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” Relativistic nuclear physics’ :
a bit of History

.d)‘Li, C,'/(; Cu :Sh;Sm;V;Pbiy

1971: the 1% relativistic nuclear
beams with an energy of 4.2 AGeV
at the synchrophasotron at the

LHE, JINR. One of the 15 studies Fig. 2 Experimental layout

of nuclear effects in the high A.M. Baldin , "Heavy Ion
energy interactions off nuclel Interactions at High
A.M. Baldin et al.

Energies”, report at AIP
Sov.J. NuclPhys18,41 (1973) Conf Proc. 26, 621 (1975)

= BEVALAC(1972), SPS(1976), RHIC(2000), LHC(2009) :



PHYSICS REPORTS (Review Section of Physics Letters) 65, No. 3 (1980) 151-229. NORTH-HOLLAND PUBLISHING COMPANY

...a bit of History...

HADRONIC INTERACTIONS OF HIGH ENERGY COSMIC-RAY
OBSERVED BY EMULSION CHAMBERS
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In 1980: “...we found that

the decay temperature

of a fire-ball is of the order of

a pion rest-energy, m,c2,

much smaller than the participating
energies in the collision...”

5 { eb-plates

¥ZZ773  sensitive layer

[mcleur emulsion plute]
X-ray film

Fig. 1. Basic structure of emulsion chamber as electron shower detector.



... a bit of History: QGP :

...J. C, Collins and M. J. Perry -1975, ...E.Shuryak 1978...:
LUypsak O B "KBapk-rntooHHast nnasma" YOH 138 327-328 (1982)

QUARK—-GLUON PLASMA AND HADRONIC PRODUCTION
OF LEPTONS, PHOTONS AND PSIONS

£V SHURYAK Early expectations: QGP like
Institute of Nuclear Physics, Novosibirsk, USSR an ldeal gas Of quarks and gluOns

At very high energy density, the coupling constant of QCD becomes weak. A gas of particles should to
a good approximation become an ideal gas. Each species of particle contributes to the energy density of
an ideal gas as
T .
€ o —NT?
30

where N is the number of particle degrees of freedom. At low temperatures when masses are important,
only the lowest mass, strongly interacting particle degree of freedom contributes; the pion, and the energy
density approaches zero as ¢ ~ ¢~ ™=/L. For an ideal gas of pions, the number of pion degrees of
freedom is three. For a QGP there are two helicities and eight colours for each gluon, and for each
quark, three colours, two spins, and a quark-antiquark pair. The number of degrees of freedom is N ~
2 x 8+ 4 x 3 x Ng where Ng is the number of important quark flavours, which is about three if the
temperature is below the charm quark mass so that N ~ 50.

Fig. 1. The space—time picture of hadronic collisions, proceed- Relativistic heavy-ion physics: three lectures

ing through the following stages: (1) structure function for-

mation; (2) hard cellisions; (3) final state interaction; (4) free L. McLerran

secondaries. Brookhaven National Laboratory, Upton, NY 11973, USA and RIKEN BNL Research Center,

Brookhaven National Laboratory, Upton, NY 11973, USA

Phys. Lett. B78 (1978) 150

» QGP: lots of interesting questions to be answered !

7



Phase diagram of strongly interacting matter
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Bhalerao, Rajeev S. (2014). "Relativistic heavy-ion collisions". In Mulders, M.; Kawagoe, K. (eds.). 1st Asia-Europe-Pacific School of High-
Energy Physics. CERN Yellow Reports: School Proceedings. Vol. CERN-2014-001, KEK-Proceedings-2013—-8. Geneva: CERN. pp. 219-239. 8
doi:10.5170/CERN-2014-001. ISBN 9789290833994. OCLC 801745660. S2CID 119256218.
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WHAT HAPPENS WHERN STRANGLY INTERACTIN G- MATTER
GETS HOTTER/DENSER AND TS \YOLUME CHANGES 2

heavy ions at CERN

quark-gluon plasma

Phases of strongly interacting matter

o

EARLY STAGE

T (MeV)
=

— 3L

100

500 ug (MeV) ?

SIS NucL
RHIC NICA j.pARC  HIAF

NAGI/SHINE " WHAT HAPPENSS IN HEAYY 10N COLLISIONS ? )
e

Slide by Marek Gazdzicki(Goethe University Frankfurt), NAG61/SHINE Collaboration,
See also report by Marjan Cirkovié (Faculty of Physics, University of Belgrade),
“News from the NAG61/SHINE” , 6 Oct,2023, 13:30 - 14:00 CET 9
https://indico.jinr.ru/event/3746/timetable/#20231004



Phases of nuclear collisions

Pb

1fm

QGP

Pb

14 fm

e Before collision

e Thermalization: (t <1 fm/c)
equilibrium is established

e Expansion and cooling
(t <10-15 fml/c)

e Chemical freeze-out:
inelastic collisions cease
(number of particles frozen)

e Kinetic freeze-out:
elastic collisions cease
(momentum spectra frozen)




| & |

Dynamical models for HIC

Macroscopic /

hydro-models:
* description of QGP and hadronic phase
by hydrodanamical equations for fluid
= assumption of local equilibrium
* EoS with phase transition from QGP to HG
* initial conditions (e-b-e, fluctuating)

TS~ Microscopic

Non-equilibrium microscopic transport models -

based on many-body theory
| | | |
Hadron-string Partonic cascades
models pQCD based
(UrQMD, IQMD, HSD, (Duke, BAMPS, ...)
-

Parton—ﬁadron models:

* QGP: pQCD based cascade

ideal viscous * massless q, g
(Jyvaskyla SHASTA, (Romachkke,(2+1)D VISH2.1, * hadronization: coalescence
TAMU, ...) (3+1)D MUSIC,...) (AMPT, HWING)
- QGP: 1QCD EoS o
_ Hvbrid" * massive quasi-particles
fireball models: LIV (q and g with spectral functions)
A —— QGP phase: hydro with QGP EoS in self-generated mean-field
* hadronic freeze-out: after burner - : ical hadronizatio
parametrized time dynamica ron n
evolution (TAMU) hadron-string transport model * HG: off-shell dynamics
(hybrid"-UrQMD, EPOS, ...) (applicable for strongly interacting
systems)

. 1 . . 3
Slide by Elena Bratkovskaya, “Kruger2014: The International Workshop on Discovery

Physics at the LHC”, Protea Hotel Kruger Gate, South Africa, 1-5 December 2014
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Nuclear-nuclear collisions:
two theoretical approaches [1]

b
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Fig. 2. (a) String picture: primary interactions lead to color flux tubes (strings) which break by qq
production.

(b) Parton approach: multiple scatterings accompanied by emission and absorption of quarks and
gluons are described as intermetted parton cascades.
[1] K. GEIGER, SPACE-TIME DESCRIPTION OF ULTRA-RELATIVISTIC NUCLEAR COLLISIONS IN

THE QCD PARTON PICTURE
CERN, TH-Division, CH-121 | Geneva 23, Switzerland, ELSEVIER Physics Reports 258 (1995) 237-376

» Experimental data can provide strong constrains on the models 12



Nuclear-nuclear collisions:
what are we colliding?

K. Geiger/ Physics Reports 258 (1995) 237-376

b

{ﬂ:}g.a

Fig. 19. Distributed Lorentz contraction: The spatial distribution of the partons in the rest frame of each nucleus becomes,
after boosting to the CM frame, a disc of highly Lorentz contracted valence quarks of (Az)., surrounded by clouds of
softer gluons and sea quarks of (Az ),
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Water droplet

Hydrogen
atom . electron <10% cm
proton
(neutron) quark

<10*%cm

~ 103 cm

AToM Kucaopoaa — 108cm
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“Zoo” of particles: hilp:/pdy.blgoy 180 Selclea Porkis

T, \A/t, 20, % i & ,/4.,’.‘)’_, Ve, Yoo, YV ,Ez,n",'j ,4,(660),3(&?0);
w(#83), 'n’;sss), 40 (980), Q, (380), P (1030) , h, (1120), b, (1235),
04(1260), £, (1270), 4, (1225), Y (1295), ® (7300), @, (1320),
,{O (4379)14,, (7%30), w (1420, ” (149%0), a,(1¢s0), g (1450),

1. Inthe detector we see only particles Ao (1500), £, (4539, 0 (1659, W (1670), TC, (1670), $4610),

Important Notes:

with a sufficiently long lifetime that 8, (1630), §(1700), 5, (1710), T (1800) , &, (180), {, (3010),
: ) ot (20%2), 4, (2059), 4, (2300, f, (23¢0), k¥, K, K3 K}, K¥(8s2),
allows them to be registered: K, (rz7, K, (e, K (1), K (139, K (1e30), K™ (4640),
VI e) u; T[, K, p, N K, (1370), K:('I%O),‘K,\'(’M?O),OK:EQD?S),:DI, IZD“, ::ID"(zoo?)f
D* (2010)*, D, (2429, D,” (2469°, D, (2%60)*, D, , DY,

D, (2536)%, D, (2573), B*, B, B®, BS , BZ , . (13), J (1),
: . Ko (1P, 2., (1P), K., (1P), Y (25), Yy (3770),y (40%0), Y (4160),
2. To be registered, a particle must . i g 3 gl eyt g cistn

experience some interaction with the X, (29, T (35), T(4s), T (10860), T (11020), p, n , N(14%0),
detector N (1520) , N (1535), N (1650), N(16 25>, ¥ (16580, N (1700), N(1?10),
How to detect particles? N (1220), N (27%0), N(2220), N (2250), N(2600), A (1232), A (41600),
P ' A (1620) | A (1%00), A (1308), A(1310), A (1320), A(1930), A(41950),
A(2420) | N\ | A(1%05), A\ (1520), A (1600), A\ (1670), A (1690),
A (1800) | A (1810), N (1820), A (1830), A (1890), A\ (2100),
A (2110, A\ (2350), 57, Z° 57, S (1385), 5 (1660), Z (1670),
> (1750), 2 (1775), 2 (1915), 3 (19%0), > (2030), 2 (2250), =% =,
= (7530), = (1630), = (1820), —(1350), = (2030), 27, (2 (2250)

= F o9 ik e

/\: I/\C*/zc(z*ss)l Z(,(2\5710)/ ;c ) T T ,E(QG“S_)

= (2780), = (2875), (22 ,/\Zp =

T heve ove Mery move
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s in the snow




Footprints in the snow

» And what are the footprints of different particles?



A Large lon Collider Experiment 6&

ALIC
EMCAL L3 Magnet
y , T, jets TQN 0 B=05T ACOI'\_‘DE_
j Troger —1 Cosmic trigger
\

’ Vi v PID (RICH) @ high p
TRD % 7 !
| Electron ID (TR) | == \\g'( i,
s /A 'giTO#
: PID

—

| PMD h
= Dipole

y multiplicity
1 = :
TPC
Tracking,
PID (dE/dx)

e B

@ -~ Magnet

“YMUON arm
<|U-pairs

Low p, tracking
PID + Vertexing

PHOS

: P Charged
y, T, jets

multiplicity Ilk

Not shown: ZDC (at +116m)

10

K. Aamodt et al. (ALICE), JINST, 3 , S08002 (2008) :



Nuclear-nuclear collisions:
What do we usually measure?

19



Particles tracking and identification

Instrumentatlon for heavy-lon experiments: PID

e &
@& N >

o o ¢
w o
T

HMPID Cherenkov angle (rad)
(=]
o

(=]
N

0.1

most probable TRD signal (a.u.)

3 45
p (GeVic)

ALICE performance
pp, s =13 TeV

10
e (GeVicl

25 3
p(GeV/c)

il

, 5[_ b ALICE TRD (Xe-CO, [B5-15])

* pva, 6 (PR V5=7 TaV)
o, dEMx (cosmic rays)
v i, dEkIxs TR (osmic rays)

Pl

k /‘ﬁ m‘

2
15[ \*5 TRD JaEhrarweTe —ahr
1 \ o hman
1 -n.e.dEMlTTHOsmbeam) 7]

0.5 ---fit, ALEPH paramelrization
[ —fit, ALEPH param. + logistic 1, |
c sl i i 1] FRTEN il d PETRRTeN | i
1 10 10 10 10
10°
10°
10°
10

By

[JMP A29 (2014) 1430044]

Alexander. Philipp.Kalweit@cem.ch | CERN-Fermilab school | September 2017 | 19
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Observables

(measured event by event)

» Number of particle tracks, primary and secondary vertices

» Total event charge particle multiplicity (N,)

» Rapidity distribution of charged particles

» Event plane

» Azimuthal flows

» Types of particles and particle ratios (Particle Identification — PID)
» Total event transverse energy(E)

It is important to select the classes of events with similar properties
related to the initial conditions

- Centrality determination and different estimators
— multiplicity classes
— spectator nucleons (N

participants (N,)

spect) @Nd Number of nucleon-

21



v’ Multiplicity of charged particles in hadronic
collisions

L
a ollaporation
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Nucleus-collisions:
what are we observing?

For each particle, you can introduce a rapidity variable:

One can also define a rapidity variable:

1 l E+p.c o
=9\ E —p,c) d)

Distribution of parficles By rapidity: - / \

";.'Pm.i ;'pm,i
Pse u do-rapid ity: Flg. 18: The rapidity distributions of particles at two different energies

=0
n=-Inltg| 5], -
2 6=90° /'n 0.88
0=45°
9-100,/-?1'] =2.44

24



RAPIDITY AND PSEUDORAPIDITY

Short re"m”inder: (Pseudo-)rapiditv

" dN . m2  dN
| - dn m2 cosh? y dy

e r——

dN/dZ or dN/dy > Always keep in mind: Rapidity and
S pseudo-rapidity are not the same,
dN /dy especially at low transverse momental

/

dN/dn

1 1 1 1 | 1
02 04 06 08 1 12 14 16 18 2

6 '7 Or y transverse momentum P,

From: K Reygers Alexander.Philipp.Kalweit@cem.ch | CERN-Fermilab school | September 20171 10
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Nucleus-nucleus collisions:
what are we observing?

Pseudorapidity distribution of particle yields in experiments at RHIC:

dN_/dn W =130 GeV

BHAHMS Preliminary

1w = :

Flg. 28: Colour glass condensate fits to the rapidity density measured in the PHOBOS and BRAHMS experiments

Relativistic heavy-ion physics: three lectures

L. McLerran 26
Brookhaven National Laboratory, Upton, NY 11973, USA and RIKEN BNL Research Center,
Brookhaven National Laboratory, Upton, NY 11973, USA



Multiplicity distributions in pp collisions

25.

Model: see E.O.Bodnya*, V.N.Kovalenkot, A.M.Puchkovt and G.A.Feofilovt, “Correlation between mean transv
momentum and multiplicity of charged particles in pp and pp collisions: from ISR to LHC”, PoS, 2013

P(N,,) P(N)

» 200 GeV L 900 GeV
101 =
C 10-2;_
10°E .
i 10°
10°F E
F 10'45—
"l F
10°E 105L
i | | | I | i

10

10°

-9
N T B P B B B 00

10 15 20 25 30 0 10 20 30 40 50
NCh N
ch

o
(6]

FIGURE 8. Charged particles multiplicity distributions in pp collisions at various energies /s (200 GeV, 900 GeV) [25] and
in pp collisions (2360 GeV, 7 TeV) [26] in pseudorapidity interval |n| < 0.5 (dots). The results of the modified multi-pomeron
exchange model (lines) are calculated with the model parameters 3 and 7 as defined in Fig. 1, 6.

V. Khachatrvan. et al. (CMS Collaboration). JHEP 1101. 079 (2011).
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Charged-particle multiplicity density at mid-rapidity N
in central Pb-Pb collisions at sy, =2.76 TeV: :

............................. @ ... AUCE
ol Buszafld] .
Multiplicity: |7 . HIJING 20 [5]
) ) ) ° DPMJET lll [6]
> is essential to estimate |- e B oo
the initial energy density aall | rarveon otan (1]
- t Kharzeev et al.
and it is the 1st important —e— oo et 111
constraint forthe | N edomota [
e Bozeketal[14
models! Sarkisyan et[al.][15]
L o—— ] Humanic [16]
1000 1500 200(;\’
E 1 dN New/dn
E(T)=—-= <m, >
V 1,4 dy Comparison of ALICE measurement

with model predictions.

» Bjorken energy density: 2.8 x RHIC for 5% of most central
COllISIRN11.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301 2




Charged-particle multiplicity density at mid-rapidity
in central Pb-Pb collisions at Vs, = 2.76 TeV: :

ALICE
Empirical extrapolation ::> """""" . T s Buszafa] ]
"""""""""""""""""" e . T HUNG20[5] |
.. DPMJET Il [6
pOCD-inspired MC :: > " _________________________ !!'.9'_"!'?_!7__1__[__] ______________

° Albacete [8]
—— Levin et al. [9]
Initial-state gluon density 1ot Kharzeev et al. [10]
. —— Kharzeev et al. [10]
saturation models . Kharzeev et al. [11]

— Armesto et al. [12]
° Eskola et al. [13]

| ¢ Bozeketal.[14] |
Some other approaches ———— Sarkisyan et al. [15]
—— Humanic [16]

q000 1500 2000
dNgy/dn

| ALICE measurement and model predictions

arXiv:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301 2




Charged particle pseudo-rapidity density per participant A@

pair for central nucleus-nucleus and non-single diffractive pp (pp)
collisions , as a function of \/SNN

||||I I ] ||||||I ] 1 ||||||I 1 I LA
[ Central collision (AA) pPP/pPP pp/pP ] i

10_9 ALICE E—ALICE5.02TeVPb+PIgNSD) (INEL) B
» an increase of about o 8;_33; R i
a factor ~1.9 relative to pp gg f;f o SE A
collisions at similar collision z° 6:‘?2:3532 Py
energies, N7 ” .‘évﬁ_

» an increase of about
a factor ~ 2.2 to central Au-Au e :
collisions at \/sNN =0.2TeV! R T R T R T T\

Basu, Sumit et al - arXiv:2008.07802

> Faster growth with Vs, in AA than in pp!
» Logarythmic extrapolation is rulled out
» Important constraint for the models!
30

arXi1v:1011.3916 [nucl-ex]. Phys. Rev. Lett. 105 (2010) 252301 =0




v’ Measurement of p; of charged particle

___—__—_—/
2 ollaboration




Particles tracking and identification

For a particle with charge q,
moving with speed V in a magnetic field
with intensity B, the Lorentz force acts:

F.=gVB.
ml?
I'B =
¢ R

m- particle mass
R — radius of the circle

Having measured R, we will
find the transverse momentum
pr=mV

http://www.popmech.ru/science/8036-fotografiya-na-pamyat-puzyrkovaya-
32kamera/



Nucleus-nucleus collisions: what are

we observing? Particle distribution by transverse

momentum:

|dentified-particle p; spectra up to 20 GeV/c
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Low-p; <2 GeV/c : dynamics of bulk matter described by Relativistic
Hydrodynamic Models (RHD)
High-p; > 8 GeV/c : spectra reflect interaction of partons from hard scatterings

with the medium

Intermediate p; 2 < p; <8 GeV/c : interplay of soft and hard processes

33
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v’ Transverse energy in the event

___—__—_—/
ollaboration




Transverse energy of charged particles
and Bjorken energy density

J

S1 - is the transverse ——

/ ) 2
overlap area of the (my) = {p1)* +m*
colliding nuclei

1]

ELl - isthe total

transverse energy
T -is the formation time |T ~1 fm /CI
2]
diE,} 3/ dN dN £~ 1 GeV/fm?
~—((m)— +2({m,)—
dy 2N d_\‘ = d'\- K*.p.j [1]J. D. Bjorken, Phys. Rew. D 27, 140

is critical energy density (1ss3)
The fartars 3/2 and 2 comnencate far the neutral narticlec lflfl_”‘i‘_"-_’:”’ifﬁff"‘_“'f‘f““
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v'Reaction and Event planes in AA collisions

e
ollaboration




dnamnTudeckum notokK B Pb-Pb ctonkHOBeHUAX npn  Afic
3Heprumn Vs, =2.76 TeV:

- ,’
Reaction

Plane \ /"/ 7

A

Tannebaum’ 06

' P2 — p?
. = (cos2(¢ —Vpg)) = (—=5+
BN 1 &3N | e < 2 >
BE — 1+Z 2v, cos[n(o—VYg)] "
d°p 27 pedpedy — <y2 — 5’72>
Excintricity: €, = (y2 n $2>

2- and 4-particle camulant methods: v ,{2} and v ,{4}

arX1v:1011.3914v1 [nucl-ex] 17 Nov 2010;_Phys. Rev. Lett. 105 (2010) 252302 37




Reaction Plane (RP) and
Event plane (EP) [1]

 Reaction plane (RP) —the plane formed Ao
by the impact parameter b and the
beam line

RP cannot be measured in the experiment
since we cannot measure b

e Event plane (EP) is the observable
estimation of the reaction plane

=w,cos(ng,)

[1] Jean-Yves Ollitrault, Reconstructing azimuthal distributions in
nucleus—nucleus collisions, arXiv:nucl-ex/9711003v2
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Reaction Plane (RP) and
Event plane (EP) [1]

The following relation between measured
and true Fourier coefficients[1]:

(cosny) = (cosng)(cosnAg). \A 7 RP

, the vector obtained by summing all the transverse
momenta of the particles produced in the projectile

(target) rapidity region is parallel (antiparallel) to the
impact parameter. One constriicts a vector Q:

N
Q=) wpuy
k=1

i:wicos(n(pi>

where the sum runs over all the detector particles in the
event, w, — weght, u, _ is a unit vecror parallel to
transverse momentum of the particle

Q- lies in the true reaction plane and azimutal distributions can be measured from Q

[1] Jean-Yves Ollitrault, Reconstructing azimuthal distributions in
nucleus—nucleus collisions, arXiv:nucl-ex/9711003v2
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Centrality of collisions

Nucleons __

participants and spectators

N =2A-N :
spec part

Binary collisions — N coll

b‘]’}‘- g bk -+ b B

1 + w(r/R)?
1 + exp (";R)

p(r) = py {1 + exp (T_R“‘)}_1 or  p(r)=po

a

The parameters are based on data from low-energy electron-

RA = RO - A1/3 nucleus scattering experiments [22].
R =1.07 fm, [22] H. De Vries, C. W. De Jager, and C.
0 .

De Vries, At. Data Nucl. Data Tables 36,

a =0.545 fm
495 (1987).

[ p(r)d’r = A
We require a hard-sphere exclusion distance of dmin = 0.4 fm between the centers of the nucleons, i.e., no pair of nucleons inside

the nucleus has a distance lessthand .41



The centrality percentile ¢
of A-A collision with an impact parameter b

b
do/db db’ 1 b d
¢ = fgo o/ - | 2. (1)
[ do/db db oaa Jo db

E THR

1 * do . 1 ¢ do
¢~ AN’ chh ~ dE!
0AA JNIR ALV 0AA JO ZDC

dE; .

2)

db
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Centrality of relativistic heavy ion collisions
In various experiments:
ALICE aS an example PHYSICAL REVIEW C 88, 044909 (2013)

Events

10°
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102 = E
i3 —— Glauber fit Part
i‘i\ 10 2 E
10 T i . B8
H MW 0 500 1000 5
WW‘W%%WW u FIG. 10. (Color online) Distribution of the sum of amplitudes in
TH E the VZERO scintillators. The distribution is fitted with the NBD-
| 2] & | &2 0 2 o 3 Glauber fit (explained in the text), shown as a line. The centrality
(= =] o (=] (=) =) . . . . . . .
100 1®R]9 | T Q o = = classes used in the analysis are indicated in the figure. The inset
ARE=IE=) = =) =) : 3
i3 i I o T © m shows a zoom of the most peripheral region.
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10°
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Example: Centrality determination
with multicity in TPC.

Wy 1

=115 GeV/”

L Iy sebha sl i
4 6 8 10 12 14 16 18 20

b, fm

Report by Alexander
lvashkin, Petr Parfenov,
Classes of centrality for the

0105030 40 ""50 6070 80 80 100 1st MPD data analysisdata,

Centrality, %

PWG1 meeting, 16.01.2020



Two main approaches to centrality classes
selection at MPD:

1) Charged particle Multiplicity classes by the TPC (or...)
and

* Time Projection'Chsg

* Forward Hadron Calorimeter (FHCal)

_——— e = = gy = e

2) Spectator energy classes by FHCal 45



Centrality estimations

Types of centrality estimators

Produced charged particles Spectators
g1osi _§104_
oL 1 E /".]
10" P I
E """h-.--...__“____-‘- 103:_ - ]
10°g C
» 10%E,
10°E -
I 0-10% K 104 0-10%
108 (Target spectators ¢
15_ not measured for ||
0 s 10 150 20 fixed-target) 0 E0 1000 TS0 2000 2500
Multiplicity Spectators energy, GeV
Alexey Aparin, XI MPD 46

collaboration meeting



Centrality from TPC multiplicity: usual procedure

G Glatber dat Evaluate N : Call > Evaluate
auper agata [ B
Na - leJarl-l-(l-f)Ncoll NBD(U;I() X Na
Build multiplicity
10 A”;“"‘\fﬂ:j:h fitting function
S 10* L
Z e Input multiplicity Minimize x* to find
: distribution f 1, K
10° NBD - negative hinomial distribution
Parameters of the fit:
0 % 100 50 200 250 300 » f—fraction of the production from the soft component

* M- mean multiplicity value
* k- width of the multiplicity distribution, can be
connected to the fluctuations

Alexey Aparin, XI MPD 47
collaboration meeting



Glauber model assumptions:

MC Glauber model provides a description of the initial state of a heavy-ion collision

o Independent straight line trajectories of the nucleons
o A-Acollision is treated as a sequence of independent binary NN collisions
o Monte-Carlo sampling of nucleons position for individual collisions

Main model parameters

- Co|||d|ng nuclei Glauber Modeling in High Energy Nuclear Collisions:
ARNPS57:205-243,2007

Inelastic nucleon-nucleon cross section ( ©
(depends on collision energy)
- Nuclear charge densities (Wood-Saxon distribution)

14 w(r/R)?
1+ exp (%R)

p(r) = po

Geometry parameters
b —impact parameter
N__. —number of nucleons participating in the collision
e~ number of spectator nucleons in the collision
N_,; — humber of binary NN collisions

B0 5 0 5 10 %
Z(fm)

» NB! These assumptions can produce a noticable bias in N
see [1] G.Feofilov et al, PEPAN, 52, Ne 4 ,2021, 584-590,
https://link.springer.com/article/10.1134/S1063779621040043 | 48

coll and in RAA(!)



FHCal for centrality

Egep [GEV]

0 .
FHCal modules 0246 8101214161820
1 Impact parameter [fm]

\Lryostof

Two upstream/downstream parts
Due to the central hole in FHCal for the

beam pipe some spectators can escape
detection which will lead to the horn
shape in the total deposited energy
distribution

Alexey Aparin, XI MPD 49
collaboration meeting



FHCal for centrality

Egep [GeV]

- E_max_(height)

0 I '
0246 8101214161820
Impact parameter [fm]

The main smearing factor in the spectator
energy deposit estimator for the centrality
would be the spectators which escaped
detection.

This leads to the possibility of mismatching
centrality classes from very central with very
peripheral events
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Alexey Aparin, XI MPD
collaboration meeting
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Centrality estimations vs. impact parameter

Centrality estimators based on charged track multiplicity in TPC and
spectator energy deposit in FHCal both give only a rather wide estimation
of actual impact parameter of the collision

It can be worth it to have a method of combined estimation of the centrality
to reduce these fluctuations of the centrality vs. impact parameter

E 20 ] 10M MC Glauber fit (f=0.72, k=13, p=0.35) 10’ £ , _ -
4 1, 151 <1y 1p < 382 g MC sampling of energy ' g

~ PbPb @ 13A GeVlc

.

10

1 1 L 1 I 1 .~.L__ " . ._i':' = 1 - i s
0 100 200 0 |
Multiplicit 0 3000
Alexey Aparin, XI MPD 51

collaboration meeting



Problems:
Centrality and widths of centrality class
In relativistic heavy ion collisions

v=0.4 fm/c
600

500
400
300

e [fm™]

200
100

-10 -5 0 5 10
X [fm]

Figure 3. Geometry of a non-central heavy ion collision (left panel). Density fluctuations in the transverse plane in a sample

collision event (right panel). _ .
Berndt Mu'ller, Arxiv 1309.7612v2 12 Oct2013

» Density fluctuations in any single event and trivial volume fluctuations 52
could be mixed in case of the wide width of centrality class



Centrality class width
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Fig. 44 Top: correlation of the energy deposition in the FHCal and > we need more premse selectlon Of Centrahty

the height of the cone, obtained from the linear fit of the two two- ClaSS es

dimensional energy distributions in the FHCal modules. The different

colors indicate groups of events within 5% centrality ranges. Bottom: > we ne ed events Wlth Well deﬁne d 1n1t1al
distributions of the MC-generated impact parameters for each 5% group

of evens fited to a Gaussian conditions and optimized class width

» we need combination of several observables
— proxies of centrality, capable to minimize

trivial volume fluctuations

Alexey Aparin, XI MPD 53
collaboration meeting



v'A short addition: one important
application in medicine
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In addition: ionization losses and
applications in hadron therapy of
oncololgy desease

dE Z2 2mc” B 3
ax eﬂ{h‘[( mz} }

Bethe-Bloch formula:

Y — 200FwTE T -

Energy loss dE for ionization 2 csob i\ Ek 3\ Kip | '-d‘; ]

of atoms after passing through S ra\E -3\ % ]

a layer of thickness dx by the 8 T00F S\ K A\ B B ALICE

. . . > 140F .i% o] % T PERFORMANCE

particle with charge Z_ flying R A% AR O oy pp g0t

. . . . B - NN=Z- .

with speed B in a medium with o 120pEae \ _ o g

. o . G 1

electron density n_and = TOOFREEREE \ TR \ RN 0
average ionization energy /. 80— ?

60 St :

A0 T it g

- (- DR o .'-..I.--.,'._-.. EES G l —:

0.2 03 1 2 3 4 5678910 20

p (GeV/c)

https://upload.wikimedia.org/wikipedia/commons/thumb/2/25/ALICE_TPC_1.jpg/800px-ALICE_TPC_1.jpg

» How does the 1/B2 factor for charged particles work in this formula’



"Bragg Peak":
Irradiate onlv the tumor!

| Electrons (21 Mev) Carbon (270 MeV/u) |

R0 - A
L
% " Photons |
b
g |
& 40 "' ‘Pr()tOIIS\

0 | } 3 S —— }

0 100
Depth [mm] . o

Manijit Dosanjh, CERN, “Hadron Therapy and European funded projects”
“LHC and beyond” Workshop, St Petersburg, 11 June 2010
http://indico.cern.ch/conferenceDisplay.py?confld=89411



Comparison of DNA damage for gamma rays
and charged particles
with Bragg peak

DNA X-rays Protons Carbon ions

GREATEST
HITS

Radiation can kill
cancer cells by
damaging their DNA.
X-rays can hit or miss.
Protons are slightly
more lethal to cancer

around 2-3 times as
damaging as X-rays.

Marx, Nature, 2014



Why is hadron therapy needed?

Image courtesy
MedAustron

- -0

Conventional: X-Rays lon Radiation

» During hadron therapy, healthy tissue is practically not irradiated!
» Critical organ could be sparred
» See ENLIGHT, https://enlight.web.cern.ch
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Conclusions

» Clobal observables in high energy nuclear collisions are defining
the base-line platform for interesting physics of HI collisions (including the search
for the critical phenomena and study of the nature of quark confinement)

» Instrumentation in fundamental academic studies is bringing always
the various spin-offs of very high importance for human society !

(See also the report on Tuesday at 16:00

by Oleg Belov “Applied research with heavy-ion beams”)
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Thank you for your
attention!
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