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We cook a kind of soup called
the quark-gluon plasma.
But let’s start from the beginning,
Onc.e upon a time, about M billion years ago,
Jjust a tiny fraction of asecond affer
the Big Bang, matter was a soup of
quarks and glyons,

Big Bang? Matter?
Quarks? Gluons?
What are they?
They sound interesting

butI don’t understand...




Accelerator complex at CERN
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The ALICE Experiment

So your pressure cooker...sorry,
your experiment, must confain
alot of soup!

Not at all, The quark-gluon plasma occupies a tiny
volume, just a little bit larger than a nucle

Is that smaller than an ant?

Oh yes! An ant is made of millions of millions of nuc.lei, ALLCE is so huge
because the thousands of particles createdin each collision are
propelled through space in all directions at almost the speed of light,

e ¥ B e e,




The L3 solenoid magnet
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- It creates a uniform 0.5 T magnetic field
- As heavy as the Eiffel tower




ALICE with opened gates




ALICE experimental setup N4

SPD SDD SSD TO0C VOC

ACORDE

Interaction
point, IP

dipole
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L3 solenoid

from: Evgeny Kryshen, ALICE overvies, QFTHEP 2015




Typical structure of modern HEP
experimental setup:
«matryoshka»

Transverse “slice” of ALICE:

Inner tracking system, ITS

Time-projection chamber, TPC
Other detectors
Solenoid (0.5 Tesla)
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Basic concepts in HEP data: event and particle track

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBEG693




The collision centrality

The centrality is a key parameter in the study QCD matter at extreme
energy densities, because it is directly related to the initial overlap
region of the colliding nuclei.

participants

before collision after collision

The impact parameter (b) is the distance between
the centers of the colliding nuclei.
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Centrality determination in experiment

Usual receipt:
= use distribution of a signal in some detector
* fit with some geometry-based model
= split into centrality classes (0-100%)

In ALICE for Pb-Pb:
use multiplicity distribution in (semi-central) VZERO detector + Glauber fit

E IALII(I'JIIEIPIb-IPIbIaI'[ ;ﬁlz'é.?.sl 'Iiel'v‘. I o b a.r)(iv:1301.436.1 (‘3-7<ﬂ<‘1-7 and 28<ﬂ<51)
% i + Data E
o107 E —— NBD-Glauber fit
:(-‘; s\ Pll-k X [f Nparr + (1_fJNcoII] 104
%10_43:_\\ f=0801, p =293, k=16 ;
) N‘"‘“"h-....,
o fil e e close to 0% > most central events
5 I =
bl | Q) closer to 100% > peripheral events
el Bl 8| 2 | &
B e 2 o | e o
118ls| 8| < :
107 5 SN, ,  [NSSEEN , , . |, ISR | . | ., |
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VZERQ amplitude (arb. units)
. bimpact, Npart, N Nspecare not directly measurable and are

deduced from the Glauber model.
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Practical analysis detalls

ALICE data format:
- Event header
- Track list
— Quter detector information
(ZDC, VZERO, TZERO, etc.)

Ll
voild RunTreeAnalysis(const Char_ t* inputfilename, const Char_t* outputFilename, Int_t howMany) {

TFile* outFile = new TFile("outputFilename", "RECREATE");

TH1F* histCentrality = new TH1F("histCentrality", "Event centrality", 100, 0., 100.);
TH1F* histPt = new TH1F("Pt", "Track p {T}", 160, 0., 10.);

Int t entries=0;

TChain* chain = CreateChain(inputfilename, entries);
if(!chain) return;

AliReducedEventInfo* event = new AliReducedEventInfo();

chain->SetBranchAddress("Event", &event);
cout << "Looping over " << TMath::Min(entries, howMany) <<

events" << endl;

for(Int t ie=0; ie<TMath::Min(entries, howMany); ++ie) {
chain—>GetEntry(ie];

histCentrality->Fill(event->CentralityVZERO()):

0) continuei
0) continue;

if(event-=CentralityVZEROD( )<=
if(event->CentralityVZERO()>50

AliReducedTrackInfo * track = 0x0;
TClonesArray* trackList = event->GetTracks();
TIter nextTrack(trackList);

for(Int t it=0; it<event->NTracks(); ++it) {
track = (AliReducedTrackInfo*)nextTrack();

if(TMath: :Abs(track->Eta())=0.8) continue;
histPt->Fill(track->Pt());

} . ra

1

outFile->cd();
histCentrality->Write();
histPt-=Write();




Practical analysis detalls

How to run:

Method 1

root > .x LoadDependencies.C
root > RunTreeAnalysis(“inputFile.txt”,"output.root”,1000)
Method 2

make

Root > gSystem - Load(“ReducedEvent.s0”)

Root > .L RunTreeAnalysis.C

Root > RunTreeAnalysis(“inputFile.txt”,”output.root”,1000)



Exercise 1

* Use the PbPb_minbias dataset

* Make changes in the RunTreeAnalysis.C macro in order to:

- Select only events with vertex Z position between -10 and +10 cm

- Plot histograms for the

event Z-vertex distribution event->Vertex(2)
multiplicity of tracks per event, count them in the loop
the VZERO multiplicity event->MultVZERO()

Track multiplicity vs VZERO multiplicity
Centrality from VZERO detector event->CentralityVZERO()



Collision of two nuclei:
evolution with time

Accelerated nuclei (Lorentz contracted)

Hadronisation and free
Phase of quark-gluon medium streaming

\

Track and identify directly only particles with long enough lifetime:
e, M, M, K, p,dt, ..




- The Time Projection Chamber is the main ALICE detector

- It is the largest TPC in the world

~ 500 Mega-voxel 3D digital camera -> takes ca. 1000 pictures per second
Currently being upgraded to take up to 50k pictures per second



TPC working principle

pion for short,
I am made of 2 quarks,

My name is proton,I am a member of the
My nciive I B méson, baryon fctmll.y.tlfam made of 3 quar
+GDa 7

Let me give you a few examples,
Our biggest detectoris filled with a
special gas mixture, When particles

travel through this gas, they leave
behind them a frace.By observing
these trac.es,scientists can
recognize the particles, the same
wdy an experienced hunter can
distinguish a rabbif from a deer by
looking at the footprints,




TPC workina principle
:']:“q’:lgt ﬁeldcage

segmented
cathode ] ancde (pads)

> Momentum measurement: pr=qBr
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- Particles are identified using their specific energy loss in the TPC gas

volume

> Highest mass anti-nuclei observed with the current data sample: anti-*He



The Time-of-Flight detector (TOF)

_..:_/ 4
5 . > Exactly, we see the frace they leave! Another detector can
- medasure, with muc.h better precision than a Swiss walch, the time

particles take from one point to another.Having received the
~ same energy, the heavier particles will travel more slowly than the

lighter ones./ ~ =
o o =a X .
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The Time-of-Flight detector (TOF)

> Measures the time of flight between the collision start and arrival at the detector
> In conjunction with the momentum measurement from tracking -> particle identification
> Time resolution: 100 psec



Particle identification using TOF

" PERFORMANCE =
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03/07/2012 *

> Complements the particle identification of the TPC



PID, vertexmg and tracklng capabllltles .
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» particle identification (practically all known techniques)
* extremely low-mass tracker ~ 10% of X,

« excellent vertexing capability

« efficient low-momentum tracking — down to ~ 100 MeV/c
Int.J.Mod.Phys. A29 (2014) 1430044

from: Evgeny Kryshen, ALICE overvies, QFTHEP 2015



PID 2. The main variable

the signal we observe:
in the most general terms: calibration is here!

what we expect for
a given ID (m) hypothesis
- DETECTOR RESPONSE

PID discriminating variable
(in this case “nc”,

for a Gaussian detector response) detector resolution

part of detector “response
function” (mass dependent)

The typical quantity we defined in the framework is the so called ‘no’ variable.
This is defined (1) for all the detectors included in the framework (see next slides)

and (2) for these particle species: e, 1, 7, K, p (+ light nuclei: d, t, *He, “He)

SW0ON.00 FI0 - NGy 203 F.Noferini, ALICE tutorial 8



Exercise 2

Use the data set PbPb_cent2030 and plot the following histograms:

n, @ and pT distributions for all the tracks  track - Eta(), track — Phi(), track->Pt()
dE/dx vs p for TPC track->TPCsignal()

B vs pfrom TOF track->TOFbeta()

n (K) vs p from TPC and from TOF  track - TPCnSig(2), track->TOFnSig(2)

n,(K) from TPC vs n (K) from TOF



Reaction plane




Spatial and momentum space asymmetries

out-of-plane

in-plane
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Multiple interactions with medium Less interaction - small modification

Initial spatial asymmetry converts into
azimuthal anisotropy in the momentum space

Quantified with the Fourier coefficients:
dN

To—w) " 1+ 2 Zvicosln(o, -,

n=1

v, - directed, v, - elliptic, and v, - triangular flow



Anisotropic flow measurement techniques

d(q)fﬂ—vlpn) ~ 1+ 2 nglvncos[n((i)j.—‘ll,,,)]

If orientation of the collision symmetry plane is known

v, = (cos[n(¢;—,)

)

BUT: experimentally the collision symmetry plane orientation is unknown




Estimating the reaction plane angle

Reaction plane is not known experimentally
Orientating wrt. to the laboratory frame changes event-by-event

Event 1 Event 2

Y 1ab

|
| X lab

Only measuring particles distribution in the momentum space

If the momentum distribution is azimuthally asymmetric due to flow,
then this asymmetry should be correlated
with the impact parameter direction (reaction plane orientation)

Use particle azimuthal distribution in the event
to estimate the reaction plane angle — event plane vector
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Event plane (flow) vector

Yiab

Vector sum of all particles direction:
Qn.x = ijcos(nq)i) Qn,y = ZW:'Sin(nq)i)

Experimental estimate of the reaction plane:

L il
Event plane vector: W m = - tan Q—"-’i
n,x

17



Measuring flow with the event plane vector

dN
~ 1+ 2) v (p,,m) cos[n(¢o—W,,)]
(o) 2 w
Want to measure: Measured:

Vo = <Cos[n(¢_quP)}> — Vo = <C05[n(¢_lpn,5p)}>

n

Event plane vector and the reaction plane are
correlated with finite resolution:

. <C05[n(¢_q"n,1§p)]> . Vibs
L <C05[n(an,5p_lyﬁp”> R,

20
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» Muon Trigger
. Dipole Magnet
. PMD

Where we can get an event plane angle in ALICE?
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ALICE rapidity coverage

(full tracking)
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Reaction plane resolution

— A
ALICE Performance Pb-Pb Vs, =276 TeV { R;{B.,C}
NN !
+ » = 2014/04/29 { A B G
[ an W { +1PC VoA VOC
| B XL
4] < = o =] &

6 +0H o - & o- . ] ® Vo-A TPC Vo0-C
[ i . o O VO-C TPC VO0-A
o 4 o G 1 ® FMD-A TPC FMD-C

@
o g o of  # ] O FMD-C TPC FMD-A
¢ _
6 o A J® ] ¢ TOA TPC VOC
’ ® | ¢ T0-C TPC VO-A
lll Ll 1 I L1 | 1 L1 1 | I L1 1 1 I L1 1 I 11

: T
10 20 30 40 50 60 70 80
centrality %



Exercise 3
Use the dataset PbPb cent2030

Compute and plot the Q,{x,y} vector components using all tracks in the
0.5<n<0.8 interval

Plot the W,

Compute the v.°bs for all charged particles in the interval -0.8<n< -0.5
and plot it as a function of p;
If time allows

- Use the PbPb_minbias dataset and plot v,°s as a function of VZERO
centrality for charged tracks in -0.8<n< -0.5 and 1.0<p.<1.5 GeV/c



Homework?

« Calculate v,°s as a function of p; for identified particles (1t£,K#,p,p) in
the VZERO centrality range 30-40%
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