuon fqlectrometer, there exib-ts 
no single reliable, medium-independent reference for the quarkonia. produetion mte. 
For these rea..sollB, it is not as simple 1.0 identify a single "smoking gun" signw [or the 
QGP hy measuring quarkonb yirlds, IJ.~ WI)<; the case ftt the SPS. 

One way 1.0 reduce the illl101.Ul1, of unc-ertnmty is to inV1.>;;tigate the ]JT-dependenoo 
of the mtios of quarkoniil, whirll lllily givl' not only insight into the existence, but 
,lip<.> the nature o[ the producRrl lllrdium. A del.f)iled ~tudy of the pl,riormance of the 
dillluon spectrometer in detecting this signw ean bl' found in [172[. w)wre it was shown 
that the signnl C<"Ul indl\(xl be measuroo with a realistic d=iption of the detector. 
Although the ruoreml'lltiu!llu v;'Ulk represents a relevant case study of interest to 
t)w perfontHUle<,' of till' dHLT, it was performed in a fast-simulation framework ilnd 
as such is not easil" possible to inv€:lt.igate it.~ re!;uits with the dHLT, as the latter 
requires more detailed information (p,pe Rf'Ction7.2.2). TIu~ thesis will focus nlther on 
the more basic investigation of the dRLT's perfonn;mce in WIlle well-defilll'li cases. 
in order to serve as fI pOl'l';ible bendtmark to furl her work. 

7.1.1 Selection of data sets 

Four general A€t~ of data will be oonsidered : 

• Pure background in the absence of signal 

• Pure ~ignal in the absellce of QGP 

• "Cocktnjl" events with mixed signal and badlground 

• QGP-~uppn~d ~ignal (for T suppression scenariu;.) 

Kote that due to the exceF.~iye computing time nee<.'llSary a full-statistiCll data set. 
only fractions of the expected number of event~ were genl'Tiltl'<i, but IIlwlJrtheless 
enough to giw n reasonnblo result, The actual fraction of eveni.s genemtl>d COlllPilfl'<i 
to thn,t CXjJllCtOO ill the experilllelit is given in tablr i.3, The produetion rat&; for 
non-QGP prodndion using pnnunetrised PT distribution~ will he Ahown for the d 
and bfJ fa.mili~. The response of t.he dHLT to t.hi~ siguaJ "ill be shown and c.nmpared 
to that of the U), in order 10 wliidate the aceura<..'Y aad efficiellcy of the dHLT in 
a sellu·realistic emiromnent. The responS-e of thl' dHI.T to a realistic background 
distributiOll. with no signal will alw be shown, sepn.mtely. For this. a lull silllulatioll 
of muonic bw:kgrOUlid OOUfC€:l is done with RIJING and t.he responlJ(J of the dimuoll 
High Level Trigger (dHLT) is shown in order to validate t.he hackground subtraction. 
Furt.hermore, il \;l't of "Illixoo~ events - contailung the contrihutions at. the rek.-,,'>Int 
levels of all sourcec; of llluon~ eumbinl>d - wa~ gellerated and pIJ.'!Herl t.hrough the dHLT; 
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this repre&onte<1 e &lmple of even\;; as close u.s pr)8.';ihlt" to tht" eduu.l ALICE dimuon 
minimum-hiu.s. 

FiMlly, u. set of ,leta rt"prest"nting a production in tht" two QGP t;Ct"nari08 used 
in rdt"rellCe [172] was gf'Jl('mtrci. Til<' pu.remMri&ltirms of til(' mf~)n suppre&;ion as 
u. fundion of PI" WM edepV'c1 from ref('x('nce [173] u.n,1 <XJJed into the ALICE offline 
simulation code (see section 7.5). Finally, note that tht" data sets simulatt"d here 
'will all be for tht" most central class of oollitiions at ALICE. which correspond to an 
impact parameter of 0-5 fill [141]. 

7.2 Baseline data production (no QCP) 

TIle firnt paramewr n<''L~1ed for this study is the yield of t"ach of the ohst"rvables 
which is to be simulated. 111t" expected yit"ld of an observabl,' in Pb-Pb collisions 
can be ohtained from tht" sarTIt" observablt' in pop COIli6iOl~~ by applying the reievn.nt 
nuclear modification factors. However, in order to obtain tht" rt"levarrt yit"ld in p­
p oollisiolLS, a numbt'r of basic input parameters art" rt"quired. the fiNt of which is 
the direct quarkonia production crOffi-scclion. at/,. To this is applied tht" feed-down 
factor. F., which takes int.o acff)unt the enhr<.JX"emem of 10000-er-lying states due t.o 
decay of higher-lying states. Tlus provicie:s a good estimate of rIlf' CXPf'Ct.ed yielci~ in 
pop collisions. 

In ocd('[ to scale up t.he pop yield. the a.'lRumption is made that. the CrOl3b-bOCtion 
for quarkOlua production in Pb-Ph rollisions &"ales with the numOOr of binary (hard) 
collisions, 1','o,n (St"e equation (2.16)). For the most central collisiol~~ which we are 
investigating ht"re, this is approxinwtely' given by J1z, whert" J1 is the numhn of 
nucleons in tht" nuclear projoc1;i1t" - 208 in ow' C<1SC of Pb-Pb. Tb this, we hew 
to finally apply the shaci(wring factor C.h, as ,lescribt.J in section 2.4.6. 1'hi.~ is 
parametrised as a function of impaci parameter b as 

C.h(b)7"C.~(O}+(I-C.h(O})· (,,)" (7.1) ", 
where ru u.nd II eIT choscn to ilC ro = 16 fm and n = 1 respectively. 

Applying all of the rdcv"dnt ocaling faci.ors, the cn:038-9'Ction fOI" quarkonia pro­
duction in Ph-Pb oollitiiolls is tht"n 

(7.2) 

TIle relevant parameier foc the citudy is !lot tht' cnNl-section. I~Jwever; but the total 
numOOr of quarkonia ,V,," t"Xp<o<ctOO \0 bt' procluced Juring an ALICE cleta-taking run. 
Tllis is obtained by applying the generic formula ll11ecl to calculate the numbt"r of any 
observable with cros&-section (J, given the expt"CleJ average luminosity {L} (pro.i,led 
by the LHC) and the total data taking time expectt"d~; T : 

./;' = (J' (qT. (7.3) 

'Th\S is tile c"",, at b 0 fill 
'This numkr wcs into """ounl the cxP<"tcd efficiencies ot the LHC a.=!crator, alld the ALlCF 

~"P""in"ml [141; 
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Table 7.1: Cross-"edions in pmton-pmt(}ll mllisions ("'w) and uuci{'Ils-uudcus collisions 
("'..t..t) for lhe lowes.t-lyiug Iii family rrnoll'Ul("€S [1421 (including l<.-e<!-dOWIl f"'-tors). Also 
shown is t.he reronauoo yield <lad nUlnlx"f of dirmlOnS from resonance Je<".Il.y expedoo ill the 
dll.t.a taking y€ar, as well a" the uumher of these clilllL>Ons €'.:q><'ctcJ in the spoctrometer 
acceptance. 

.J I ~'> farnily J j1t. !/!' 
Fa"':, (/<b) 31.0 4,68 

alA C,"' A . ".'" (mb) 8047 121.5 
1-,,''"< • M IY'.'~, (L).T 4.0235,10 6,074 · 10 
.v" ,. . " Br(,, __ ~ 

" 
) . N'iA 2.:\&~, 10' 6.256· iO!j 

N" " 828 047 21 897 , "" 
Table 7.2: Cross-sod-ioru; in proton-proton mlli,ion" (o-wl andnuc!eus-nucleu" rollisiollS 
(0-_4..1) [or the Jo..vest-lying cG family fesoIl311mS [142] (indudiug feerl-rlmVII r3(iOfS). Also 
shown is the r{<JOIl&l~ yidd and number of dinmolls exPe<"ted from resom'J:!<X' d~=y ex­
peMed in the data taking yefLf, 38 well tIS the num'b<-;r of these dinm0l.1S e:xpoct-oo in the 
sp<x-uOlllcteI a<'ccpt an",. 

The nominal valueb for the LHC luminosity anti hcnvy-ion dntn takillg period p€f' 

)'<'ar are (L) = 5 ·10:X;cm-~s- 1 _ 5 ·102baru l~_' a.ud T = lrfJ s [141]. 
The dimuou sp€Ctrometer is tuned to nct,eet diIlIuous and in order to obtain th(' 

number of dimuon pairs from the quarkouia yield, th, brandlillg ratio Brqq~,,+,,- of 
tJ.e qua.rkouia d€Cay into dimuollS has to [)(' applirxl to the net uumber of mesoIlS : 

(7.4) 

This gives fur example KJf", '" to" and NT '" 10' for the heavy-ion <lata taking 
ycar. TI ,(' values (',xp,-_>cted for the Y and!/! resona.nC('~ ar(' givm in t.ables 7.2 and 7.2 
respectiwly, foe tI,(' full solid angle (411'), as well as the s]X'£'trom('t('r acceptauce. The 
number of dinlllOlls actually uetected is obtained from the totalnumbcr of lJuarkonia 
by scaling dUWll by tll(' vari011~ detect,or etfe.:.-is of the dimuon spedroIll('\Cr, due 
to inefficiencies in tmd;: rrconstruction, triggeriug and geometrical acceptano:: (;;00 
~tiou 3,2.3). 'fable 7.3 shows thc nmllbcr of events generated for each of th(' dntn 
OICts described above a.ad the fract ion comparrx\ t,o what, is expectod during data 
taking. l\ote that, tl ... , simulated fraction of th(' "signal" dat,a bet compared to what 
is cxpected in tnw (,,xperiIlll'utal conditions is far highr-r th,'Ul \l.at of the underlying 
bar1<groulld eVl'nt,s. This is due only to the fact that sill<):: t 1,(' ullIlIbcr of tracks in each 
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7.2. BASELINE DATA PRODUCTION (KO QGP) 

Deja sd· Yidd Simulat<.od (b < 5) Ilitl(i'--
( ('V(~ltS) (events) 

Background ",1·10 10 1· 10 

.IN' ~23G~·10 
~ 

;;·10 2.1097 ·10 
T ,...,2.5·10' ;; ·10 ,..., 0,5 

Y (SU(l\' ) 185 ODD ,).10" 
~ 

2.16 
Y (SU(3)) 409 000 5 ' J[) 1.22 

TIlok 7,3: Statistks of thc "'''''''us dat" oots ll'l"d in tltf' dHLT simulatioil 

, 
" 
" 
" .. 
,,' 
,,' 
" 

• ~ ",., 

(a) Tlausver'le IIX)IIlClltuIll d;,,\ribution 

•• 

(b) Rapidity distribmion 
• 

Figure 7.1: Traru;,,,,,,,,,, 1110111f'ntlllll and r"llidity panulletrisatious of fu.- the J j,p (bluc) and 
T (roll me&HlS. for Pt.-Pb colli"i01l" at :;.5 Tf'V. (Curw"l scal<'d to rnatt-i1 CDF data awl 
are relati.-e to the IN productioll.) 

event of the background data S('t is vf the order of 1O~. whik that of the signal enmts 
i~ only of till' order of 10. Thus. thr mmpllt iug tim!' rrquired to proce:;s thl'oo events is 
vrdl'rs vf magnitude large,r. H0\1i·ever, sinq· tlw dllLT is a if(l('k-OOood algorithm, the 
sheer number of tracks in the backgrOlu](j data sd. IlJuaus i hat au accurate est imate 
of its performanc'f' in this scenario ran ~ givcu. 

For the ca,,;c> of the QCP scenarios, it shoilld b0 llOiro Omt slightly mvre quarkonia 
were ~imulakd than are actually f',xp€('Jed. This llf'IY1S that. thr f'tntistimJ UIl<Y'r1.aiuty 
vn the accuracy of the dHLT performanee for these sets will 1)(' 80!ur"'hat vver­
estimated. 

7.2.1 Rapidity and transverse momentum spectra 

Alihough W~ haw ddilled Ihe total number of quarkonia E'xpeetro during tlw ALICE 
data-tukiIlg Far, the pha,,;e-sprlCt' distribution of these hfl.~ !lot yet h\~'n diocusS(~1. 
KIJOwlPd~, of i h!' {i'l ' and y 8lX"'tra are n€'(,'€8Sary in on"'r to simulate tilf'ir produdioll 
oorrf'Ctiy, and hence thf' corrf'{',t rffipo~!' of the ddedor ;uK! t.rigger. 
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7.2. I\AS~;Ll."\~: DATA PRODUCTIONjNO QGP) 119 

The PI" di~l.ri!lIl tion for the Yawl .I!1/-' mewn~ are parametrised as 

(7.5) 

The parameters ri!. and n are chosen t.o he]i!. ~ 4.71l3 (7.653) GeV anrl n = 3.826 
(3.1142). The.<;(' are obtain<'d by a fit to the 1mS'!' HO ealeulations made by R. Vogt 
[168], and ocaJed to makh the [('cent CDt' m,'a~urementb. 

MRST HO ealcillations mad,' by R. Vogt [168j. seale,j lo match t.he r€Cent CDF 
metwurement~. These are sho'wn in figure 7.1 for 1.he J!1/J anrl Y s1.ate~. 

7.2.2 Simulation and analysis frameworks 

TIle above paramctriMLion~ of parLide produetion are irJ<:luded in t.he ALICE offline 
software, AliRoot, whicn m~ it p(>Rl'ihle to u~ t.helll to generate physics events to 
stlldy wilh the {\eLectOr. This i~ dOll(' in two vrays : a parau .... ,trised description of 
the detector aeeeptflllC<'. rcspollSt' funct.ion, efficiencies, etc. is included in the ALlC~; 
I'ASTS~M lllodule in Lhe firsl e1llie. while in the i5eCond case, the full simulation of the 
d('Lector response a1. a mieroocopie kvel i ~ brought. to bear. These two frameworks, 
denoted fast and full simulation resp.!ctively, are b01.h imporl.an1. to ~Ludy of physics 
expectations oft.he ALlCE detector. 

The fMt silllulation framework containR pre-{\efill()Oj look-up tables for the accep­
tance, response and efficiency of the del.cetor. giwn a particle lllOlllentum. This 
information is also parametrised as a fundion of the ha<'kground lewl, allmving the 
user to vary T.hiR fW;l.Or ,'asily. ns there i~ WIlle uncertainty in average event multiplic­
ity at the LH C (St.'!.' Ft.'t.:Uon 2.4.1 for a discu~sion of this i3lue). In order to obtain good 
gt.atiRtic.o; owr the full [>1" range. the 0Oncept. of a "pseudo-particle" i~ uo;c(L which is 
a.<:&ign,xi a random3 Jrr, with which the ac<:~ptance a.nd tracking or trigg,'r efiici"l\<.-'Y 
of the rIct.,'Ct.or is obtained. This is then assigned a weight, which it; rrtkulated from 
a pamnwtri>leOJ P"r Rpt'<,trUlIl of the lIlUon oource in quesl.ion. 

In the slow, or full simulation envirolllilent. a detailed dete.:l,(,r gt"ometry, ~­
mentation and respon8(' arc 11~. Primary partieles are generated using the d(\';ired 
Pr and 11 distriblltions d('scribe,J ahoVl.', whieh are allowed to decay with flll external 
decayer, usually provided by PYTHIA [147J. The gen"rated partieies are trflllsported 
using the GEAKT3 Monte-Carlo code [1481 with the detector d~ription in the MUON 
module of AIiR.oot.. This method processes data Oll a parlkit.'-hy-part.icie ba:;is, in­
cluding Lh" reaetion m,'t.:haniRms speci fied in the initial configuratioll. '!'h iR ~imlllation 
lllethod is thus milch sl()\\\'[, but al'lO tnu<,h more detailt'<\ than the fast simulation' 
containing much the same kind of physics informal.ion a.~ "WUllld exi~t ill t he aetual 
cxp"riment. M wdi a~ t he input. Monte-Car lo. T his traek-lJast"J. simulation method is 
fO"luiro,j hy the offli ne@lllUlation of the dHL T , since it prr)<:x'h."lCS individual track~ on 

3Th<: vallK' is drawn from the ,k'Nrod Pr distri)mthl. 
"In u.ct th., par",'!!!tr"",.!;')"" wded in th~ fast simulation package ",<,If' in,""'l ohl;ained hy ~ts 

to tl>:: rC8uit.'l of the full "imuli<lioll. 
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7.3. BACKGROUND SOURCES DISCUSSION 120 

an event-by-event bnsis, in order to investi~ate the expectoo efficiency and reoolution 
of its tracK-finding al~oritlllll. 

The two simulation tedmiques are mutually compatible and give quite the ~ame 
r",,'Ult fur several o\.:ts0rvables. A wmparisun betwoon the efficiencies of the fast and 
slo",· NlIllllations is giV('tI in the ALlCE PPH [HI], where it is shown. fur example, 
t.hat th(' owrall effici('tK-oy (including triggrring and tracking dfickncy) uf the fa!;t 
simulation for th(' J ;'fJ m<:8<Jn at l0W bacl<ground lrvels (20% uf the nominal lewl) 
iR 64%, while that uf th(' full f4mulation i~ li7%. At the nominal backgruund level, 
t.he,;e numbers drop slightly to G6% and 70% retiJX>ctively. The T efficiencie~ show 
a Iimilarly ~light dllicn:pancy be\.ween the fast and full simulation tedmiqlles. In 
terms of rna>;'; reoolution (which lli directly related to the PT reoolution), the fllSt 
~imulation~ t end to over-ebtimate t.he reoolutlOn of the detector at high back~r01md 
levels, etipocially for the J /~.} but the disagr,,*,meut i~ never more than a few percent. 

7.3 Background sources disclission 

Sine(' the dimuun Rp<x,1;romet<:r dckcts almust ('xclu>liwiy JIlUons, we will tluw inve&­
tigat(' th(' wurC(';'j uf muuns which m,\v oontribut(' tu the background r~p!lCted tu 
()()nt-aminate th(' ~igtlal idelltificd by the dHL T. A~ WI' have tJe('1I in chapter 2, ooveral 
meoons ha,-c decay cllanncm inwlving muons. The =t nutable uf thes<: are the opeu 
charm and beauty mesnn.~ (D and B family), @nce their decay products have a high 
enough]fr to sat-isfy the traIlSVlo'ISe momentum cut. Theoo high-]fr muon.s contribute 
toO the bad;ground dimuon iID"&iant ma'lS ~poctrum. and can USlI.ally be subtracted 
using fairl~' standard techniques [170]. However. lhe dHLT does not perfurm an itl­
WlJ'iant mass calculation° and so only the J>r spectra of muons from these sources 
is shown here. lJoVi'l3ver a short discussion of the dmracieristics of these f>(!lUces -
sepal"flterl roughly int.n correlated 1J<l(");:ground and non-coN'flatp.d background - followR 
below, in order to giw a context. 

ConcbtcJ backgl'OullJ 

The term "correlated" refers to muons whidl are ph~'sically correbted, hut not origi­
natin~ from heavy quarkonia decay. This is partkularly the CMC, as mentioned aoove, 
in open charm- and beauty decays. Here, a heavy quark forms a meson by combining 
v.ith lighter quarks, which then decays into muons: 

(cA) IJ+ ---. p+ + j)~ + X 

(00) D- ---co /1- + v;, + X 

(W) B+ ---co jJ+ + v" + X 

(M) B- ---co jJ- + v" + X (7.G) 

The invariant mass speorum of the correlated background hai; a structure which 
rcfl('(-t~ the OOUl"C('!; of th(' muon~. Th(' D HI(WtI is otl(' uf th(' most common prodUCt/; 

'Thi. i. unde, inycsli~ation in lalcr implementation. of the dHLT. Soc [160] lor detail> 
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7.3. BACKGROUND SOURCES DlSCUSSIO:-\ 
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I • " ~{OieVI<I 

Figme 7.2: Trans""" .... momentum s))(,ctm of the rnUOII8 from rharm (blw.), u{,>Rlty (pink) 
and Jig/u '""Ironk (".,K mflSOn. _ r(..:I) docay" in Ph-Pb ml!i8ions at. 5.5 T~V. The SHm of 
all colltribntim18 i. ,uflO .hown in blarl<. 

of tll(' B dt>Cay dullu. The muon from The subst'<1lK'nt D dt"-'ay which, corubill<xl with 
that of the B decay, conTributes to the shOllkkr nt. intermediate iuvariant mllss in the 
correiflt.ed backgro1lnd spoctrulll. 

iu the high-M",+,._ rang!' (from about 6 GeVj2). tht, ~peo::trUIll is well-d!'ocribt..:l 
by a.n e..xponentiully dOCfeasing fUIlCtioll of the form 

d .. \' -MI 
dM ~A'e . 

where the ~lopt, b is about O.GIl GeV-1j2. 

NOll-correlated backgrolllld 

(7.7) 

:-Ion-correlated background is defined as oO<'..9.y muom which do not originat.e from a 
physicnlly corrdat<xl ~JUrce and is lL~lmlly split illto four groups: 

charm -charm where distilld, lUuclatoo dllirmt>d Illl'FoOnS decay il]TO muonti 

beauty-beauty where di~tillct, lllueia1.oo beautiful IlI('S)llS decay iuto llltlOm; 

decay-decay where distillct. ligllt lIleEOll8 (piolls or kaOl]S) oocay into mUOUl< 

charm-decay where muons frolll cimnned Ill('S()l]~ am combiued with decay mlJ()l]~ 
froll light llle&lll~. 

TIl(' \ra\18"ernt' momenttlll speCTra of th~ IllUOll blwkground WtlfCel, cakulutw 
with th!' AliRoot. FASTST}! module, i~ showl] in figUf!, 7.3 (note that the beauty-decay 
contribution iti llt'gJi¢ble). 
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1-

-\ 
, \ 
. " 

(,,) f.lockwound PT 
Mllr,,," (ooc text) 

" 

spectra of "",:i(m" (b) The «"ulting dimoon moss spectrlUll 
(M~, ~_ ) [or II", b •• "kgroU11J source>; dis­
c1J:'SC<i in the texl . 

Figurr 7.3: T'rausveroo momentum (1m) auJ invmiflnt m""~ SJl..-1;fII of hadgrounJ moon 
""llr~"". 

7.4 Dd.aih-:d simulation of the backgr ound mllon 

sources 

A set of daw, conesponding to about 10-6 of the rxpcct('d yield of all mIlOlL~ for 
eVefitb in the moot central (b < 5 fm) class 'HIS geueratpd using the SG-<'Illkd "1l1l10U 

eodd,air' - ",mixture of the rele-...-ant OOckground sources described ab<:we, Du<' to t.h<' 
high Illultiplkity of minimUlll-bia:; event.s, bowe-...-er, only a small nwnlwr of event.s is 
lle<X)%ary to get good stati~tks from t.he dHLT processing results. The SUhs€qUPllt 
1'1 ~pectra aud invwiant 11l<l.b8 plot Aft" ~_ are shown in figure 7_3(a) and 7.3(b) 
re~pecl.j-vely. 

7.4.1 Result of dIlLT proeesslllg 

Once the background spectra had been generated and the events reeonstruetcd, they 
were pa:;sed through the dHLT filt.er. The fir~t int.!'r~tjng a<1p{)<'t. of t.he r~ult wa~ 
the momentum roconstruction accuracy obtllinoo with th\' dHLT, eomparrd t.o that 
of LO, whidl is shown in figllre 7.4 , From t.his IigllI!" it ean \-:w:o sec('1l t hat the dHL T Jrr 
estimation has a &lightly higher resolution than that of llw LO algoritlull - a difference 
of about 100 /lleV, or about 3-0 'Yo. 

Also noticeable i~ a change in the shape of the triggered sp,-",t.ra (hoth 1.,0 and 
dHL T) compared to the input spl'<Ctrum_ Since the triggeroo spectra are built from 
hiw det.ecteu on the la:;t two tracking and trigger stations, t his change in ~hapr can 
be attributed to l.>oth particle energy lo;s (mainly dll(' to thr pr(:b('l= of tlw frOIlt. 
absOl ber) and mult.iple scattering in t he detector and mllon filt.\'r. Indred, from figure 
7.4, we sec that thrre is a systematic shift I)('tweell bot.h the LO and the dHLT Jrr 
est imation compared to the input spectra, of about 100 /lkY Ie. T1li~ is a general 
footure of the trigge red ~IX-'Ctm and is noticeable in all of the data sets shown here, 
but affects mllons bt'.low about. 1 G\N morr bignificant ly_ 

Figure 7..4..1 show:; th,' input PT spectra wit.h a Cll[ at 1 G\'V on the Ul and dHL T 
Output.. From t.hi:; figUl e, it can be s('''€n that although the LO Cilt. redUCe!< a large 
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7.1. DKl"AILED SHvIlTATIOX OF TIm I3ACKGROl:XD :\·H ,IOI\ 
SOl ,I HC~;S 

~:'~~I -- ~, .- -- .,~. 

123 

Figure 7_4: Left: TI-an.s\-wse momcntLilll spcctra fur thc pure bflCkp;round dRtll. "Rmple, as 
W<JII as the oorresyollding dllLT and LO Olltput data 81unpleS (cha.rgf'd tTfLi"b only)_ R ight 
Heo:mstrUcl.ed tnmSY<JI"SC momentum rcsolu tioo, lor the IllUOIl cocktail bockground flaIllple 
(""'" t./lXt). 

jXlrtion ofth" background, the tut is not as sharp as that of the dIiLT. This can lJ<~ 
b€t ter seen in the plot OIl the right hand Bide of figure 7.4.1, where til<' sp<:etra wit hal 
GeV cnt on the LO and dHLT reBpecti,..,ly fIlY' didr!,y! by the raw input spectra. The 
reslllting spectrum, referred to fII\ th,' "efficiency bp<:etrum" of the t rigger algorithm, 
is parametrised by an error fllnction with a witith, a cut value, and a normalisation 
constmli (see equation (5.2)). The ~malkr th" width of the curve, the more acc llrate 
the PT cut i~. 

(al R~w input spectra 

l ,.:. -

1 
! ~~ 

--.. -
.. -, .. rtf . , 

(b 1 TraIlS,.",""" !lJ{Jffientllffi "lit ~ffiden{'y_ 

Figure 7.5: Raw input (black), LO (rerl) nnrl dHLT (blue) P'r distributions II-!Hl mrrcspond­
ing eflidcuLj' fUlldioIll; for the bai.-kgrounrl dllt" Rampk> with a I GeY cut-

Sewwl of tlw track:; whieh were generated did not pror! \JC(' hits on the last 2 
tracking ~tations, hut of th,' trucks which did iu [act produce hiL~ on st.at ion" and 5; 
1-'ra.ctically lOO % are found by t.h,' tiHLT tracking algorithm. The total acceptance of 
the dHLT Is about 79 % of g<'llNat<"ti t.racks (a similar, 8lightly lower value I~ found for 
the LO ). Ollce the 1 GeV cut is appU<"ti , t.he rillLT succeeds in reducing the nmnber 
of accepted tracks to 21.2 % of the originally Hmnstruct<"ti t.rock~_ 

Both of the efficiency functions are fitted -with F-imilfU" fitted cut. anti normfl,\ibtltion 
valW"b ("COllst" am "melli' H'tl1-'edively ill the figure), within errors. TheIT' ib a dear 
distinct.ion howt'Yer betll'et'Il the fitted skin "idths of t.he dHLT anr! LO; a roughly 
SO % tiecrNISC in cut width is oh8erved. 111C background rejection factor here is 
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, 

M~"" 1.216 - 0. 003 

Cons! 0.9999 t- 0.0035 
Mean 1.189 1 0.001 
Si " 0.17581.0.0010 

Figure 7.6: Fitted efficiency functions for a 1 GeV PT cut. on the bllck!';lo'llld event sample 
:'<ot-o that th" !itk'() width of th" dHLT function i" roughly lwlf that of th" LU width, 

encouraging and validatl'll one of lhe manda1.e<; of Lhe ,!HLT, The furl.her mandaLe ­
to faithfully identify the signal - is discussed below. 

7. -1.2 R es ul t of dHLT p rocessing on signal 

The aim ofprodudng signal-only data sets is to verify Lhe performance of the dHL T III 

terms of ~ignal idcntifiration. The results of the dHLTprocessing of 1.he J Iw and T 
dat,a Iirl~ is ~hown below. The results for these c-[ISCS will be show" separately. Slll~ 
they involve different PT cuts· 1 GeV and 2 GeV respectivel.\". 

Performance of the d HLT on t he J 11/' sanlple 

The ~imul atL"{1 J I ~'} data IiIOt j,; ~ulIllllariood ill figure 7.7, where dlC resulting trallsverse 
momentum and im-uriant ma.;,,; ~pectm are ~hown. 

As in the case of the background dat,a set, the raw data was Pfk"&'d through the 
dHLT and LO algorithms. The resulting transverse momentum spectra of t.riggered 
tracks was t.hen divided by the raw input. ~pectrum to give t.he efficiency plots ~hown 
ill figure 7.8. The pt'rC'OlItage of variom; trigger couditiollS i~ ~hown in t,able 7.4-

II can be seen thaL the width of tho llHLT d Iidrncy lunction iR smilller than t.hat 
of the U) mrvr : U,26 GeV as opposcd to U.38 GcV. H O\\'eVN. the error on the fiL of 
the skin \\ idth is rather liU"ge (of the order of 100 %), so it is llot clem with the purc 
J IIp data scI. whether the dHLT hou; a particular advantage in term~ of Cllt efficiency 
over thc LU algorithm, This is not cntirely ~ur)Jrising, sine(' indroi the U) Lrigger is 
optimised to del.ect heavy qua.rkonia sudl as Lhc.J 11/'. The cfficiency of I he trigger for 
the det!"'Cted track~ i~ about tl4 % for the LO 1 GeV/c cut and about 87 % for dHLT 
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-----

, 
\ 

• 

(a) 1'ra!l"'~"'" m(lm~'Iltum 'pK'\rUHL (b) lnvariam mass ( (M", ,._)) speelrnm. 

Fj~ure 7.7: SWIllnary plot for tho J N' ,bla &11:. 

(, 

(a) to (L) dHLT 

Fi~ure 7.8: Th" LO aIld dHL T efficiency sprttra "" a functioIl of PT, for a 1 GpV PT cut, 
fittoo to an errOr fnnd>O:lIl for t.lw .l j«· datJl oot. 

i GpV Ie eut(with no 1,0 eut). Here, we show that for tillS sampip. thf' manr\ate to 
select good tracl<R i~ shown to be fulfiJI <XI.. albeit in an averaged way. It ~"oulr\ also 
be lloticed that in roughly 5.02 % euscs; the dHLT would haw validatft\ a J It/> lIlU01\ 

track which was rf'jf'cted by the LO. 

Performance of the dHLT 011 the Y sample 

Since the t ransverSI' moment.urn SjX:(·trulll for the Y fa.mily has a peak at. a higher l'r 
va lue. the tri~er cut for thi~ dat.(l. sumJJJe, ib at 2 GeV Ie. 8.'l df'SCrib"d in c11apter 3. 
TIle invariant mas:; and transverse momentum ~po::1ra generated for this data sample 
are showlI in fi~ure 7.9. 

The efficielley of the LO and dHLT trigger a lgoritlmlb 01\ this set ib bhown in figure 
7.10, where it ean be ooen that the fitted width of ti,e 1,0 histogram is wider than 
that of the dHLT widt.h (about 0.5 GeV for the LO vs about 0 . .') for the rlHLT). 
Tills rf'presf'nts about a 4G-50 % improvement, but sillCf' thf' uncertainty 01\ the titte<'\ 
parametf'r is quite large, the ~ignifI.eanG'€ of tiJis should not be overstated. 

Agaill. thf' LO and dHLT bot.h rl'COllstruc\ a very good percentage of the tracks _ 
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7.4. DETA ILED SIMULATION OF THE BACKGHOl1>m \1IJO~ 
SOUR C ES 126 

Table 7.4: Pen3<.~ntage of (rad,s f\1lfilling various trigger Sf'1l"Ctions for the J!1/J. The 
ba:3eline criterion is the C{Wl' where til<: track r!'Sult.s in a hit on st.ations 4 and 5 and a 
hit on each of the trigg~r statioru;_ III the ca.sc.' of a rlHLT trigger with now LO trigger, 
the percentage i~ of total LO triggers. 

Table 7.5: PerCCUlage of trackB fulfilling >-1nious trigger Sl'lections for the T data 
~aIllplc. The baselilli' critf'rion is the care where the track resu!t.s in a hit on stations 
4 and 5 and a hit on each of the trigger statiolls. III the Cas!' of a dHLT trigger with 
now LO trigger, the pf'rcf'lllagf' is of total LO triggers. 
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J\ 
r 

, . 
Figure 7.9: Loft: The illvariunt Illa&. '1"""trum of thp. Y f[1lIlily data sample generated. 
Right: The tra.u",versc IlKlIllmlt.mll sp"ctrum of thp. Y data sample. 

Figure 7.10: Left, Thp LO efficipncy function as a function of J'l' Witll lJ. 2 GoV m( for 
tllC Up8iloll data 8anlplP.. Right, The dHLT efficiency fuoction for tile same cut on the 
UpsiluI1 data SillUple. Both have bOcll fittcd To th" PITor fUllction (8"",,, text). Kote that the 
fi(t.ed wideh of the LO histogram is larger thilll tlw.t of the dHLT width. 

about 95 % for both triggers. It should a loo be Iootoo that in a very swall percentage 
(rou!;hly 0.4 %) of the tracks, a til<' dHLT would have validated a track whidl the LV 
rejoctoo. In this case, it is COIlsidered a negligible effect. 

Clearly, in the ~ignal C'I.'leS ahov", we are using a ~"-"IlliIio which is ('ntirdy idea l, 
since it is extremely improbable to exp('rim<'Iltally prouuce purply quarkonia in heavy­
ion l'DllisiollB. What we hav(' shown is that the dHLT does flOt reject significant 
amount of good track~, and increa&'8 the effici(,Jlcy or th(' 1~j' Cllt over that of LO. In 
this f>CnR<\ "-e show tlmt the dHLT validates in part its S('Coild mandate, which is to 
faithfully reconstrllct r('leWnt physia tracks. In the next section, we will investigate 
a more realistic scenario or physics evcnts ,,~th a mixture of all llOUrC'e8 of lllUOllB, 
both from signa l and backgrollnd illlurCC!\. 

7.4.3 rVIixed event.s 

We have S{;('n that the dHLT can pelform well iII either a purely background or 
pure signal scenario. The Il{'xt data Ret to h€ im'€stigatoo wus gencratoo llsing th{' 
,;ame sources of backgTOUild muons dffiCribed above, however contributions from OP('Il 
(11arm, open heauty and the heavy quarkonia famili~ wNe WflO added. The cent rality 



Univ
ers

ity
 of

  C
ap

e T
ow

n

7.4. DETAILED STI\1ULATTON OF THE BACKGRCW ND M1XlN 
SOURCES 12H 

, ,. " " 
< 

" < 

"" 
J 

~ " 
---'-'L'L 

" u'!\,I"ir' 
, , • • " Figurl' 7.11: Inyariant ma.o.s (left) "od tmm"Versc IIIOIllC'1ltum sp'-'Ctm (riglU) of the full 

muon ooci<t"H cia(" saUlple. 

dcptndcuee of the opt'n dJann and beauty shadowing was tab'n into acconnt BRing 
a Glauber modd to obtain the average impact param~trr. Using thp ~amp Glauber 
mudd, t.he produdion rate uf -Urllum ~pt'cies ,HIS calculat ed from thf' awragp number 
of oolH~ioIlli, while the production of low-p-r background muon ~mIrCeR (7r and K 
mt'OOIlli) v>w; calculated '\\'ith the awrage uumJ-wr of participants. Again, the invariant 
ma& and traru;veroe momentum spectra of this mixf'd pwut &'l.mple ar~ shovm in 7.11. 

\Vhcn thi~ data ~ample i~ passro through thf' dHLT filtpJ:, WI" f'-xpPCt to suppreSR 
a ~ignificant amouut of the bacl;:ground at luw-p-r, while rf'tairllng good statiRtiCR for 
the quarkonin. signals. This is a validati<ln of the prf'Ce.-ling two data i'>et~, in the (:a.;;c 

u[ ~ignal unly and the first data set, in thf' cn.,*, of background onl\' ~tudi~. The 
re!;ult~ of the dHL T and LO triggrring hlP shown in figure 7.12 and in tablr 7.6 

h 

Thble 7.6: Perwutage uf track~ fulfilling various triggf'r sploction~ for tlw "minimum­
biM" data ~ample. The bMeline criteriu!] is the caS<' wher~ thp track rel<nlt~ in a hit 
un titatiOilb 4 und 5 and a hit un each of the trigger statiOiIS. Iu thf' case of a dllLT 
tligger with now LO trigger, the p"R'('ntage i~ of total LO triggers. 

From these. 'iI,'e can see that the shape or the pfficiPll(',v ~fl!'<'tnllrl i~ not much 
chauged from the previous t'wo cases. Although tlLi~ data S!'t is a combination of the 
previouti ~ignal (J /oj} and Y) alld background data wts, clearly in ~uch a minimum­
hi&~ sceufll'io, background oontribution, below Pr = 1 GoV Ie dominate to a large 
p,xtent, It should also ~ not('d that the clHL'l' would trigger roughly 18.4 % of the 
t.racks which are not t.riggl'led by the LO. 
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7.5. THE dHLT WITH A QUARKONIA SUPPRESSION MODEL 12!l 

Figure 7.12: Left' Efficienc .... as a. function of tmmvcf"" momentum of W 1 G~V LO rut 
fOf the mixed da.ta S8illple. Right, Effidcncy t>Il a. function of tmmvCfl!C mOlIlCntlHn of the 
I GeV dHLT cut foc til<' mixed data. 8ample. Effidency functions ha.ve boon fitted to the 
error nmdiOll dc:ocribed m dtapter 5. 

\Ve have now investigah'd the three main control scenarios - pure background, PUff' 

signal and mixed background and signal data sets - and the dfll,T has bl'f'n found to 
perform its required task to within speciticatiolls. Thf' standard. hadronic production 
only, case has beell verified and we now move on to invf';<;tigate the pf'rformanCt' of 
the dHLT in a speculative scenario of QCP production. 

7.;' Tllf' dHLT wit.h a qlIarkonia suppression model 

Having now investigated the validity of thf' dHLT in ~everal ~omf'"hat realbt ie, I,ut 
RUll fairly artificilll SCCllltri(w;;, we woulrl like to exknd our phy~ic:s beyond purely 
hacironic SCt'narios. A simple QGP model will be used to investigatf' what efi'f'ct 
modilirations on the "PI" specirUIll due to this model WDuld have on the dJil,T response. 
The effects of the modf'J in qu€Stion have already iJ.ef..n shown \\-i(h fast >i.mulatiO!b 
to be mf'Mlrrablf' by the dimuon spectromf'tf'.I [173], where it was shown that by 
using ratios of quarkolJ.ia yield~ as a flmction of PT, it was possibk ({) diS<'lIta.l)gk 
various scenarios of QCP formation. A short theorf'ticlll background of this modd 
will be given to derive the expreffiions of the modified Pr Rpec(rum for quarkonia, 
and thereaftf'r the response of the dH LT to a set of data generated with theRe PT 
distributioll~ will be shoWli. 

Coutext and background 

II) th(~ late 1980's, Blaizot and Ollitrault [1741 published a calculation of (.he effect of 
the temporal and spatial evolut.ion of a produced QGP on the survival of the produced 
quarkonia, whkh allowed them to relate the rcoonance spectra with the lifetime of thf' 
Qcr. Kharzl'ev and Satz u<>ed tillS model v) predict t he Pr dependence of t.he J N· and 
.;I suppr~on at rtHIC and LHC f'.nf'Igies 1175]. Using updated gluol) dbtril ,ution 
functioll calculations, tius study was extf'IKied by Gnnion and VogI, who calculated 
the "PI" dependence of the ratio of resonance familif';<;, ;'!~ and :;". At; observables, 
these resonances provide a nUIllber of benefits: 
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7.5. TH~~ dHLT WITH A QUARKONIA SUPPRESSION ~toDEL 130 

• Gluou shadowing would have no effect on the ratio :k or f, since it. would 
affect the productioH of earh ideutically. 

• It is safe to &.<,5ume that the Pr variation of the hadwuic absorption cross­
sectklns of Y' Iilln Y me the &'llllf'. Il.Iln therf'fore the ratio of there would cancel 
out tllf' contribution from the poorly-understood (at. LHC cncrgic:s) h"dronic 
absorpt.ion. While the globill wuuc of t he fill io would he affcx1:.\'<:i, it' ~ variatkln 
with PT would not. 

• No lfr variation in the ratio of f has ,'et beeT) OOOerved in p - p collisions. The 
('[)F coll"lx>r"tion lIt Fcrmilab hM measured this ratio out to about 10 CeV 
and their results [1 76J are consistent with no vmiation. If lilly vlliill.tion is S(:('n 
in Pb-Ph coJlisious, this may be attributed. to modillm effects. 

ThiR monel will bf' lJorrl herc to Rimulaw a S<-'t of dut" for QGP suppression S00narios. 

7.5. [ 1\·lood on;cription of the nature of the produced QCP 

Ro:5a11 thllt in /.ew·h'lllperat.ure field theory, equation (7.8) gives the Hon-relntivistic 
inter-quark potential: 

a 
V(r,O) = a(,.} - -, (7.B) , 

where r is the inter-quark sepamt ion. The screening of tile inter -qum:k potentiill which 
is responsible for thr dissociation of bonnd st.llteR in Il. d("("{JIlfined modillm modifies 
this potf'utia] which then becomes 

VI' T) ~ ~ (1 _ e-J,(T)Tj _ ::!:e-I,(1')T (79) 
, IJ.(T)' r' .. 

The sC.fef'ning m!l.'iS here, IJ.(T}, L~ an incrr.asing function of t\"IIlIX'rO-ture and ("ontaius 
the inforItmtion on the dCf<;ription of the QGP in quest.iou_ 

Two form~ of p(T) IU"r consid\'rrxl hy Gunion "nd Vogt [1711_ TIl!' first is obtained 
from Il. paranlf'triRation of N-Ilil.vour qCD on the latt.ice [1771, ",hidl is desiguatoo as 
thr SU(N) QGP and is writkn in term~ of the critical tempprature To as 

J-I(T} ~ 4 T (7.1O) 
To To' 

The second form iR an ~timll.tion from 3 llavourR prnurhlJ.th", QeD, applied t.o the 
group 8U(3), which is ("oll.<J<.,qurntly dc:signil.t\'<:i the 3 flaw!!..,.,; QGP or SF? The 
!Creening Illa&<;.-depcndf'l}("t~ in this d(~ri]ltion is written ,,~ 

(7.J1) 

where tlre temperat.ure-dCIX'ndcnt running coupling constant is 

'(J-I(T)) 24,,-2 
fJ =9 r;- = (33-2nj)ln[(~) OJ]' (a:!) 

TheIl\' t.Ml forms of J-I (T) will be usrxl to prOOict. the lrlooift("ation of t1w tra.nsverse 
momentum spoctw of qUUJ"konia. 
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7.5. THE dHLT WITH A QUARKONIA SUPPR.ESSION MODEL 131 

~ ~~. 

H 1// X. 
T~' (fm) 0.89 2.0 15 

Tn (3FP) (UE'V) 4Ci9 2LL 204 
TD (SU.:-.I) (MeV) 190 128 26 

Table 7.8: Formatloo lime and disooc:iatkm tf'.mp<'ralnres for l.hE' cC system in tllf' 3-fi.."l.Vmlr8 
plasma. [171 J and SU (N) [111 J pimlma {".fl."". 

arE' chosen following [172] for 1his study, 10 be 

to'"'O.Ifm To""C" l.I4GeV (W(N)) 

to = O.Cifm To = 0.82GeV (SU(S)). (7.14) 

TIl(' em ropy dE'.llsity is proportional to T 3 , thus timE' at whkh the lempE'J"ature drops 
10 lwlow Tn is 

(
To )" tD = 4J Tn (7.15) 

This means that as long as tV/tl > 1, quurkollium will be suppressed; it follows that. 
1 hE' maximum Pr at. which snppression occurs is lhE'n giveu by 

(7.16) 

This IIPPE'.I bound on the t.ransvefSC momentum is sct purely by the finite lifetiJll(' 
of the plasma. l;owE'V('r, as sl.ar.oo abovE', 1 he finite spatial extE'nt of t he plasma alE<o 
imposes a limit on thc suppreAAion of lhc qllarkonia. 

If the qq is creatoo at transV('.l"S(' po;itioll xl' = (0, P, D) and with WUlSWrse mo­

mentum "{I' = (JM? + 14. PT. 0) then r.he bOllnd statE' is formed after formation 

1i1ne TF at. 1.rillISVE'!"Se position xl' _ ( \/1 ~. (:5"-) 2, PT, 0, ). The quarkonia will there­

fore not be suppressed if If + n1.ij·1 >= fS, wll('rH fS is the E'vohillg scf('€ni.ng radills 
of 1 hp plasma, with R = rs(O) Wilh fixoo initial siZE' of the plasma at. t __ O. In this 
modE'l, r.hE're is a clear competition between the spatial and temporal extent of the 
QGP and these two competing effcc\s oontribut~ uccordillgly to the final suppression 
pattern. 

The survival probability of IiJ pairs is calculated as a function of]JT of quarkonia 
ill the two ty}lffl ofpL'l.~ma (3FP and SU(N)) are shown in figlUes 7.13 and 7.14 Thr 
I-'T--dependent E'.xpressioll of 1 hE' sllrvival probahilily of the q lJarkonia is defined 1 he 
ratio of the nUllIbrr of thO!'>" 1 hat escape thr plasma intact, to the total number 1 hal 
would have Wll formed in the abBence of plasma at that Yr. This is obtained by 
integrating owr the spatial co-ordinate at fix€'d PT : 

(7.17) 
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7.5. THE dHLT WITH A QUARKONIA SUPPRESSION MODEL 132 
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(b) R =Rph. 

Figure 7.13; Survivill probaLility of Ii, qllilXkonia family for a SU(3) plaslIla radius of 1 
fIn (i.13{a)) a[](i R = Rp; fill (i.13(h)). Then uL1>cnuencc of the ~upp[(ruon of Y (solid 
hlue), y' (rla.ehed red ) and:\:& (dot-uashtxl tllage"ta) if, show". Figure ooaptoo frornl17ll 

wll('re the (kIh~ify p(r) i~ param(;{rism aR 

( ')" p(I')= l-C) 
and (] (r,Pr) is given by fliII 

lI(r,Pr) = { ~s-j z 

liNe, we make Uil(' of the SllbRtitutioll 

z ::; -1 

Iz] < 1 
z?:l 

(7.18) 

(7,19) 

(7.20) 

wl,ieh is wllvBlliellt, ill ue~;Gribillg thB tat.e of the quarkonimll pair: when z ?: I, t.he 
))<lil' Il<:VN eSGapes. while whell z ::; -1. the pair a1wa~ escape.;. It is t.hen cleM 
tio(lt for small valu08 01 Pj, tl ... bupprCl;sioll i~ largB, a"d fol' valuers of liT > pJp"" the 
suppres:;;ioll is '.<01'0. 

Reg~ruhlg t.he cihapB ot thB suppr!.'l;~ion di~iributioru;, it is worthwhile t.o note 
right <lWJy eert,ai" distinct c1 'ara(fBribf,ies of thB four cu..'<es under investigation (the 
two models ~J](l the t.wo pl=<l si~ers euch oonsiuered). In thB SU(3) CIJ..'Se, for both 
tI'B large aml tI 'B bHlaller pl!\i;IIla ~i,~ (R = R PI. and R = 1 frn respectively), it is seen 
tI,M tI,el'e is "0 ~upprCR;io" of tI,e T. while both tl'B T' and ,to arB ~uppressed out 
to fairly IlLl'ge tr~JlSverse mome"tum valU(~. On the otl'Br hawl- ill t.he SU(N) case, 
lIlt only is t.here significant supprcs.'iion for all spoci<.'l' ew)} for Il = 1 fm, hllt thB T 
i~ ~uppresood more bigll ifieaJlt\y t.han the T' and ,to. TIIB situation is different again 
wh~ll tJ,~ largBr plIJ..~JJla ctJ8e of R = 7.1 fHl iI; cow;iuerru. In this caw. all species are 
hemil~' suppr=l, but. there i~ a iilightly mOre complex evolutioJl. WhilB at I"",· Tfr 
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7.0. SU:~P!l:ESSED QlJARKON IA SPEC TRA ______ _ 

(,,) R= j tin. 

•• 
,~. 

(b) R = RH. 

Figure 7.14: Survival probability of bb quarkonia family for" 3 fiav01!r" pla.smtl radius of 
differen~ plt\Slnit radii. The Pi' dependence of the "Upprc'f!SiOll of Y (solid bhl~), T' (dashed 
rerl) and n (rlot·rlflShed l1I.agenta) is shown. ::-<ote the exwnded >lCale OIl t.he right. (Fip;ure 
ariapt,.-j from [J7J]). 

« 25 GeV/e); Ihe rcoonanr,cs arc progressively supprlliSed, with Y sufIf'rillg more 
Ihnn yr, whirl! in turn is suppnwcd more than the x;, Hov;'Pver. nftf'r aboul 25 
GeV /e, the y is kss suppressed than the yr. 

Thrue distinct suppression patterns prooided by the two models and tile two sizes 
colliidered should assist in the unrnvelling of the true nalure of lhe produced ~tate. 
Howf'Vf'r, til<" suppression ean not be measured dirtttly and 11ll;l to be folded into the 
production spectra diS('llSS<.,d previou"ly in order to produce the expeded suppressoo 
spectra. 

7.6 Suppresse<l quarkonin spectra 

An expre:,<;jon of the suppression of quarkonia stat.es as a fundion of 'fiT has been 
derived, allowing to convolute it with the disl ribulion in I he (,U-.<;o:" of no plasma (hadron 
~as srenario) in order to obtain a paramctrisation for the suppres&,j 'PT distributions 

d" I '" -d =S(PY}0-d · 
Pi' Q(JP PT 

(7.21) 

Til();;() oonvolutioIlS are shown in fi~urf' 7.15 and 7.16 for the St:(N) and St:(3} cases 
respeel ivcly. Also shown is the comparison of a lar!';f' pla..';ma rndillS awl small plasma 
radius for a given modeL We note that for the suppression of dire.:',tly-pHlduced 
quarkonia, in the SU(N) ease there is an increased suppression of the low'-'r-Iying 
states comparoo to thooe of higher-slatcs. The T' is more suppressed with re:sPf'Ct 
to the to and oimilarly, the Y is more Buppre'8S00 witll respect to the yr. Tllis 
situation is alreHdy visible in the ease of the small plasma radius of R = Hm, but is 
very pronounocd in the f'xtreme ca.<;e of Ihe largn plasma radius of IT = 7.lfm.This 
scenario i~ reverged in the ease of the SU (3) modd of the phlsllIa. wllere tile Ili~ller­
lying yr i~ more ~upprE'<lged with regpect to the lower-lying Y. It is noted that in ti,e 
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FigllIT' 7.15: (',(lllvolution of the ~r{N}-predict~d QGP suppression occmuio ~"\Jl[]pared 

to tlle ~tall{lard proondicn riiRtributiOll (hlack) Qf Y (","tid blue), Y' {dashed-red} a.nd X~ 
(dot-dashed magenta), for two extreme c"'""" oftll€ plflSlIl& radi\l8 1 fm and 7.1 fm. 

t ,: .. .. 
" .. .. .. 
... 1/ 4"'~~~ ~ •• • " " ~ 1. ~ _____________ . _____ 'c"'" 

/_.- .- ..... . 

/ 

• • • • 
(b) Pl,",m~ rwiius "'ju,u t,(J Pb 11ude", 

Figur<' 7.16: C'Qllvo<utioll of the SU(3}-predkted QGP suppr=ion SO:>IH1"io, of T (..:llid 
blue), Y' (d""hcd red) and Xb (dot-dflfihE,d mng('llta). for two extreme cases of the pla~lJlli 
ra.diLls - 1 fm >Uld 7.1 fill (log scale fih<:N.~1 for t l", R = 7.1fm esse in order to ma.ke the 
dilfeo-ellCffl dearer). 

ease of the small plasma radius, the Xb snppression IS If'SS thaI! that of th" T', while 
wiJ('1) th~ radius N ir..::reased to R = R pb . (his is no longer til(' eaoc awl th,'!(; N 
SUl'priliSOl more heavily 

It remains. ho",'CVer, to include the feed-dOlVll contriblltions liS Wl\~ done previ­
oUoly for (he hadrol1ic ca...'€ ill sectioll 7.2. to detf'Iminc tllf' actual observable in the 
f'XIJf'rimf'nt. sin<'f' il. will I'ot be pu;sible to mnJro exd1l.'live measUTf'Jllf'nt.s. Bor t/,is 
reason, t>qua (ion (7 .21) ~hould be modified by adding tilf' relf'wlJu, feed-dowl' S<)\IrCffi 
for for f'Udl resoJlCmCIl-

7.6.1 Yields including feed-down decays 

We shall (;<Jl1sider only tile 1.\\1) lowest-lying btate;· Y aud Y', a.., thf' Y" and X, state; 
will not be produced abundantly eWJllgh to permit a btatistically relevaut ~tudy of it, 
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7.6. Sl:PPHESSED QUARKONIA SPECTRA 135 

nor does the spoctrometer haw ~uffieient re&llut.ion in their Illa&> regime to permit 
a clean identification. These excit.eo:l stak~ may; IlOV>l'ver, l'<.llltribllte to the lower Y 
and r states. 

For the Y', t.he sources afe Y" ami X~ family; while for the Y, the oourCf'S incl11de 
the Y' \.00. The illdire<ct production spwt.nun i~ bui lt up by using tilt! resp'-'Cti\'!~ direct. 
product.ion of t.he fCS0IlUnce ~tat:cb aud the branching ratios of til<' higher sta~ \.0 
til(' lowcr oncs. convoluted with their buppre:osioll factor. \\'e write first the integrated 
indinxt production erws-:;('{;tioll for the Y IUld Y' : 

and 

!J~nJ = !J:;' . ST (PT) -t-

Dr (X~ (1 p. 21') ---> T) 

!J~.(J P.~P) - SX. (11',21') (Pr) 
-t- I-ir (Y' ---> T) . !JoY' -Sy, (pr) 

(7 22) 

(7.23) 

where we haw introduced til(' i,rall('hing ratio:; of the quarkonia states. The vru11es of 
these branching ratios au' t.akm from til<' ALICE Physic~ PerformanCf' Report. (PPR), 
Vol11me 1 [111]. 

The ('OllVOlutio[Js of til<: Pr di~trit>tltioll of quarkonia production wit,), the indirc('t 
supprf':,Sioll for thc T and Y' rewnalll'CS for the different QGP oc('narif>' arc ~hOWll 
in figclrcb 7.17 and 7.1S. 

, . \ 

,. • • • • ',-
(b) PIas= r",liili 7.1 Em. 

Figure 7.17: Conwlutioo of indirl'('t prod u~tion "JX'ctra of T (solid blnc) and Y' (daslie.<l 
fl'<l) and the SU(N)-predicted QGP suppression dibtribution, with Ih<> Rtlllldard prod\K'tioo 
dbtribntion (blad;:), for two ~.xtrf'1n~ ~-"-""" pi&ema rl\ili\ll< of 1 fill Mid of 7.1 I'm. 

With the fl't'd-down doc'.ays incorporated into the ('OllVol11tion of the ~I~tra pre­
di('K'{1 by ttlC' mtxlel. we Sl->e a dear difference in thf shape of t.he qllarkonia ~lK'ctra 
for til<' two models. For the SUlK) l'<'l.se, til(' Y alld Y' ~pedra arc quite ~imi lar, both 
for til<: smull amllargf' plasma size~. For the SU(3) plasma scenario, howewr; this b 
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7.7. ANALYSIS OF MONTE-CARLO SUPPRESSION DATA 136 
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Figure7.H:\: ComulutiOli indirect production ~p<rlm of T (oolid bhl€) fIIld T' (da...o.hfld 
red) and the SU(3)-pm:lietcd QGP snpprlffiion distJ:ibution, with the Rtandard production 
distribution {black}. 

no longer the (:''lM~ illld there i~ a ma.rkOO difference in the T and 1" trans"erse 1Il(>­
mcntum spuctnt. The T' ib bignificantly more ~uppn":lX;O.'tI compllred to t.he T , which 
ib produced in fil.Ct in quite huge lIUUUeTh, similar t.o the case of no suppression, 

7.6.2 Modifications to the ALICI'; simulation framewurk 

The ALICE offline framework, AliRoot, contains "set of Monk-C~rlo CVl.'nt gcner­
at.orR whidl are uf'rXl to ~imuh,te the c~pocted phYl'>iCb during the experiment. This 
If> contained in the EVGEN lIlodllle of AliRuot. Among these gcneYl'tors ib " library 
of PT and II di~tribut iOl}f; of variom; oourCl'll of mllons, AliGenMUONlib. which tun­
tains the parll1Iletrisations of herwy <11~'l.l"koni<'l. Rpoctm. In order to perform .Idontc­
Carlo simulat.ions with this pa.mmetrisation in the ALICE Rimulation framework, " 
few modifications had to be made to thiR library, however. whkJl included the ad­
dition of the suppresoion p<'l.l"flmetrisations, EquatlOnR (7.17 - 7.21) were coded into 
AliGenMUONlib, taking into account the size of the syF>tem and the type of QGP under 
Rtlldy - either the SU(3) fonn or till' SU(N) form o[ ,.(T) (equation (7.10) or (7.ll}). 
\Vith thi~ addition, the parametri~ PI" di~tribution of QGP-Ruppn":Rb<'d qu~rkol1ia 
ill tills model 'were available to the generat or AliG~ni'=aru, Ono; thi~ was done, the 
full omine simulation and reconF>truct'ion framework, including the ~imulation of the 
dHLT could be brought t.o heM to simulate a data Ret for the;e Q(jp modelR. 

7.7 Analysis of SlOllLe-Cario suppressioIl data 

TIle resulting data generat.ed using the parametriRed ~pectra were proCffiSed with the 
offline dHLT hlmllbtioll code, in order to obtain the expected rCl;ponflC IlI;ing this 
tri!(gcr. The rCbltlting r>r spoctra in the two QGP Cl\SC:S Me shooill ill figure 7.19. 
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Figure 7.19: Transvcrse !llOllicutllIll w"tribmiom for the SUN a.nd SU3 QGP cases, for 1l.1l 

e ... en( sample of pllre signal" 1.85 . 10·\ aud 4.(J9. HP events resp<'ltiv<,ly. 

7. 7.1 Re8ulb; of dHLT processing 

Thr.,*, two ev("[)t :;amplel'; "'l're pa.s&'(1. through the triggrr filLr,rn, "~ with thr hadrollic 
:;alllplrS. The rdative [lUmber 01" dHLT and LO triggers validnlcd (high eut ollly) are 
givcn in tJ.ble 7.9. The efficiency of lhe LO nlHi dHLT euh "w showll in figure 7.20(&) 

SCf'.nario 
No QGp· 
SC(N) 
seCJ) 

o LO lrigg(T pus.,«-..! 

95.43 
96.57 
98.12 

~·o dHLT triK,ger pa:;sec\ 

9ti.91l 
98.00 
99.17 

Table 7.9: Thp pe:reentage of LO hi!';h p./" and l'ISymuwtric (LD low PT and dHLT high 1'T 
triggCl"" p&<fiL'<.lOll awrage for the .emario; of no (Kil' productiou 3)) d Lhe SU(~) fUld SU(:!) 
.~ 

and 7.20(b} re<p€<""tively. 
TIl(' ~hupi:" of lhe dHLT dfieirllCY curve; su~ests that the ("ut could be lllfl.rk 

>Jighl.ly highrr, without :;a.::rificillg ~ignificallt signa.! accepta.nce, in lhe SC('llurio of 
QGP-suppressed T prrKJuction. This is corroborat.ed by the excoo:lingly high accep­
tance (nl'ar lOll %) of thc T decay muon.~, ~h(JWn in table 7.9. Tins b dul' to the fad 
that t.hr PT ~pcctra in figure 7.19 ~how that the peak lie~ wmewh"t higher ill J.'T than 
ill the UIHuppre-o.'X'Ci cast'. Thi:; ill turn can be explained by lll(' higll('r suppr(:',:;ioll of 
low-pI" quurkonia, which has the rffect of shifting thl' peak ou1. 10 higll('r transvcrbC 
illomrnt.(l.. 

7.8 Discussion 

7.8.J lntcrprct(ltioll of dHLT results 

We have h('r~ d('Jlloru;trakd ill ~Vl'ral test cases. the dHLT p{·.rform~ " ... 11 on 
simulated dJ.ta. The reduci ion in I hr background lewl b cOllsbtent with simulations 
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Figure 7.20: LO and .-lHLT ~ffki'''\l~Y spflMra fOl" th .. SU(N} T .-lata 8alllpl,,_ 
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(a) SU, UI dflCiency (h) ~U3 dHL'f efficiellcy 

on 11al. speetra data. The incrC<JS('<J aec11racy of tIl<' track~finding algoritlull ~hUW8 
f!(Jme enhancement of I he dllLl' effiei0ncy UYer that of tIl<' LO, while it is ShUWll aloo 
thaI. an inHi::>;nifkant level of Rignal iR IORt. lloweW'r, it. Rhoukl be pointN] uut thr aooW' 
eooclusioilS of hH.ck::o;rmmd rejeetion and signal retl'ntion rely on the 1l.'lSlllllption that 
thl' sigual i~ charactrri~d cxdUtiivcly by a track with lfr abuw dw cut. A bM,tl'r 
variabll' tu make a cut Oll i~ that u[ the di~l1IllUll inw,riall\ maS';, which is ca1culat0d 
UIL lIIuon pair l'audidare. Thi~ Rtrategy for ~igllal identificatiolJ II(lS b<::-cll idrlltiti<"'d u.s 
all aveuur uf l'xil'usiuu uf t.he dHL l' algurithm. 

It Rho1lld alf!(J Ix llut<'d that. t he currrm estimates haW' bwu obtaim-d ill an aV<'r­
aged way. This ml'ans that the ~pretra are bllilt up by oou,siderilLg the dHLT aPJJlied 
tu >leYeml lrad(s from Reveral eveut$, hut with nu timillg eunstraillts, which rl'prc­
Rents fI kind of upper limit on t.he eapability u[ the trark-tillClillg alguridun. The 
olllille illlplcrurlJtatiuu uf thr trackhJg ~lgurit.hm will have timing ('{)lJstrainw, which 
will lw exa,>er!xlwd in mure crntral events dur tu the largcr numbN uf tra,;h per 
evellt. This effect· is currently UUdN study in tl\"U [uturc wurk; [1G..~; 160[. 
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allowed the user to choose 
from a set of Monte-Carlo codes. 

has now become the LHC 
definition of the ALICE 
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A.4. IMPLEMENTATION 

250W 

power ;-C.-.. 
supply 

CPU fan 

PCI NIC 

motherboard 

147 
--~ 

IDE hard drive 

Figurc A.l: A ,·iew of [I. CAK"IEN compute aodc, showing too PC components. Eoch 
node w8i< ('(juipped with 80 Gll hard dr;,,, l!lld 512 "ill of HASI 

- was hcgun. The h[l.rdw[l.rP ,;ou.,;j,;t,,(\ of 20 compute nooes, a single head-node. a 
to/l00 :/I'lb/~ PMI Ethernet switch and a rark with thc rrquircd cabliug for net",'"ork 
and power. 

A.4. 1 P hysical set up 

A 1-1evd mck Vi"M capable of holdiug ij PC cases per leveL as well a.,; providiug 
Spll.(~ for [l.t moot 2 1 U "thcrnM switches was built b;;' the workshop in thf' Physics 
Departmell! at (JCT. Thc eompulr nC>OO:,; g"!K'ric dffiktop pes (see figure A.t) 
",rere stll.(ked. onto the rll.('k, M ~huwn in A.S. The original swit(h~ lwl 2,1 10/100 lVlb/~ 
ports and 2 Cb/s daisy-dmin ports. The C'()mput" nodes ",mre each connedm to a 
F",,! Ethernet port, whil<' the h"ad node was (;()nn,-",UX! W thr GbE port, since most 
tmffie would b<' bctween too "ompute nodes ilid the hcad nodc, and not iutra-Hode. 

The /hoIJ.e difl"'<:tOlics of thc head nocF were mOllllted via NFS on the c'Dmputf' 
nodes. as well "" a 5()J GB partition of the external hanlware RAID array- Thi~ 
array cOI1'!isted of a rack of 8 integrated digit.al electronics (IDE) disks, (;()nlllY.trd .~a 
IDE-SCSI interface<! to a smrul computer ~y~tenJt; iuterface (SCSI) hu~ and dir£'(;1iy 

''1'h;,; ", ... later rqJlwoed by a GbE switch for l:lgber p.nio£Illa"'''' and rdiahility. Sec section A.5 
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-,_ ..... 

'-<'~~-- " .. " -~'" 

, '''''',,''K'. "~,, 

. "' ..... , ~ ..... 

Figure A.2- Sd>€lll8.tk diagram of the first implementation of the UCT .. CER,," computing 
fueility CARMEN, sbowinp; network oonnflCtiolls IlIllOllP;st nodes and data st.ocage. 

(lU(lched 1,0 the he<lJ ll(Kic. This <lIr<ly of disks seryed all reduulic:LJlt lllaB8--storage to 
,dur-h da1,Oj ~ts gcncmtcJ on j,he (1)mputt' nc><ics wt're mirrored_ Th\~~, in thc e(lse of a 
local disk failure on one of t he noJrs, the daj,(I would he s>:cfcly 'w(lil~ble on thc Ril.ID 
army. This problcm 01 Jisk failure l1"US to be a reguh:cr; but not euUrdy surprising; 
occurrenC'f'. Witl! tire disks ill nC<lI-cOILtinuous usc, the probiJ,bilily for OJ Jisk failurc 
11<OlS highly in("rcU-.'¥:J. Hr)1AX'wr , it. was nolico:l tlJat tlw the disks of ocrtaiu machines 
f~.ilcd mort' ril.cn th~n others. Th('SC would bil fairly regularly; with a fr<XjUCu('}' of 
OJ few months; (lnJ ll(1V{' to bf' cllC'ckcJ or rc-ilIl(Iged (or ,:c\ worst, repl8.CIXI). wllile 
otilC'rs sustainoo vigorOllS Wld oont;uuous usc, both r('wl (lad l1"l:itc. TlJe root c<:cusc 
of the Jisk f~jJurcs w~s n~yer rdiaUy isolv,kd, although fOjuHy prM..;r sllpplics \\X'rc 
the prirru)IY suspect. 

AA.:.! Dat.a Ht.{)ra~p capaci1.) 

Dill.fl storu.gc eOjpocity WdS a en(6;).1 rC'lu ireJIlt'nt. of tlw cluster: not only Jid it nCC'(\ 
to be suffieit'lltly l~.rge for thc group JlwlIJbers 1,0 pf'.rform !(Irgc simulOj1,ion runs ~.nd 
store tI)e output data. but it should be organised in a way tllat made it simple to 
acC€Ss the data once it was generated_ Thus, a set of ma<:hinl'S witl) a disk cad) would 
not suffio\ eWll if thai disk were fairly large_ What is more, tllf' biorage slwuld be 
rpliable and redundant, so that. in the rare case of failllre, the disks could be rebuilt. 
For tlus reaoon, it was chosen to make a dibiinctioll between "scratch" space and 
semi-permaJl<.'nt storage_ 

The s<:ratdl spaO" t.ook the form of a /data partition on eat·h node which was a 
\"Cry large Ir&1;ion of the available sptlcc, since ouly about 1.5 GB was required for 
the ofJ<3cat.ing system_ TIw /data part,itions on each node were thus about 60 GB 
en.ch, gi\ing 1.2 TB of sc:ratm space, 

The disk array initially oontained 8 disks of 100 GB capacity in a RAID-5 array. 
but t.his (CmfiguratiolL allo",'ed neither lJOt-swapping nOT fail-0\'l.'[_ Since both these 
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file· server 
~n dRAI[J orny 

He~d noce 

Figure A.:l: l'hoto of 1M currf')}! CAffME1\ cllJSteT at UCT-CEH);, showing 3 levels of 
tJlC 4-lcvcl rack, mmplltf' uod"", RAID anay and head uode 

funct.ionaJities were dC<.'moo very useful and werf' R1.IPpori:.o:\ lJy tIl<.' crate, it was 
decidod. t.o move to a 6-disk RAID-5 array 'with 0l .... diRk a~ a hot ~pare, a.nd the other 
a~ a fai\-oVf'r di~k (see figure A,5). The cboice of RAID level meant that the avaibble 
~pacc for data ~torage ",as reduced from G60 G13 to about. 550 GB, but thf' reliability 
that this configuration oIferro f,ll" outweighed the reduction in stomge cal'ilCity. 

The Sllln of tlJew, two figllr~ giVL't; au idea of the total stora,ge il.w,ilabL ;It. any 
given time, roughly 1.71'13 - 2TB. 

A.4.3 Operating system and resource management 

Once the hardware in~tal\ation W;'lS oomplcted, tIl<.' ooftware installation was done. 
Thi~ wa;; essentially split into :1 step~ : 

Server installation Thl' hl'ad llode in~talled "ith an operating sy~l,em. 

OSCAR installation all OSCAR distribution illBtallOO on thfo J>c<,d nO<"J<." with 
the services and software n.·mssHry. 

Compute node installation the illl;'lgC't; created on the head node 1l\l~hOO out to 
the compute node!'! ,llld post i!l~talJation ocripts run. 

The operating system (OS) ('.h0f'P!l for I,he t]roi:. implement.ation 'I'i'as ROOB"t lillllX 9, 
for tIl<.' reason~ that it was in common u..<;e at \JCT-CERN a~ well l\S at CERN itself 
and lllany other labs, as well as twillg Rill'portod by OSCAU4. This r.hoire would 
ehH!lge with the evolution of the computillg f".cilitie;( for reason.,; given below. 

4The OSCAR distribution used ill the initi>tl implementation of CAIU.IEN was a mo<lif...ct """";011 
1 bet" l1'J...,.", viM. 
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Resource Mauagement 

Due to the nature of the work dooo at Ucr-CERN, which involve:1 mootly long 
batch jobs of "Iontl~Cado simulations, the softwaJ"C of int.rI"CSt to us was the Port.able 
Batch System (PBS). After the default in&tallation ofOprnPBS , which proved to he 
unstabk>, it was decided to move to PBSPro. from Altair Cocpomtion, mainly becalJ.ge 
this provided th<.> same fUllCtionality with higll<.'r stability, and becalJ.ge they oileri'd 
an educational grant which waived license fe ... <;. This was in tum retired in fayour 
of the more open aHu flexible Terascale Open .. Somc'€ Resomce a.nd QUEne "Ianager 
(TORQUE) from Clu.,,-ter Resources. 

All processing job; "''ere managed by th<.> schwiuler, which had a polk:y for deter­
mining when and on which node to nm t.hem. Since the lllllllher of u~rs was quite 
small and t.here was no great disparit.y ootWl'efl the ua.ture of the jol13 (in terms of ex­
ocution tilllC or computing l"ffi<')urces rrquin:rl), the polky Wfli< thus kept fairly simple 
to a ·'fir~r .. come .. firl<t ... ,;erve" basis. The scheduler did however provide the pOSRibility 
of more sophiBticatoo resource allocation, including had:filling the queue if ~maller 
jooo were availahle. 

A.4.4 M onitorin g 

Monitoring thr ))('J"fofruance and stat.c ofthe computc no(1e<; i~ of primary importMCC 
in rnsuring that the systcm i~ m~ximally r.llicicHt. Tb this cnd, a very wkkoly-uscd 
monitoring and rcporting padrlgc - ganglia - is included in thc OSCAR di~tribution. 
This pnwides H ~yst.rm dlLtro. polliug rl.lltl reporhHg dn"moll (gmond) on t.he rJifom ~ide 
ruK! a collection daemon on the server side (grtetad). The data is collected and Btorod 
in eXumsihle "IaTkup Language (XML) and diRpla.~d via a 'web interface llBing the 
round-robin dat.abH .. <Ie (RRD) tool. This infol"lllation was yery useful in knowing at a 
glance whD.1 rhe stalllS of thc nooes was, whether any of t.hem had suffered a fmillre 
or of the jobs were being properly di~trihuted properly. It did not., hO"\\llVl'r provide 
rtCcess to detailed job information or rhe proceffi tree. 

This additional flllictiona.lity was pmvidl'd by CLUster MONitor (CLU"'ON), an 
OSCAR package deyeloped at the Natinn.,"ll Centre for Supercomputing Applications 
(::-lCSA), with an interface t.o the operating system and ot.her software pro~ 
provided by thc Perfonnance CD-Pilot (PCP) Jlack.<>gt' from Silicon Graphics Inc. 
(SCI). With t.he PCP reponing, CLUMON displayed, again yia a web page, the 
scheduler job li~t, statuB ruK! the proems tree of every report ing node. These two 
monitoring S}'Rterru; provided accesR t.o the nodes' 'Yit."ll statistics', without ha~ing to 
rl.clllally log into the node5 

'This informationl;, h== ·rc~d"oIlty" EIIId IlO ~"oculiorn or chEIIIgC15 can 00 made. 
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A.5 Evolution 

Onl" the initial impkmentation had been flllished (Uld the syst.cm proved stable 
ow'!: a loog time, the next stage in thp pyolution v.'a.~ rliscussod. S"vtTal Meall of 
imprOVE'IIlent ",'re identified by the lL'lefS and Mministrat o .. s und som" of these were 
slO'\\'ly impkmented during 2004 and 200:;, A disrussion ollhe pro/,icm Mea:; and the 
solutiorn Me given below. 

A.5.l Node software a nd hardwa re upgrade 

AftpT lhp first, y?,U of running, a fUll ding application for a hardv,'ure upgrade was 
made, which WelS elpproved. The upgmdp consisted of n?\>, CPUs and motherboanl~ 
for t he compute node'S and a. more robust, fast?]" iU'fld node, The compute nodes 
\Vt:re upgrarlod from 1.7 GHz Pentium IVs to 2.6 GHz Hvp?"-'l1m'ading Technology 
(HTI') Po'H tium lV's, from Intel. Tty. pJ(isting dual- I'pntium III 1 Gfu head node 
was rcpla<x,i for a 3.0 GHz HIT Pentium IV with double thE' original RAlI! _ 1024 
1'I1B. 

Since the mwhines bad to be dTcd.iwly dc--colllIllissioned and then re-eommissioncri, 
it "''as dedded to profit from t.he disruplion by performing a softlnue upgr:vle al lbe 
Sflme lim'" since support for RedHat LimIT 9 had ?JqlirPrl. This ll"'fInt. moving from 
Rod Hal. Linux 9, (which "''as the last free and open distdbuUon from Jkd Hat cor­
pOt'ation) 10 anot.her Linux distribution, The obviOlL~ dlOiep for C061 tW1SOflS was the 
commlUlity-drivt:n Fedora projoct, over the for-fee fiedHnt. Enicrprisc Linux (RHEL), 
sincc it was a natural extension of the operating system whk'h held lxocn in use at the 
Centre. Other choice;<, oowewJ", such >IS R HEL "don,'S',6 such as Scientific Linux fIlld 
Commmlity Enterprise OpeJ"atiug System (CEnlOS) weT"~ uf'COming viable too (see 
,;ectiOll A.6). The fiual choice of as wus Ff'doHl Core 3, rille in part to the fad thai, 
it was one of th? firsl flavours of Linux to lie shipped with a native 2.6 kerneL 

As w?JI as upgrading tlH' OS, an upgrade of the OSCAR software WfIS also effiftE'd, 
moving from the vel'sion 1 bO'l(l loa sl able Yel1lion 4 release. SewJ"al llpd"lcs allrl en­
hancements to the software pWAAges contained in OSCAR had been mnd?, indurling 
a chang" in bakh-queue system7 , better Sl'heduling ooft.ware alld much improved user 
int"riace and hardware support. 

A.G.2 Network upgrade 

One of the major sources of iueifl<'i?Il<'y in IllE' dust,'!: arose from the originnl s\\'ilch, 
This was a Surooom 10/100 :\1b/s Fast El.hernel switch. Sincc the /home partition of 
I he lH'ad no.-le Hod a partition of the RAID flrrav were noountw ovcr :-;JFS on the nodes 
vin I.his swildl, t.h,' network bandwidth was only harely suffidenL This l.><'Came very 
much apparenl, wlJen sev"l'(ll j obs wrote ~imultaneously to NFS tile pattil iorn and 

"Th_ dietrihutkln, W"fe ro-built from the SOHrce Hedlht fo;nl~r]lri,., LiJju~ (RHEL) RP1Is, and 
relcoscd under the GPL, wit.h all reference to the comp~ny Red Hat rCll>Moo. 

'Th~ mor~ fle"ihle and stablc TORQUE res.lHl'Ce manager wilh tho, \lAl'I ""hOOul.". woo used. 
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WJOCll a Joigh rat~ of I/O rrro~ wa~ \'XJ><-·firnced. It was decided to eliminate t.his 
iucffici<;ncy by upgrading the switch to a Gigabit Ethernet switch, 

Thr nrw HP Procurv~ Gigabit Eth\'fnet switch was in8talled in 2004 and imme-­
(Jiatdy the ndwork-rrla!('d l-.o1n:l wcn" re<iOlvod. The ~FS-mOllllted file systems ",:ere 
much morr stabk and t.hr lim\' ta~n for Jl()(k imHging WM rrXhIC\'d drasticali,'-, from 
about au hour to just uuder 10 minutes. 

A.5.3 Separation of roles 

The upgrade ("ycle T<-,,;ulted in several unused IllOtherboards, and it was deG1ded to put 
them to use. From the outset, one of the design flaws often pointed tv was the fact 
that the head node, nmning all the cluster l.ervices, as well as acting as an interactive 
compute node, was WIder severe load, Apart from presenting an obvious single point 
offailure, this also generally made the clu~ter less efficient. It was deG1ded to lighten 
the load on tll\' head node by moving some of the services it fan onto dedicated 
maclrines. Obvious candidate services for this separation ,,'ere the file serving and 
firewall roles, which \\'ere transferred to dedicated machines (see figure AA). For 
the other sen1ces, lilre the http sen'er. batch-queue senw and monitoring services 
it was decided to keep them rulllling locally on the head node. ~illCe the arn01111t of 
r!'-COnfiguration required to move jJ,em was 8ubstantia! and outweighed an,'- potential 
[wrformaJlC<; twneiits. 

Dedicated firewall 

One of the most important, but moot overlooked asjJeG1:s of the design of the com­
puting facility was the net-work sa-'llrity, Following a maliciol1~ exploit in the ssh 
daemon previollily, the system wa,<; cracked once already during the jimt year of run­
ning, resulting in ~ignificant. downtime. With the hardware and software upgrade, it 
was de,:ided tv finally address this point. A stand-by !.>ox was re-ta,<;ked as a dedicated 
firewall, running a oompJetely different OS than the cluster head nodes and acting 
as a transparent (in the sense that its presence is not noticed by the user or the 
l111iwrsity network administrator;;) voc1Aorwarding node, This node, fi. re, phy, was 
placed on the cannibalised 3eom Fast Ethernet switch, and connected to the local 
VCT net"l'wrk. Several server;;, including the group web OOl"wr, were also conneded 
to tJ,js switch and all t.raffic to these serwrs and cluster nodes was henceforth via this 
node. Spedal care wa~ then takl'n to <!llSure it~ net.work and pJ'Ybicai security. 

Dedicated Iile server 

In keeping with the theme of optimising t.he performaJlce a:nd security of thl' com­
puting fucility, the n\'xt st\'p WM tu construct a dedicated file 8<:rV\'f fur th~ RAID 
array. This would take significant load off of the head node, and keep disk erron; to 
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Gigabit Ethernet 
switch 

UCT network. 

Firewall 

compute nodes 

head node 

Ethernet 
switch 

disk server 

RAID array 

wob ''''"'~ 
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Figure A_4: Sdli'lIl"-tic diagralll of tilf. upgradoo n~t"mrk "lid ha.rdwa.re l"onfiguration of 
CARl>IEN. Note too separation of file ~eJVel" and lirev;aj] roleR from the head node \0 
dedicatal ,,<Xles_ 
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A.6. SANDIEGO - 64 BIT EXTENSION T O l :CT-CERN 
C OMPUTING FACILITIES. 
===~==----~- .~~ 

hOSt 
, ... phy 

8-disk IDE array 

with SCSI interface 

to file server host 

6 disks in 

RAIO-5 array 

1 hot spare 

1 fail-over disk 

Figure A.5: Photo showing th" derlklltM file se:rw;r lI.nd HAlO urrar with bar-door~. HB<I 
tags denote "pnre disk fIIld OOt-"WllI' disk, foe fai!-<Jw>r ~aJlability. 

a millimulTI. The duul-Plil that served a" the previOUE h(,M nork of CARMEl\ (S('(' 
figure A.5) was ('hose" for this role alld the re-imu.gcd lIladuuc with th<- RArD array 
dire<.-1ly att.aclwd to it was integmt0rl onto th(' duskJ: sllhu('t. a8 shown ill fignr('A.4. 

A.() Sandiego - ()4 hit extension to ueT-CERN 

computing facilU ies. 

The first two implempntations of CAn HEN were both based on 32 bi\ CPUs, and 
proved vel)' useful and reliable for the pnrpooes that had bet'll envisaged for them. 
The next step in the progress of the oomputing facility Vlati to add a du~ter of 6-1. 
bit-based machines. The;e v>ue acquired in early 2005 from Sun !l-ficru;y;;tem~. when 
16 rad,-lIlounted Sun "Fire" >t2Uz Opteron-ba.so:--d servers were bought. 

A.fLl Challe nges set by the 64 bit platform 

Tll('re wpre essentially 3 chalknges presented hy til(' new 64 bit machines: 

• Operating System 

• Applkntions 

• U!Pf experiC1K'e 
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A.G. SANDIEGO - 64 nIT E XTENSION TO UCT-CER~ 
COMPUTING FACILITIES. 

Choice of op erating system 
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The first ehallengr we&; t.u decide ou the rigl,t OS. This choice merit ell somr (Ii,;cuso;iou; 
because two avenues presented themselves: eonlinue with n Rod Hat~baocd or derived 
dibtribution of Linux, or use thH H""ently open-sourced OS from Sun lIficrosystems 
itself, 0PHllSoimiB. SolmiB has been wdi-known for lruJ.UY ~·ear~ to be a wry relinble 
ami Blable dlOice on t.he (;1 bit pIal form and all imlicatious were that Opem;()iflriB 
would oonUnue in t.hat t.rflr!it ion. Besides. tl,e V20z W1l8 at thH time of writing a wry 
populflr choice for high-]X'rformancr computing and t.herH was no doubt that there 
would be a ~igni&(Ult drivr t.o ~llpport. OpeuSolaris for the Opterou on thal hardware. 

On the other hand; til(' Scirntific Linux di~tribut.iou had reached maturity by this 
stage and was well-~upported by our collaborating laboratory, Curoperlll Cenlre for 
Nuclear Research (CERK), as well as almost every other L'l.rge HE!' Inbomt.ories. 
\Vhat is more, 1 he physics npplicationB which in Uf\e were known t.o br ~upportod 
rmrl adively developetl on thiB pifltform. Therefore, for reaR(lllS mwnly of consi~tenc~· 
Wil h other Inbornl ories in the A.LICE coIL'l.boCflt.ion, us well aB t.o nllow de,,-clopment 
on the tlHLT 10 remain coherenl, it. was d('('idoo t.o install Sandirgo with Scientific 
Linllx, version 1. This diB1ribulion was Imilt for x86_61nrchitoc1:.ttre and ba.scd on 
the LimJX 2.6 series kcn}('l. 

He t('Cond challengr alludoo to abm-c ww; that. of requiring the applicatiol1'l in 
usc to he compat.il,le with til(' new arcJ,itocturH. n'H applications used by the UCT­
CERN RfflCarel, CelItrH are divided into two broad cate~ories, namely offline and 
m.,line. The soure<: distributions of both of thest' are available Bince t.he developmenl 
is ~till u1l<:ierway, howewr tl'H offline code has less platform-spe.'ific resl ridionB 1 han 
thp OT,lillP (dHVT) c.-.de. 

Offline simulations: The c<xk for omiue simulations, AliRDot, is maintainer! and 
tc.,t.oo for ~veral difkrent platfOITllS and opmating systems. As a resull, this did 
not place much oon.~traillt on our choicH of OS. TI'H official distribulion of LimlX 
used at CERN Wall cha~m, in order t.o reduce the overhenr! of mainl aining the 
ROOT and AliRoot distributions. The offline code has been LcBlod t.o compile 
on the (;4 bil pIal form, flIld simulation flIld r('COnstruction beucl'marks l'avH 
ShOWlI that tl'erH arH 110 illCompatibililies. 

tlHLT work : The cont.inued dHLT dewlopmellt wa~ thr main rHa.';On for choosing 
Liml,X OVer nny other opcfflting s~·stem; sitJC:t, it l,ad bocn devt'loped on Linux 
umil thal poinl, but. more important ly, n:qUirod ~\·rral driwrs (for sl'ared 
memory mll.llagemenl ami for communication with thr FPGA over tJ'H PCI 
bus) whiell are specioc to the Linux kPrneL rhe dHLT codr "Ins ~uccc§fully 
cOlllpikd and tested on tJ'H .'3L platform in November 2(()5, b111. the 'bigphy~' 
patdl for the 2.6 krrncl v".as not available, which lllHans that the dHLr will be 
developed primnrily on the exibt.ing.32 I,it. chll,i.('r, CAR\1Et-.'. 

By physically separat.in~ lhe dUBters, we forced \\~r~ to cho<.W' whrther to use 
.n-bit or 64-bit applications and libraries. ThiB implicit choice rcsult.OO in grrat.cr 
Halle of use for the users, who were not, forcer! t.o explicitly request til(' oue or the 
other platform when Sllbmittin~ their jobs 
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Having taken c&re of software con .. ;:irieratioll8 allu mru.le the choke of Of" the imple­
mentation of the cluster cOlliri he rii!'ICus~. The major itlbue W8.>; that of inte~ration 
'with existing systerru;, riue to thdr riispill"at.\' nat.ure, bot.h in term~ of computing 
platform as wcll aR phYfjicruly. The hardware for Sandie~o is housed in a compkt.dy 
separate rock ("""', figure A.6 and i~ on a ~parate ~uhnet. Apart from the physical 
sep.'lJ"ation, Sandiego is a natiw 64 bit. ~}'!;tem. and other sofware issue8 ilSide, even 
t.he compilers were coml'lctdy diflHent to CARME!" were different as were moot or 
the 8ysl.('m librali("8. 

PrOp<}HHd integration schemes 

On the one hand, from the administration point of view. it was desimble to have 
Sillldiego tightly-integrated wit!, CARMEl\" in ord<.'T to preoont a sin~le resolUce t.o 
I.he UI'('1"8 and a<.imini!;tratorb. In tl,i~ !;Cenario, a single he.-'l.d-node on CAR"IE~ 
would managc the monitoring aad reporting of both systems anri the file ~'rver on 
file.phy would be \~bible globally ~ "rell. The physic.ally separate 8ubne(.~ could 
be rimsy-chainrxl anri i'lacl'd behind the exibiing firew.all. A single job queue would 
feed jol:ti to the schrxluk1"s running on the head-nodes of the 32 bit illld t.he 6,1 bit. 
sub-clusters, whrn would allow USI'rs 1.0 continue to work transparently. 

On the ot.hcr hand. t.he syst.em~ w<'-'Te dibparate enough for the reaRons giV('n abow 
for the integration t.() ~ 8C\-'eral pract.ical complications. The most important tech­
nical issue encount.e1"cci was that of di~k ima~ing to nodes of rii1Ierr)lt arcmt.<x\.ure!;, 
from a single head nooe. This ml'all~ t.hat two c\ifferent. repQ;itorie!; ",..Quld be requirl'ri 
to create images from. Kot only would thr;:sc repobitoriffi be for different Linux distri­
butionb9 but more importantly for diJIl'rr)lt. prt>CB8Wr archit.ectur~. Although 32- and 
64-bit Iibrariffi aud binaries Cilll co-inh,.'lbit an x86..64 platfonn, tl,i~ i!; uot possible 
on au x86 platfonn. Since thi~ i~ tnr ardlit\"dul"e of t.he current ima~e server (which 
i!; aloo the CARMEK head node), the imagl' server would have to he moved to il.Il. 

x86..64 nooe. Tl,i~ prOC€3l was deemeri too C(JI:nplicated and provided no significant 
benefit., to be implemented. 

B~id~ ima~e serving, file serving bdwl'en 32 bit. "lid 64 bit operatiug systems 
Wl\~ not guaranteed to be simple , neither IW1"1' tIl(' net.working changeb required en­
t.irely obviow;. AIoo, the users woulri havr to explicitly H'(jUt<'Jt. a giveu platform aud 
environment variablffi be bel a<xordingly. ril'pending on whicJJ platfOilli they wauteri 
their jobb submitted to. This was only fill extra complication in already complicated 
ocenario. 

Eventually, it was decided to simplify matt.ers and kI'I'i' the dmterb ph}"!;ically 
aud logically 8€pill"ate, with their own distinct !;ubnetb, l'ead nooffi and job queues. 
Further inte~ration wolliri be left to the next il.l'ral.ion I'volutiou. 

"The problem of hCt<ting different LinllX di. tributkm. on a single hcl>li node ha., 
since bffll ~ddrfO<ed .... it.h the yun. tool of Erich Focht, DO"'" induded iu OSCAR. s.,.. 
http'//h""c ."reor.dg/ otocht/oscar/ 
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Hard ware 

Contrar,' to CARMEK. which was hllilt from the ground-llp from cheap PCs and 
a home-mad.-- rack, Sandiego wn8 dcliwrcd by Slll.l-ccrtificd hardware vendors. This 
indudal the rack, which wn8 provided with it.s OWll 1.>OI'i'er distrihutOL The noof'S 
themsdves weI'<" lU rack" and more informat.ion can be found on t.he web. For illllS­
tration. the system is shown in figure A.6 

Rllmot .. s"rvllr management 

A problem identified with CARMEKwhich "''as llever ov.--rcome WaF; t.he 1%ue of how 
to deal with nodes in the ewnt of a un€Xpocted pOI'ier failure, or when there wa.~ no 
net.work access to them due t.o failures in the boot seqll.--n::e. etc. At earl! such ewnt, 
it was nocessary for the adminiF.trator to phy~icall.y cmer the room whef(' t.he clusters 
were housed, attach a monitor and dehug the problem j()(',ally. It was dffiirable to 
rjreumvcnt t.he neeessit.y of physical prcsence in t.he room, for security as well a.~ 

practical rea~nsln, as much as possible. 
This issue wm; solyed by having a baseborud mana!;ement controller (OMC) on the 

o.erYf'rs, imcrfflf'm with an ct.heolCt. cable, which allowed to commlmicate remot..--ly 
with the r))mputers eyen if the platform power was di~tlllected. The OMC~ and the 
vari0118 sonsors (fan power, temperat.ure, disk revolutions. cover state . .--te) allowed to 
monitor in great det.ail the health of the o.erver, and communication yia the int.elligent 
plflt.foITll management interface (IPMI) [184]protocol marl.-- this information available 
on tty. h.--ad node for monitoring and alerting purpo;.cs. IP'\lIis a message-based 
prot.ocol for communicatillg with the TIMC - the data path is ShOWl] in figure A.6.2. 
Apart from passiw monitoring (and active reponing), IPr-1l allows the administrator 
to perform platform operatiolls Oll the o.eJ"ver fIf' well, suell as reboot.ing the node. 
checkmg the OS~tatus. monitoring the con~lc messages pov.-"cring on from a powered­
off stat.e, .--te. 

The OMCs w,-.re l'JIlncctCli in so-called "out-of-band" mode (hy not using the 
platform nNwork int.--rface card (:'IIC)s) by an othemet adapter to the local ~ullllet. 
1'0 avoid an excess of r-.9.bling. t.hesc NICs were daisy-chained to each other via croos­
over ethemet. ('ahle;;. This s.--tup afford('(\ full r-<)ntrol 'NCr all aspects of the clllSlN 
nodes from the head node. using secure rPMI commands'l. 

A.7 Outlook 

Tile UCT-CERN Research Centre compllfing facilities at. t.his st.age comprise a sig­
nificant and very Hc-x:ible resource for tty. memhers of tty. group. The requirements 
laid out ahove in section 1\.1 have b~n fulfill""l on the local R'ale. Work on thc 

WFor example, the oomiItist.mtor Ill",V 00 phy"i",.u," Olnab)" tn I", P",'Sellt, 3ttending a conference, 
~ .. 

"Th_ ""'"' i""Ole<! via SSH 
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FigUH" A .6: f'loot.o of lloe ~ ..ndkgo cin,ler r3rn Intn ~Ul1 MicIooyslems 
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