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Intriguing similarities at large pT in pp 
and PbPb collisions	

February	26,	2020	

Is	the	energy	density	playing	an	important	role		in	pp	and	PbPb	
collision		for	the	rising	in	RAA	and	pT?	
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CHAPTER 1. PHYSICS OF HEAVY-ION COLLISIONS

Figure 1.4: Space-time evolution of the heavy-ion collision [3,8]. See text for details.

chemical potential, and fast compression resulting in the system at high temperature.
Nonetheless, only the latter can be realised in the experiments. Indeed, the collisions of
heavy ions at ultra-relativistic energies can be used to produce the matter with extremely
high temperature and vanishing baryon chemical potential. The space-time evolution of
such process is depicted in Fig. 1.4. The scheme shows that after the collision of nuclei
(presented as thin discs due to the Lorentz contraction), a non-equilibrium state of matter
is created. The thermalisation is reached after the time of the order of τ0 ≤ 1 fm/c leading
to the QGP phase. When the system cools down to the chemical freeze-out temperature
(Tch) the inelastic collisions cease. At that moment hadronisation occurs, i.e. quarks
group into hadrons. In this stage the unstable particles may still decay into the final
state hadrons. The elastic collisions may happen until the system reaches the kinetic
freeze-out temperature (Tfo). It should be emphasised that the lifetime of the matter
composed of quarks and gluons is of extremely short duration and scientists reverse-
engineer its properties by measuring the particles in the final state. It is noticeable that
the medium created in heavy-ion collisions expands in the longitudinal and transverse
directions analogously to the Hubble expansion in cosmology, where one observes that
the outward velocity of a galaxy increases with distance [5, 8].

Two general setups of the heavy-ion collision experiments can be distinguished, namely
the fixed target and the collider. In the former the beam of accelerated particles hits the
stationary target. High luminosity (i.e. the number of particles in the beam per unit area
per unit time) is one of the most vital benefits of such experiments. Besides, higher colli-
sion rate and higher acceptance for particles with small momenta can be achieved in the
fixed-target experiments comparing with the colliders. However, due to the higher energy

20

High Energy Nucleus-Nucleus Collisions 
	

Ø  Lorentz	Contraction	
Ø  	Strongly-interacting	matter	is	formed:	this	is	the	non-perturbative	regime	of	QCD.		
Ø  	If	interactions	are	strong	enough,	it	may	reach	local	thermal	equilibrium.	Then,	it	expands	like	a	fluid.		
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•  Expected	to	have	a	medium	in	heavy-ion	collisions.	
•  This	created	medium	can	cause	of	the	parton	energy	loss	in	heavy-ion	collisions.	

•  Experimentally,	the	medium	effects	are	extracted	by	means	of	the	nuclear	modification	factor:	

In	the	absence	of	Nuclear	Effects	:	RAA	=	1.	

< TAA >=
< Ncoll >

�NN
INEL

<latexit sha1_base64="a/HR2V5UacAJ927GIojoBCcNYZI="></latexit>

RAA(pT) =
1

< TAA >

dNAA/dpT

d�pp/dpT
<latexit sha1_base64="fJpsbSvjfNpEBDB9P1lVp6nz1v8="></latexit>

Accounting	for	the	flux	of	partons	per	collision.	
determined	from	the	Glauber	model.	
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•  Expected	to	have	a	medium	in	heavy-ion	collisions.	
•  This	created	medium	can	cause	of	the	parton	energy	loss	in	heavy-ion	collisions.	

•  Experimentally,	the	medium	effects	are	extracted	by	means	of	the	nuclear	modification	factor:	
Yield	in	PbPb	

Yield	in	Minimum	Bias	pp	

In	the	absence	of	Nuclear	Effects	:	RAA	=	1.	

< TAA >=
< Ncoll >

�NN
INEL

<latexit sha1_base64="a/HR2V5UacAJ927GIojoBCcNYZI="></latexit>

RAA(pT) =
1

< TAA >

dNAA/dpT

d�pp/dpT
<latexit sha1_base64="fJpsbSvjfNpEBDB9P1lVp6nz1v8="></latexit>

Nuclear	Thickness	Function	

Accounting	for	the	flux	of	partons	per	collision.	
determined	from	the	Glauber	model.	
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RAA(pT) =
1

< TAA >

dNAA/dpT

d�pp/dpT
<latexit sha1_base64="fJpsbSvjfNpEBDB9P1lVp6nz1v8="></latexit>

shape	of	RAA	vs	pT	gives	information	about		
the	parton	energy	loss.	

At	High	pT	(pT	>	8	GeV./C):	shape	of	RAA	for	high-
pT	particles	is	not	fully	attributed	to	the	parton	
energy	loss.	
Because	
I	will	demonstrate	here,	a	similar	shape	is	
observed	for	the	analogous	ratios	in	pp	collisions,	
i.e.,	high-multiplicity	pT	spectra	normalized	to	that	
for	minimum-bias	events.		

BUT	
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Introduction: PT distribution in function 
of multiplicity in pp collisions at 13 TeV 

Multiplicity dependence of the Multiplicity dependence of the 
transverse momentumtransverse momentum

distributiondistribution
Mid-pseudorapidity estimator (|Mid-pseudorapidity estimator (|ηη| < 0.8)| < 0.8)

4
Within	a	limited	multiplicity	reach,	the	ALICE	Collaboration	has	shown	that	such	a	ratio	in	pp	collisions	at	13	TeV	
exhibits	a	nonlinear	increase	with	pT.																																									

February	26,	2020	

Eur.Phys.J.	C79	(2019)	857	
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Particle production as a function of multiplicity and spherocity in pp collisions ALICE Collaboration

)c (GeV/
T
p

-1 )c
 (G

eV
/

ηd
T
p

/d
ch

N2
   

   
   

   
   

 R
at

io
 to

 IN
E

L>
0 

   
   

   
   

   
   

   
   

   
   

d

1 10

5−10

2−10

10

410

710

1010

1310

1510
 = 5.02 TeVsALICE pp 

Stat. unc.
Total syst. unc.

)110×X'    (
)210×IX'   (
)310×VIII' (
)410×VII'  (
)510×VI'   (

1 10

SPD tracklets mult. classes
 = 13 TeVs

)610×V'   (
)710×IV'  (
)810×III'  (
)910×II'   (
)1010×I'    (

1 10

1−10

1

10

210
Stat. unc.

Uncorr. syst. unc.

1 10

1 10
0

5

10

15

1 10

Fig. 2: Transverse momentum distributions of charged particles for multiplicity classes selected using SPD track-
lets in |h | < 0.8. Results for pp collisions at

p
s = 5.02 and 13 TeV are shown in the left and right panels,

respectively. Statistical and total systematic uncertainties are shown as error bars and boxes around the data points,
respectively. In the middle panels, ratios of multiplicity dependent spectra to INEL> 0 are shown in logarithmic
scale. In the bottom panels we show the ratios in a linear scale to illustrate the dramatic behavior of the ratios. The
systematic uncertainties on the ratios are obtained by considering only contributions uncorrelated across multiplic-
ity. The spectra are scaled to improve the visibility.

Within uncertainties, going from low to high multiplicity n decreases taking values from 6 to 5, respec-
tively. A similar behavior has been reported for heavy-ion collisions [41]. Moreover, the results using
the two multiplicity estimators are consistent within the overlapping multiplicity interval. This result is
consistent with that shown in Fig. 4. PYTHIA 6 and 8 simulations describe the trends very well, but a
strong deviation between EPOS LHC and data is observed. In PYTHIA 8, it has been shown that the
number of high-pT jets increases with event multiplicity. Moreover, for a given event multiplicity and
fixed jet pT, the high-pT tails of the charged-particle spectra are very similar in low- and high-multiplicity
events [16]. Therefore, based on PYTHIA 8 studies, the reduction of the power-law exponent with in-
creasing multiplicity can be attributed to an increasing number of high-pT jets.

11

Rather	
perturbing	
evolution	
with	
multiplicity!?	
Nonlinear!	

5.02	TeV	 13	TeV	
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PYTHIA Simulations: Multiplicity classes 
for pp collisions at 13 TeV 

MISHRA, ORTIZ, AND PAIĆ PHYSICAL REVIEW C 99, 034911 (2019)

in this analysis. The results and discussions are displayed in
Sec. III and final remarks are presented in Sec. IV.

II. PARTICLE PRODUCTION AT LARGE
TRANSVERSE MOMENTA

In heavy-ion collisions particle production at high pT is
commonly used to study the opacity of the medium to the jets.
Experimentally, the medium effects are extracted by means of
the nuclear modification factor, RAA , which is defined as

RAA = d2NAA/dyd pT

⟨Ncoll⟩d2Npp/dyd pT
, (1)

where d2NAA/dyd pT and d2Npp/dyd pT are the invariant
yields measured in A-A and minimum-bias pp collisions,
respectively. The ratio is scaled by the average number of
binary nucleon-nucleon collisions (Ncoll) occurring within the
same A-A interaction, which is usually obtained using Glauber
simulations [22,23]. The resulting ratio is supposed to account
(at least from 8 GeV/c onward) for the so-called jet quenching
whereby the high-momentum partons would be “quenched” in
the hot system created in the nuclei collisions.

The definition of RAA involves two important aspects:

(1) The absolute normalization of the pT spectra
in minimum-bias pp collisions obtained from the
Glauber model [22,23], means to represent the average
number of minimum-bias pp collisions (binary colli-
sions) that the colliding nucleons have suffered within
the same heavy-ion collision.

(2) The shape of RAA at high pT is determined by the
different probability for the occurrence of a hard scat-
tering which is larger in heavy-ion collisions than in
pp collisions and is proportional to the path length
in the medium and its characteristic transport coeffi-
cient q̂.

The rationale for the procedure is the following. The
normalized ratio should give us the probability that partons
normally produced in the multiple binary pp collision get
degraded in the hot and dense system created in the heavy-ion
collision, resulting in a suppression of the ratio (RAA < 1). For
instance, in the 0%–5% Pb-Pb collisions at the LHC energies
the suppression is about 7–8 for pT of around 6–7 GeV/c
[14,24]. For higher pT , RAA exhibits a continuous rise and
approaches unity [24]. As suggested by the pT -differential
baryon-to-meson ratio [25,26], for pT larger than 8 GeV/c
radial flow effects are negligible and therefore, the shape of
RAA is expected to be dominated by parton energy loss.

The underlying assumption to that paradigm is that the
pp spectrum does not have a marked dependence on event
multiplicity. However, this is not true as indicated by the
sphericity analysis as a function of charged-particle multiplic-
ity [27]. The results indicate that even at high multiplicity
the abundance of jettylike events is not negligible, although
its contribution is overestimated by the QCD-inspired Monte
Carlo generators like PYTHIA 8.212 [28,29]. Based on models,
in pp collisions the jet contribution increases with increasing
multiplicity [30], this effect contributes to the increase of the
particle production at high transverse momentum.

TABLE I. Event multiplicity classes based on the number of
charged particles (Nch) within |η| < 0.8. Results are presented for
pp collisions at

√
s = 13 TeV simulated with PYTHIA 8.212 (tune

Monash 2013). The contributions to the inelastic cross section (frac-
tion) are also displayed.

Class name I II III IV V

Nch 0–5 6–10 11–15 16–20 21–25
fraction 10.45% 15.68% 14.79% 13.78% 12.34%

Class name VI VII VIII IX X
Nch 26–30 31–35 36–40 41–50 !51
fraction 10.39% 8.08% 5.78% 6.09% 2.61%

In the present paper we study the shape of the pT spectra
of charged particles measured in heavy-ion and pp collisions
separately. The aim is to discuss the origin of the rise of the
RAA for pT > 6 GeV/c. Since PYTHIA 8.212 (tune Monash
2013 [31]) reproduces rather well many features of LHC data
[32,33], we base our studies on PYTHIA 8.212 simulations of
pp collisions for different multiplicity classes. The multiplic-
ity classes are defined based on the number of primary charged
particles within |η| < 0.8. Table I shows the different event
classes and their corresponding contributions to the inelastic
cross section for pp collisions at

√
s = 13 TeV.

III. RESULTS AND DISCUSSION

Figure 1 shows the multiplicity-dependent pT spectra
for pp collisions at

√
s = 13 TeV. For pT > 8 GeV/c the

spectra become harder with increasing multiplicity. This is a

FIG. 1. Transverse-momentum distributions of charged parti-
cles for different multiplicity classes in pp collisions at

√
s =

13 TeV simulated with PYTHIA 8.212. The ratios of the multiplicity-
dependent pT spectra to the minimum-bias (MB) pT spectrum are
shown in the bottom panel. The spectra are scaled by different factors
to improve the visibility.

034911-2

Ø  The	multiplicity	classes	are	defined	based	on	the	number	of	primary	charged	particles	Nch	within	|η|	<	0.8.	
Ø  The	different	event	classes	and	their	corresponding	contributions	to	the	inelastic	cross	section		
Ø Multiplicity	classes	are	similar	to	ALICE	for	direct	comparison.	

February	26,	2020	 Aditya	Nath	Mishra	@	ICN	UNAM	 11	



Introduction: PT distribution in function 
of multiplicity in pp collisions at 13 TeV 
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We	 have	 simulated	 pp	 collisions	 data	 at	 13	 TeV	 using	 PYTHIA	 8.212	 (tune	Monash	 2013)	 within	 ALICE	
acceptance	and	calculated	the	ratios.	
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Low	multiplicity	(I)	

High	multiplicity	(X)	

Minimum	Bias	(MB)	

For	pT	>	8	GeV/c	the	spectra	become	harder	with	
increasing	multiplicity,	such	a	hardening	is	a	
feature	of	hard	processes.		
	
	
	
The	ratios	of	the	pT	spectra	exhibit	an	important	
increase	with	pT.	
	
		

Ratio =
[pT spectra]Mult.Class

[pT spectra]MB
<latexit sha1_base64="y4KssvPA8UdUjOY6tbGCgUReJns="></latexit>

Aditya	Nath	Mishra	@	ICN	UNAM	 12	



Introduction: PT distribution in function 
of multiplicity in pp collisions at 13 TeV 

1−10 1 10 210  (GeV)
T

p

14−10

11−10

8−10

5−10

2−10

10

410

710

1010

1310    -2
) (

Ge
V)

T pη
N)

/(d
2

) (
d

Tpπ
 1/

(2
ev

t
1/N

Pythia 13 TeV Multiplicity Classes
MB

)1I (x10
)2II (x10

)3III (x10
)4IV (x10
)5V (x10
)6VI (x10

)7VII (x10
)8VIII (x10

)9IX (x10
)10X (x10

1−10 1 10 210  (GeV)
T

p
3−10

2−10

1−10

1

10

210

310

Ra
tio

 to
 IN

EL
 > 

0  
  

3−10

2−10

1−10

1

10

210

310Pythia 13 TeV Multiplicity Classes
I
II
III
IV

V
VI
VII
VIII

IX
X

We	 have	 simulated	 pp	 collisions	 data	 at	 13	 TeV	 using	 PYTHIA	 8.212	 (tune	Monash	 2013)	 within	 ALICE	
acceptance	and	calculated	the	ratios.	

February	26,	2020	

Low	multiplicity	(I)	

High	multiplicity	(X)	

Minimum	Bias	(MB)	

For	pT	>	8	GeV/c	the	spectra	become	harder	with	
increasing	multiplicity,	such	a	hardening	is	a	
feature	of	hard	processes.		
	
	
	
The	ratios	of	the	pT	spectra	exhibit	an	important	
increase	with	pT.	
	

	Visible	in	Nonlinear	scale!	
Similar	to	the	ALICE	recent	result.	

Similar	to	the	one	observed	in	the	RAA	
measured	in	Pb-Pb	collision!!!		

Ratio =
[pT spectra]Mult.Class

[pT spectra]MB
<latexit sha1_base64="y4KssvPA8UdUjOY6tbGCgUReJns="></latexit>
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How to characterise the pT spectra in a 
model independent way 

• We	believe	the	best	 (unbiased)	way	 is	to	extract	the	shape	of	the	spectra	
using	 the	 power	 law	 exponent	 where	 the	 transverse	 momentum	
probability	is	given	to	be		

	
	
			Above	a	certain	value	of	transverse	momentum.	(in	our	case		6	GeV/c)	
•  it	is	obvious	that	the	pT	spectra	cannot	be	represented	by	a	single	exponent	
in	a	large	pT	range	so	we	determined	a	tangent	at	every	point	of	the	spectra		

		

/ p�n
T
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The spectra cannot be fitted with a single exponent ! 
•  Transverse	momentum	distributions	of	charged	particles	for	
different	multiplicity	classes	in	pp	13	TeV	(simulated	with	PYTHIA	8.212)	
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PT-distribution in PbPb collisions 
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Use a sliding tangent in pT bins to 
extract the exponent 
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Power-law exponents vs pT for 
multiplicity classes 

February	26,	2020	

INTRIGUING SIMILARITIES OF HIGH-PT PARTICLE … PHYSICAL REVIEW C 99, 034911 (2019)
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FIG. 2. (Left) Transverse momentum distributions of charged particles for minimum bias (MB) and different multiplicity classes in pp
collisions at

√
s = 13 TeV simulated with PYTHIA 8.212. Power-law functions (dashed lines) are fitted to the pT spectra for pT > 8 GeV/c.

(Right) The power-law exponents extracted from the fits are plotted as a function of transverse momentum.

consequence of the multiplicity selection bias towards hard
processes which is induced when one determines the event
multiplicity and the pT spectrum within the same narrow
pseudorapidity interval [29]. Figure 1 also shows the ratios of
the pT spectra for the different multiplicity classes divided
by that for minimum-bias pp collisions. They exhibit an
important increase with pT , similar to the one observed in
the RAA measured in Pb-Pb collisions [24]. To characterize

the changes with multiplicity we fitted a power-law function
(∝ p−n

T ) to the pT spectrum of a specific colliding system and
for a given multiplicity class [40]. The power-law exponents
allow us to investigate in a bias-free manner various systems,
multiplicities, and energies.

Figure 2 displays the multiplicity-dependent transverse
momentum spectra and their corresponding fitted power-law
functions for pp collisions at

√
s = 13 TeV. To our surprise,
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FIG. 3. Power-law exponent as a function of transverse momentum (right) and xT (left) for minimum-bias pp collisions at different
energies. The data have been taken from [24,34– 38]. Results are compared with PYTHIA 8.212 predictions.
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Ø  The	power-law	exponents	extracted	from	the	fits		

Ø  The	exponent	has	an	important	dependence	on	pT	

Ø At	 low	 multiplicities	 the	 exponents	 rise	 more	
rapidly	than	the	MB	one.	

Ø Above	multiplicity	 ~25	 ,	 the	 spectra	 tend	 to	have	
exponents	that	are	smaller	than	observed	for	MB.		

Ø All	 multiplicity	 classes	 show	 tendency	 to	 have	
smaller	 exponents	 (softening	 of	 the	 spectra)	 at	
higher	momenta,	the	tendency	getting	smaller	for	
high	multiplicities		

High	multiplicity	(X)	
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Bjorken xT scaling 

February	26,	2020	

Theoretically	pT	can	have	range	from	0	to	half	of	the	center-of-mass	energy,		
√s/2,	of	the	collision.	Therefore,	the	distribution	can	also	be	represented	in	as	a	function	of	the	dimensionless	
variable		
	
Bjorken	xT	=	2pT/√s	
	
xT	varies	between	0	and	1	

Experimentally	it	has	been	shown	that	the	data	show	
power-law	scaling	in	terms	of	xT		
	

Energy	Independent!		
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Figure 6: (a) Upper panel: inclusive charged particle invariant differential cross sections, scaled
by

p
s

4.9, for |h| < 1.0 as a function of the scaling parameter xT. The result is the average of
the positive and negative charged particles. Lower panel: ratios of differential cross sections
measured at 0.9, 1.96, and 7 TeV to those predicted by NLO calculations for factorisation scales
ranging from 0.5–2.0 pT. (b) Upper panel: ratios of the scaled differential cross sections to
the global power-law xT fit described in the text (coloured markers) and fits to these ratios
(similarly coloured thin lines). The expected ratio for

p
s = 2.76 TeV after applying NLO-based

corrections to each of the three measurements as described in the text (solid blue lines). The
uncertainty from the NLO parameters is represented by the shaded band. The upper axis
translates xT to pT for

p
s = 2.76 TeV. Lower panel: ratios of the NLO-calculated cross sections

at three different energies, scaled by
p

s
4.9, to the cross section calculated at

p
s = 2.75 TeV. The

width of the bands represents the variation of the factorisation scale by a factor of two.

the interpolated cross section has an additional component to account for possible correlations
in the luminosity uncertainty between the three measurements. This term, taken as equal to
the smallest individual uncertainty (4%), is added in quadrature.

The direct interpolation of cross sections at a fixed value of pT is done using CDF measurements
at

p
s = 0.63, 1.8 and 1.96 TeV [4, 5, 17], the new CMS measurements at

p
s = 0.9 and 7 TeV,

as well as an earlier result at
p

s = 2.36 TeV [24]. The latter measurement is converted to a
differential cross section assuming the total inelastic cross section of 60.52 mb from PYTHIA. At
each energy, an empirical fit to the pT distribution is first constructed to provide a continuous
estimation independent of different binning. Then, in arbitrarily small pT bins, these empirical
fits are evaluated and the evolution of the cross section with

p
s is parametrised by a second-

order polynomial. Two examples of these fits are shown in Fig. 7a for pT = 3 and 9 GeV/c.
The uncertainty on the value of the fit evaluated at

p
s = 2.76 TeV is taken from the covariance

matrix of the fit terms, with an additional 4% added in quadrature to account conservatively
for any correlation in the luminosity uncertainty between the different measurements.



XT = 2pT /
p
s
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Phys.	Rev.	C	99	,	034911	(2019)	

xT	=	2pT/√s		

Power-law exponents (n) versus pT and xT for 
different energies  

Scaling	behavior	observed	
when	scaled	vs	xT!	

Ø  The	power	law	exponent	(n)	decreases	in	both	data	and	PYTHIA	with	increasing	energy.		
Ø  The	power	law	exponent	is	presented	as	a	function	of	xT	.	
Ø  Within	10%,	All	data	fall	now	nicely	on	an	universal	curve.		
Ø  The	approximate	scaling	property	is	well	reproduced	by	PYTHIA.		
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xT	=	2pT/√s		

Power-law exponents (n) versus pT and xT for 
different energies  

Scaling	behavior	observed	
when	scaled	vs	xT!	

Ø  The	power	law	exponent	(n)	decreases	in	both	data	and	PYTHIA	with	increasing	energy.		
Ø  The	power	law	exponent	is	presented	as	a	function	of	xT	.	
Ø  Within	10%,	All	data	fall	now	nicely	on	an	universal	curve.		
Ø  The	approximate	scaling	property	is	well	reproduced	by	PYTHIA.		

Striking	observations:	
	
Ø  Data	show	a	power-law	scaling	

Ø  Universality	not	just	as	a	function	of	energy,	but	also	for	different	colliding		
					systems	that	have	different	energy	densities		
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Comparison of PbPb and pp spectra (2.76 TeV) 
Ø  PYTHIA	explain	CMS	Minimum	Bias	data	very	well.	
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Comparison of PbPb and pp spectra (2.76 TeV) 
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Phys.	Rev.	C	99	,	034911	(2019)	

Ø  PYTHIA	explain	CMS	Minimum	Bias	data	very	well.	

Ø  Pb+Pb	 spectra	 	 have	 a	 drastic	 evolution	 with	
centrality.	

Ø  Most	 peripheral	 Pb+Pb	 spectra	 has	 exponents	
similar	to	pp	MB.	

Ø  Going	 towards	 Most	 Central	 collision	 spectra	
needs	other		multiplicity	class	of	pp	collisions.	

	
	
	
	

Aditya	Nath	Mishra	@	ICN	UNAM	 24	

  

2−10 1−10  Tx
5

5.5

6

6.5

7

7.5

Po
w

er
-la

w
 e

xp
on

en
t (

n)
 

PYTHIA 8.212 pp 2.76 TeV
MB

CMS pp 2.76 TeV

  

  

2−10 1−10
5

5.5

6

6.5

7

7.5

Po
w

er
-la

w
 e

xp
on

en
t (

n)
   

  

2−10 1−10  Tx
5

5.5

6

6.5

7

7.5

Po
w

er
-la

w
 e

xp
on

en
t (

n)
   

  

2−10 1−10
5

5.5

6

6.5

7

7.5
CMS Pb+Pb 2.76 TeV

0-5%
5-10%
10-30%

30-50%
50-70%
70-90%

  

  

2−10 1−10
5

5.5

6

6.5

7

7.5
  

  

2−10 1−10  Tx
5

5.5

6

6.5

7

7.5

Po
w

er
-la

w
 e

xp
on

en
t (

n)
   

Peripheral	Collisions	

0--5%	 5-10%	

30-50%	10-30%	

50-70%	 70-90%	

Central	Collisions		



Comparison of PbPb and pp spectra (2.76 TeV) 
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Ø  PYTHIA	explain	CMS	Minimum	Bias	data	very	well.	

Ø  Pb+Pb	 spectra	 	 have	 a	 drastic	 evolution	 with	
centrality.	

Ø  Most	 peripheral	 Pb+Pb	 spectra	 has	 exponents	
similar	to	pp	MB.	

Ø  Going	 towards	 Most	 Central	 collision	 spectra	
needs	other		multiplicity	class	of	pp	collisions.	

Ø  For	each	centrality	 in	PbPb,	 there	 is	a	multiplicity	
class	in	pp,	which	has	similar	exponents.	

	
	
	
	

The	particle	production	doesn’t	know	about	
the	colliding	species:	It	only	cares	about	the		

“ENERGY	DENSITY”		
of	the	system.	
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Comparison of PbPb and pp spectra (5.02 TeV) 

Similar	 behavior	 found	
for	 the	 latest	 Pb+Pb	
collisions	@	5.02	TeV	
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The	slope	of	the	 	nuclear	modification	factor	exhibit	
at	 high	 momenta	 exactly	 the	 same	 behavior	
observed	 for	 pp	 high	 energy	 	 divided	 by	 the	 pp	
Minimum	bias		

consequences:  

11
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Figure 3: Charged-particle RAA measured in six different centrality ranges at
p

sNN = 5.02 TeV
compared to results at

p
sNN = 2.76 TeV from CMS [11] (all centrality bins), ALICE [9] (in the

0–5% and 5–10% centrality ranges), and ATLAS [10] (in the 0–5% centrality range). The yellow
boxes represents the systematic uncertainty of the 5.02 TeV CMS points.

The measured nuclear modification factors for primary charged particles in PbPb collisions are
shown in Fig. 3. The error bars represent statistical uncertainties. The blue and gray boxes
around unity show the TAA and pp luminosity uncertainties, respectively, while the yellow
band represents the other systematic uncertainties as discussed in Section 5. The RAA distri-
butions show a characteristic suppression pattern over most of the pT range measured, having
local maxima at about a pT of 2 GeV and local minima at around 7 GeV. These features are

JHEP	04	(2017)	039	
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Question arises: Can we have a QGP 
like medium in pp collisions??   
ENERGY	DENSITY	can	give	answer!!	
	
QGP	phase	transition:		
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This	is	very	easy	to	achieve	even	in	pp	collisions		



Energy Density vs Multiplicity 
Energy&density&&

in&high&mul?plicity&pp&&

10/16/18& 29&

At&High&mul?plicity&pp,&we&reach&high&energy&densi?es&&

hWps://indico.cern.ch/event/684046/contribu?ons/2809620/

aWachments/1572015/2480526/csanad_zimanyi17_dndeta.pdf&

In	high-multiplicity	pp	collisions,	we	reach	high	energy	densities		

https://indico.cern.ch/event/684046/contributions/2809620/attachments/1572015/2480526/
csanad_zimanyi17_dndeta.pdf		
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Conclusions: 
Ø The	 	 slopes	 of	 the	 	 pT	 spectra	 have	 a	marked	dependence	on	 the	multiplicity	 and	energy	 in	 pp	
collisions	and	on	the	centrality	in	heavy	ion	collisions.		

Ø For	every	centrality	of	AA	collisions,	one	may	find	a	multiplicity	class	in	pp	collisions	which	has	a	the	
same	exponent.	

Ø Similar	 behavior	 is	 observed	 in	 PbPb	 and	 pp	 when	 one	 studies	 the	 centrality	 (multiplicity)	
dependent	particle	production	and	similar	values	of	the	exponents	in	pp	and	Pb-Pb	collisions.		

Ø It	 has	 been	 demonstrated	 that	 the	 characterization	 of	 the	 spectra	 in	 function	 of	 xT	 	 and	 of	 the	
power	law	exponent	offers	interesting	observation	(scaling	behavior).	

Ø The	effect	of	the	rise	of	the	RAA	at	high	momenta	is	not	due	to	an	increased	transparency	of	the	
hot	system.	The	behavior	of	 the	rise	 is	 solely	due	to	 the	evolution	of	 the	pT	spectra.	Rather	 then	
working	 with	 the	 ratio	 of	 two	 spectra	 we	 should	 carefully	 analyse	 the	 spectra	 of	 each	 collision	
system.	

Ø The	similarities	between	pp	and	PbPb	suggest	that	the	high-pT	production	 in	both	systems	have	a	
common	origin,	namely,	the	density	of	the	system.		
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Parton energy loss at very high-
multiplicity 
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We	get	some	exciting	features	if	one	give	closer	look	to	the	high-
multiplicity	pp	events.	



1. HIGH-ENERGY HADRONIC COLLISIONS

JET 1

JET 2 JET 1

JET 2

JET 3

Underlying
Event

Figure 1.6: Left: a di-jet event in e+/e� collisions at LEP (as seen by the OPAL
experiment). Two back-to-back jets are produced from the decay of the exchanged
vector boson. No UE is present. Right: hadronic collision at

p
s = 7 TeV seen

by the ALICE detector. Three jets are reconstructed (green areas and red tracks).
The fragmentation of beam remnants and MPI also contribute to the multi-particle
final state (magenta tracks).

1.3 The Underlying Event

In order to understand the UE in hadronic collisions, we first consider the sim-

ple case of jet production in e
+
/e

� collisions. The left picture in Fig. 1.6 is an

event display recorded by the OPAL experiment at LEP [43] (in the figure the

beam axis is perpendicular to the page). The two colliding leptons annihilate in

a virtual vector boson (�⇤ or Z
⇤) producing a quark/anti-quark pair which then

fragments into two back-to-back jets. The outgoing jets are visible in light-blue

in the picture. QCD radiation could give rise to additional jets, but no other

process contributes to the multi-particle final state.

In the right side of Fig. 1.6 we show an event display (in the r� plane) of a pp

collision recorded by the ALICE detector at a collision energy of 7TeV. In this

case three jets have been reconstructed (we ignore at this point the details of the

jet finder algorithm): the jet areas are marked by the green shaded enclosures

and the tracks belonging to each jet are marked in red. Additionally, the event

16

Introduction:	

Underlying	Event	(UE):		
	In	parton-parton	scattering,	the	UE	is	usually	defined	to	be	everything	
except	the	two	outgoing	hard	scattered		partons:		

							

	

Leading	Particle:		
Particle	with	highest	pT	in	the	particular	event	is	assigned	as	a	leading	pT	of	the	event.		
The	azimuthal	angle	with	the	leading	particle	will	be	the	new	reference	for	other	particles		
belonging	to	the	event.	
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Introduction:	
Traditional	UE	measurement:		According	to	the	azimuthal	direction	of	leading	charged	particle,	three	
distinct	topological	regions	are	defined:	
	 (sensitive	to	Jet	

	fragmentation	)	Ø  Near	Side	(NS):	|∆Ф|	<	π/3	

Ø  Away	Side	(AS):	|∆Ф|	>	2π/3	

Ø  Transverse	Side	(TS):		π/3	<	|∆Ф|	<		2π/3	(sensitive	to	UE	)	

Antonio Ortiz (26/10/2018)
ALICE Physics Week 

 (CERN, October 2018)

Traditional analysis

!4

Definition of 3 distinct regions based on 
the leading particle transverse 
momentum
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Introduction:   
PYTHIA	8.212	13	TeV	

February	26,	2020	

High-multiplicity	

High-pTLeading	

q  High	multiplicity	events	have	pT	leading	~	6-10	GeV/c	

q  High	pT	leading	events	have	multiplicity	~	30	-	50	
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B.	Hess	thesis	(ALICE)	

The	highest	multiplicities	do	not	yield	the	maximum	leading	pT!	
	



Observation: Hard/Jetty spectra (NS-TS) 
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T
pq  The	 spectrum	 labeled	 NS-TS	 which	 is	

obtained	 by	 subtracting	 the	 TS	
spectrum	from	the	NS	spectrum.	

q  The	 spectra	 exhibit	 a	 hardening	 with	
multiplicity.	

q  At	higher	multiplicities	the	slope	of	the	
spectra	 continues	 decreasing	 without	
p roduc i n g	 h i ghe r	 momen tum	
particles!	

February	26,	2020	

arXiv:1905.06918	(2019)	

Missing	high-pT	particle	and	getting	access	of	particles	at	low-pT	is	not	a	coincident!	
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Observation: Hard/Jetty spectra (NS-TS) 
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obtained	 by	 subtracting	 the	 TS	
spectrum	from	the	NS	spectrum.	

q  The	 spectra	 exhibit	 a	 hardening	 with	
multiplicity.	

q  At	higher	multiplicities	the	slope	of	the	
spectra	 continues	 decreasing	 without	
p roduc i n g	 h i ghe r	 momen tum	
particles!	
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arXiv:1905.06918	(2019)	

Missing	high-pT	particle	and	getting	access	of	particles	at	low-pT	is	not	a	coincident!	

At	multiplicities	above	≈	50	the	production	of	
the	highest	momentum	particles	seems	to	be	

decreasing	while	the	mean	transverse	
momentum	in	the	TS	continues	rising!		

Are	we	observing	some	
kind	of	“melting”	of	the	
highest	pT-particles	at	
high	multiplicities:	

producing	particles	at	
lower-pT,	increasing	thus	
the	multiplicity	and	

mean	pT?		
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Observation: Leading Particles Spectra 
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q  The	low	pT-part	of	the	highest	multiplicity	bins	
spectra	develop	a	“kink”	at	around	1	GeV/c.	

q  	This	supports	the	previous	observation	that	
the	leading	particles	have	been	“degraded”?	

February	26,	2020	
arXiv:1905.06918	(2019)	
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Observation: Exponents 
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q  At	 multiplicity	 below	 ~	 50	 the	 slopes	 of	 all	 the	
multiplicity	 bins	 are	 approximately	 equal	 while	 above	
the	 critical	 charged	 particle	 density	 the	 slopes	 gets	
gradually	smaller.	

q  At	 multiplicities	 above	 ~	 50,	 the	 production	 of	 the	
highest	 momentum	 particles	 seems	 to	 be	 decreasing	
while	 the	 mean	 transverse	 momentum	 in	 the	 TS	
continues	rising!		

q  We	observe	that	in	the	low	pT	region	a	rather	important	
variation	 in	 the	 power-law	 exponent	 beyond	 the	
multiplicities	 corresponding	 to	 the	 maximum	 leading	
transverse	 momenta,	 while	 in	 the	 higher	 pT	 bins	 this	
tendency	is	much	smaller		

February	26,	2020	
arXiv:1905.06918	(2019)	
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Conclusions: 
þ  The	 maximum	 reachable	 multiplicities	 are	 not	 accompanied	 by	 an	 increase	 in	 the	 maximum	 leading	 particle	

momentum.	 The	 proportionality	 between	 maximum	 pT	 and	 increasing	 multiplicity	 breaks	 down	 at	 multiplicity	
densities	of	around		~	50.	

þ  Beyond	 multiplicity	 density	 ~	 50,	 	 the	 NS-TS	 spectra	 continue	 to	 get	 flatter,	 increasing	 the	 mean	 transverse	
momentum,	seemingly	at	the	expense	of	the	maximum	reachable	momentum	

þ  Beyond	 the	 particle	 density	 corresponding	 to	 the	 maximum	 pT	 reach	 both	 the	 TS	 and	 the	 NS-TS	 regions	 suffer	 a	
sudden	hardening.		
	

þ  At	 very	 low	momenta	 the	 high	multiplicity	 events	 present	 also	 a	 specific	 evolution	 by	 augmenting	 the	 yield	 of	 the	
smallest	 transverse	momenta	 .	 The	 feature	 is	 observed	both	 in	 the	NS-TS	 spectra	 as	well	 as	 in	 the	 leading	particle	
spectra		

þ  These	results	indicate	a	possible	parton-energy	loss	at	very	high	multiplicity	by	following	observations:	
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•  Hardening	of	the	spectra	without	high	pT	particle	production	=>	Increase	in	mean	pT	
•  Excess	of	particle	production	(a	bump)	at	low	pT	



Thank you very much 
for you kind 
attentions 
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Centrality in heavy-ion collisions: 
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