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Multihadron production

A Multihadron production process - an important ingredient of
high energy physics, provides underlying features of strong
Interactions

A Multihadron production still eludes its complete understanding

A The theory of strong interactions, QCD well reproduces
the multiplicity distribution, energy dependence, while faces
In describing multi-particle correlations

A Different phenomenological models used to describe parton to
hadron transition

phenomenological

] models
Schermatic ifllustration of a hadronic eV e annthilation ewvent




Bulk observables

A Bulk observables - mean and - control
parameters of the formation and evolution of the collision initial state

A extensively studied in particle and nuclear collisions
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Bulk observables

A Bulk observables - mean and - control
parameters of the formation and evolution of the collision initial state

A extensively studied in particle and nuclear collisions

A similarities in e*e- and pp data: In multihadron production
A Heavy lons
A EB95,E866,E917 (AGS)
W NA4S (SPS)
$PHOBOS
A not the same scaling for both e
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Multiplicity in e*e- and AA

AN, e*e data to
head-on AA data at RHIC .| AAcentral
energies = PHOBOS
A well reproduced by 3NLO
PQCD calcuations

O LEPLS, LEP2 av.
O DELPHI

0 AMY

A TASSO

% JADE

-~ 3NLO pQCD fit




Multiplicity in e*e- and AA

AN, in e*e similar to AA data .| AAcentral
® BRAHMS

A well reproduced by 3NLO pQCD i BB

@ E895

A difference at the c.m. energy | e
LEPL1.5, LEP2 av.

- AA data lower DELPHI
: AMY

than e*e- data (low energy TASSO

fragments) # LENA
X MARKI1

- 3INLO pQCD fit




Multiplicity in e*e- and pp

AN, in e*e similar to AA data

A well reproduced by 3NLO pQCD theory

35

Interaction plays arole

Aobserved at LEP starting days

AN in to-ete-(and
ch PP - \ P.V.Chliapnikov, V.A. Uvarov
ng =0

thento AA) asas..=as,,/3 (1990)
Indicating quark-quark
k =1
n, = 2.031-0.57

pp/PP _
- k 783/-0.35
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Constituent quark framework

No nucleon participant dependence as
soon as densities calculated in the
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Constituent Quark Framework

200 GeV 1

[] 62.4 GeV
Scaled to N:art D196 GeV

Trpp inel

No nucleon participant dependence
as soon as densities calculated in the

AA centrality data are
NSD pp measurements
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Constituent Quark Framework

No nucleon participant

dependence

as soon as calculated in the

Scaled to N:m

C j zun GeV
[] 62.4 GeV
M 19.8 GeV

Trpp inel

AA centrality data are
NSD pp measurements

Quark degrees of freedom _seem to
play a role, not the nucleon ones
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Energy scaling

A e*e- (structureless particles) annihilation - the total interaction energy
IS deposited in the initial state

A pp (superposition of three pairs of constituents) collision - only the
energy of the interacting single quark pair is deposited in the initial
state

A multiplicity and mid-rapidity density should be similar in pp at c.m.
energy as,, and e*e-at c.m. energy as,.a as,/3

A heavy ion (nuclear) collisions: more than one quark per nucleon
participates

A head-on nuclear collisions: all three quarks participate nearly
simultaneously and deposit their energy coherently into initial state

A multiplicity and mid-rapidity density should be similar in pp at c.m.
energy as,, and head-on AA at c.m. energy asna as,,/3
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Bubble chambear INEL
ISR INEL

ISR NSD

UAS NSD

E7as NSD

AN, in e*e similar to AA data

-~ 3NLO QCD &'s fit
= |

fit: f__Js)

Awell reproduced by 3NLO pQCD theory

AN, in pp similar to e*e (and AA)
as aSg,=(as,,/3

App data reproduced _sinceV
from e*e- theory (3NLO) fit up to highest B [eRukp, '
LEP energies assuming f,,= feo(1<85)+ny:  [ENEE S N
Ny,=2 characterizes the number of leading [N I i
protons, Is‘the inelasticity and 2o6f S IR
characterizes the fraction of effective energyfis " E———_" S —
(of produced particles), i.e. e R e —

A the inelasticity prefers the value being [ e aam e b

energy_independent ;.- R e =

J.F. Grosse-Oetringhaus, K. Reygers, J. Phys. G 37 (2010) 083001 i  (Sin GeV



Universality in e*e, ep and pp up to LHC

® c¢ data
App data up to LHC are sl o | 1
reproduced from QCD [ ]
theory NNLO fit for o [ PP mensns ALEPH, DELPHI A
multiplicities and for the S 7 ]
midrapidity densities, [ wadtonse ]
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Hydrodynamics of collisions

A two head-on colliding Lorentz-contracted particles stop within
overlapped zone

A formation of fully thermalised initial state at the collision moment

A the decay (expansion) of the initial state is governed by relativistic
hydrodynamics - Landau model |

S——
ggép aE)aata @ Ns/2

----Fit to e'e"
30~ ¢ PHOBOS

¥ PHOBOS interp.
NA49

+ Hp
— Landau

RS
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2Nch

Landau Hydrodynamics +
Constituent Quark approach

Lpp

p(O):::ppp(O)PmemTJpp

Nuclear data both on the midrapidity
density and the
energy dependences well reproduced
up to top RHIC energy

EKGS & A.S. Sakharov, Eur. Phys. J. C 70 (2010) 533

LN

0 / Np‘ut

p(0) =2 dNy/dn],

Hydrodynamics and energy scallng VS data

| @ PHOBOS CuCu

| AA central collisions

r — log(s) fit to AA data

T
AA model calcu

RHIC AuAu data with pp/pp data
A BRAHMS ® ALICE n.s.d.
| © PHENIX o c \IS n.s.d. p
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* STAR % UASn. s.(l, s
[ D ¢ ALICE inel.
SPS data A ATLAS inel. .
i NAdS ¥ UASinel
L & NA49 O ISR inel
AGS data A bubble chamb.
O ES802/917 W
GSI data - 7 TeV
® FOPI —~ —
Vs =900 GeV
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AA central collisions at LHC
data at Vsy = 2.76 TeV

® ALICE 1
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AA ceniral collisions

r m PHOBOS AuAu

® NA4Y
A E895
—] I()gz(s) polynom. fit to AA data

--- power=law s=funct. fit to AA data
I @ PHOBOS CuCu

¥ HADES

AA model calculations

| with pp/pp data

O ALICE and CMS (using E735 fit)
4 E735

A CDF (using E735 fit)
#* UAS

O ISR

¢ bubble chamber

e

Predictions for LHC
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Hydrodynamics and energy scaling vs data

Landau Hydrodynamics

2 chh/dnlnzi) / Np:lrt

p(0)

Landau Hydrodynamics+
Constituent Quark approach
2N 41n 3

10’
VSnn » '\’sl)l)/3 [GeV]

0) = 0)—— "¢ _ -
p( ) ppp( )NpartNS}? 1H(4mg/SNN)

PYTHIAG Perugia0

V Nuclear data both on midrapidity density |ttt

and energy dependence |Sesinmsd
well reproduced up to top RHIC energy Pvriias
V pp data at the energy of 2-7 TeV |aar

Kaidalov, Poghosyan (QGSM)
Gotsman, Levin, Maor (GLMM)
Tokarev, Zborovsky (z-sca ling)

V Heavy-ion collisions at the LHC indicate !
a transition to a possibly new regime S extrapolation
with more degrees of freedom

cmMms

CMS conf. reports chh/dmn:O



Centrality in nuclear collisions

Lorentz -contracted
shape

constuent

ficinat
participating quark

nucleon

characterizes the area of the overlap
of the nuclei, described by the impact factor, b.

The more central the collision is the smaller the
Impact factor b, and then the centrality are. The
centrality is measured in % characterizing the rate
of cross-section.

The number of participants N, increases as the
centrality decreases.
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Hydrodynamics and effective energy

Effective energy:
Effective energy can be calculated as following:

ENN — SNNl — (X

Here Uis centrality percentile.
e.g. For 0-5% centrality collision, U= 0.025

20



Hydrodynamics and effective energy

Effective energy:
Effective energy can be calculated as following:

ENN = v/SNN (1

Here Uis centrality percentile.
e.g. For 0-5% centrality collision, U= 0.025

Ncn/(Npar/2) comes from the most central collisions



Effective energy vs data up to LHC

x Effective -energy (based

on dissipating energy)
calculations have a very

good agreement with
data up to LHC

 ALICE 5.02 TeV

# ALICE 176 TeV

O ATLAS T 76 TeV

* 0805 0 Gy x Similarity in all the data

& PHOBOS L3 eV .

« PHOBOS §1.4 GeV from perl pheral to the most

# PHOBOS 196 GeV
central ones

400

f'ipm

EKGS, A.N.Mishra, R.Sahoo, A.S. Sakharov, Phys.Rev. D 94 (2016) 011501R
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Effectlve energy vs data up to LHC

AA tral colli Energy dissipation model calculation ,
central collsions for AA centrality data at e § ¥ EﬁeCtlve energy (based on

LHC data
¢ CMS

X ATLAS S PHOBOS dissipating energy model)

¢ CMS O STAR

RHIC AuAu data Fits to weighted LHC and RHIC data CaICU|at|OnS have ave ry gOOd

A BRAHMS LHC: ALICE, ATLAS, CMS

% PHENIX RHIC: PHENIX, PHOBOS, STAR "';' 3{5 agreement W|th data

o/ Ny

=
N

O PHOBOS — hybrid fit: log(s) + power-law
0o STAR e power-law fit

SPS data
* NA45

A s '@l < Similarity in all the data from
AGS data /] .
o E802/017 ). peripheral to the most central

GSl data . )

%tho?f | ’ ) ones follow the same energy
rid fit: log(s) + power-law . N4 ’ .

.. pzwer-lawfg() P RS Ca ¢ bEhaVIOI’

-- log(s) fit up to RHIC data

=
o

-
N
=)
~~~
=
O
Z
=)
N

r (0)

o x The combined data indicate
ot i =5. possible transition to a new
regime at a §,=0.5-1.0 TeV

Effective-energy approach stresses underlying similarity

between head -on and non -central heavy-ion collisions

A.N. Mishra, EKGS, R. Sahoo, A.S. Sakharov, Eur. Phys. J. C 74 (2014) 3147
EKGS, A.N.Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 94 (2016) 011501R 23



Total multiplicity centrality dependence

x Effective -energy (based
on dissipating energy)
calculations have a very
good agreement with
LHC data

x Calculations are below the
RHIC less central data

x Difference between LHC
(TeV) and RHIC (GeV)
measurements

x ALICE (few GeV to
few TeV) fit to most central
data follows the effective
energy calculations

EKGS, A.N.Mishra, R.Sahoo, A.S. Sakharov,
Phys. Rev. D 93 (2016) 054046 & arXiv:1803.01428
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From mid-rapidity to full-rapidity distribution

o AuAu at sy, = 62.4 GeV, 0-3% (PHOBOS)

2 pp at 1..'% =200 GeV (UAS)

o PbPh at 'I.l': =2.76 TeV, 10-20% (ALICE)
¥ pp at s, = 7 TeV (CMS)

& pp at \Spp 7 TeV (LHCb)

o pp at s, =7 TeV (TOTEM)

x pp data vs high -central AA data at & §, & 38 g, (or 3U)

x At energy, pp measurements from three different experiments

EKGS, A.N.Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046 25



From mid-rapidity to full- rapldlty distribution

O AuAu at sy = 62. 4 Ge‘. D ’r“o (PHOBOS) —
® Energy dissipation, pp- h'ased

T[T T 1 [T 11T [T T T[T T T [ T T T[T T 1
© PbPb at \[s__=2.76 TeV, 10-20% (ALICE)
¢+ * m Energyv dissipation, pp-based
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EKGS, A.N.Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046



From mid-rapidity to full-rapidity distribution

O PbPb at |s,, = 2.76 TeV, 10-20% (ALICE)
v pp at |s,, =7 TeV (CMS)
A ppat s, =7 TeV (LHCDb)
o ppat |s,, =7TeV (TOTEM)
¢ e = Energy dissipation, pp-based

ik

part
part

o AuAuat \s, =624 GeV, 0-3% (PHOBOS)
A ppat V’% =200 GeV (UA5)
m Energy dissipation, pp-based

=2dN /dh/N
r (h)=2dN_/dh/N

r (h)

T Rl
s A
K Rl
: ;

x Calculations for high-central collisions are in very good
agreement with the measurements .
Agreement found for all available data & §, = 20 GeV to a few TeV

x At energy, pp measurements from three different experiments are
used and reproduce AA data

EKGS, A.N.Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046 27



From mid-rapidity to full-rapidity distribution

T T I T T T I T T T I T T T I T T T I T T T T T T I T T T I T T T I T T T I T T T I T T T
o AudAu at sy = 624 GeV, 0-3% (PHOBOS)

& Pp at | sge = 200 GeV (UAS)

m Energyv dissipation, pp-based

o AuAu at sy = 19.6 GeV, 6-10% (PHOBOS)
s Pp at Yspp = 53 GeV (UAS)
w Energy dissipation, pp-based

I 1
—4 -2

—

a)

7T T
o AnAuat Sy =200 GeV, 0-3% (PHOBOS)
v Ppat |5, =630 GeV (CDF)
& Ppoat s = 630 GeV (P238)

= # Energy dissipation, pp-based

R B L L
o PhPb at ‘?=2.'-'6 TeV, 10-20% (ALICE)
v ppat {5,=T TeV (CMS)
A pp at Iﬁ T TeV (LHCL)
pp at |5 =7 TeV (TOTEM)
Energy dizsipation, pp-bazed

&

—6 —4 2 4 6
n

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046



Non-central collisions

X -
0 AuAu at 'hllg: 130 GeV, 45-50% (PHOBOS) pdeatao Vs.onon centra| AA data
& Pp at |s,, =200 GeV (UAS) at a §p a BLNN

N =,

part
o
N
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f{IT] / N
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ch
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EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046
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Non-central collisions

0 AuAu at '|H|§=13[I GeV, 45-50% (PHOBOS) % Cal_cglatlons for non —(_:entral
m Effective-energy dissipation, pp-based collisions agree well with the
measurements in the central d
region while

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046 30



Limiting fragmentation scaling

p(p)+p Inelastic p(p)+p Inelastic
900 GeV/ a) * 900GeV

o 546GeV i i 0 546 GeV
¢ +
200 GeV T R s 200GeV

0 452GeV
" 23.6GeV I g ) " 23.6GeV

: :
#y gty

$o85.4 - bt
Hznmmﬂqg P% oty o 45266y - & Dumﬂéuni MR

# gl

AThe fragmentation area of } (d) is

the beam (target) rest frame , i.e. under J (d) transformation to (shift

o)) , wherey = | Ho/(npa S J. Benecke, T.T. Chou,
C.N. Yang, E. Yen (1969)

AHolds for all types of collisions




Energy-balanced Limiting Fragmentation

part

/dh/ N

ch
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ol

[IEEN

o AuAuat (s, =130 GeV
45:50% (PHOBOS), y=y _
A ppat s, =200 GeV (UAS), y= Yo

m Effective-energy dissipation, pp-based,

x  Within the effective-enerqy

approach, one expects the
limiting fragmentation scaling of
1 (d) (fragmentation area of
] (d) independence of collision
energy in the beam/target rest
frame) measured to be

to that of the calculated
distribution but taken

,ie. dY

dT Ve , Where U

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046
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Non-central collisions

0 AuAu at '|H|§=13[I GeV, 45-50% (PHOBOS) % Cal_cglatlons for non —(_:entral
m Effective-energy dissipation, pp-based collisions agree well with the
measurements in the central d
region while

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046 33



Energy-balanced Limiting Fragmentation

T _ x The measured distribution
0 AuAuat \sy, =130 GeV, 45-50% (PHOBOS)

» Effective-energy dissipation with } ( d_s) shifted by the beam

energy balanced limiting fragmentation, pp-base rap id Ity y while the
= Effective-energy dissipation, pp-based : beam?

calculated distribution IS
shifted by yg = | nyf Ah,) and
becomes a function of dNy d 1

yeff

X The newly calculated
distribution } ( dgeds to be
shifted by the difference (Y.
I Ypean) in the fragmentation
region : d. Yvd. 1 (yeffT Ybeam )
=d71 In(17 U)This represents

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046



Energy-balanced Limiting Fragmentation

x The measured distribution

o AuAuat (s, =130 GeV, 45-50% (PHOBOS) } ( di$ shifted by the
A ppat |, =200 GeV (UAS) T :
° Effective-%nergydissipation with beam rapldlty, yb?am_’ Whlle
energy balanced limiting fragmentation, pp-based the calculated distribution
o Effective-energy dissipation, pp-based . . — °
Is shifted by y.z = | ny U

/my) and becomes a
function of ANF 4 T Y

X The newly calculated
distribution } ( dhgeds to
be  shifted by  the
difference (Yo T _Vieam) IN
the fragmentation region :
d.Y d.Tv(yeﬁT ybeam) = d.T
In(1 T U) This represents

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046 35



Energy-balanced Limiting Fragmentation

x The shift adds the needed energy balanced
ingredient to the calculations providing the
description of the measured pseudorapidity
density distribution in the full d range in non-
central heavy-ion collision

x \With the new scaling , which adds a needed
Ingredient to balance the energy of a collision
and of nucleon participants, the measured | ( ¢
distribution is reproduced for all centralities

¢ | * ALICE5.02 TeV
s ALICE 2.76 TeV x 1.25

CAUCIGTY i bed x In order to describe the LHC mean
. o :1221 ision it (ALICE) multiplicity data, almost no additional
® PHOBOS 62.4 GeV

® PHOBOS 15,5 GeY contribution is needed for the participant

R S S .
%W%?$$ t dissipating energy calculations

M@%W e

l[lll 200 300 400
N

part

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys.Rev. D93 (2016) 054046 & arXiv:1803.014:8



Energy-balanced lemng Fragmentation

[
= =
T T T

o0

* ALICE 5.00 TeV

% ALICE 176 Te¥

O ATLAS 176 TeV

O CMS 276 TeV

¥ | * ALICE5.02 TeV A Effective-energy dissip., pp-base . # PHOBOS 100 eV
¥ ALICE 2.76 TeV x 1.25 - Effec energy dissip., pp-based, | 5 & PHOBOS 130 GeV

* ALICE 2.76 TeV wnth energy-balanced R .
* O PHOBOS 200 GeV X287 limiting fragmentation - ' FEDBDE‘ il E’ﬂ_
@ PHOBOS 200 GeV \“D h ad-o lh n fit (ALICE) | « PHOBOS 19.6 Gl
® PHOBOS 130 GeV
@ PHOBOS 62.4 GeV
@ PHOBOS 19.6 GeV

L -
L S R = B

M@%W St

AA‘

piiny =2 :i\'*_h.-':tr””_" "-'|“ .

the difference in the centrality dependence of the multiplicity
and the midrapidity density at RHIC ( RHIC p u z z Inat €eén)at, LHC

EKGS, A.N. Mishra, R. Sahoo, A.S. Sakharov, Phys. Rev. D 93 (2016) 054046



Energy-balanced Limiting Fragmentation

AA central collisions Predictions_ for LHC
* ALICE &9 AAat Gy, =5.13 TeV

B PHOBOS 21 AA from energy dissi

o NA49 forppat Gs,. =13 Te
A E895 PPEt S

— hybrid fit: log 2(s) + power-law
-.- power-law fit

—— log(s) fit up to RHIC data
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x The shift adds the needed energy -balanced
iIngredient to the calculations providing the
description of the measured pseudorapidity
density distribution in the full d range in non-
central heavy-ion collision
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(Intermediate) Conclusions

The universality of hadroproduction process is pointed out based on the
picture of the

The AA measurements are well reproduced under the assumption of the
effective energy driving the multiparticle production process and
pointing to the same energy behaviour for all types of heavy-ion
collisions , from peripheral to the most central collisions

A new scaling, called
. which takes into account the balance between the collision

energy and the energy shared by the participants, is introduced

Energy-balanced limiting fragmentation scaling provides a solution of the
RHIC i p u z zof tkeodifference between the centrality independence of
the mean multiplicity vs. the monotonic decrease of the midrapidity
pseudorapidity density with the increase of centrality

Under the concept of the effective energy and using the energy-balanced
limiting fragmentation scaling, the centrality data are found to follow the
head-on collisions a §, dependence

A possible transition to a new regime ata g, ~1 TeV is indicated
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Two-particle rapidity correlations

2-particle rapidity
correlation function

one- and two-particle densities

Scaled factorial moment

Generalization to higher-orders is straightforward:
|.M.Dremin and W.J.Gary, Phys. Rept.349 (2001) 301
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2- partiétde azimuthal and (pseudo)rapitity correlations

S(gpd m 9: particle pair distribution from the same event

B(opq o 9: particle pair distribution from different events

Complex structure of 2 -dimensional plot in pp, pA and AA collisions

seen by ALICE, ATLAS, and CMS at the LHC
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