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Outline

• Strangeness —> strangeness enhancement? 
• Resonances —> dynamics of hadronic medium?  
• PID vn  —> collectivity? 
• vn vs. collision geometry —> initial conditions?  
• Multi particle cumulant —> initial or final? 
• Symmetric cumulant —> initial or final? 
• Ridge in ee collisions —> thermalization/collectivity in 

ee?
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Strangeness production  relative to pion

S=1
S=1
S=0
S=1
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Stefania Bufalino - QM2018 in Venice

Strangeness	enhancement:	LHC	vs	RHIC

• High	 precision	 measurement	 at	 the	 LHC	 in	 fair	
agreement	with	STAR	results	at	high	multiplicity	

• Only	multiplicity	plays	a	role?	neither	energy	nor	
system	dependence	observed		

• Measurements	 in	 small	 system	 at	 RHIC	 could	
help	to	understand	the	experimental	hints
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Strangeness	enhancement	at	the	LHC	top	energy

Wrap up of measurements available so far: new 
results from LHC-Run2 for pp collisions at 13 TeV 

and Xe-Xe collisions at 5.44 TeV
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• baryon-to-meson ration with large mass gap has no 
multiplicity dependence. 

• Strangeness enhancement due to strangeness content.  

• φ?

Baryon to meson ratio

ALI-PREL-135238
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• Results of φ/K,Λ*/Λ,Σ*/
Λ are flat. 

No re-scattering or 
regeneration. 

• K0*/K decrease as dNch/
dη increase in pp and 
pPb. 

Re-scattering? 

Multiplicity dependence of particle ratio 
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• φ/K: Flat or slightly increasing. S＜1? 

• Ξ/φ:flat S~2 or slightly increasing in pp and pPb. S<2? 

• According to the results, φ behaves as 1<S<2?

Special role of Φ-meson 
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PID v2 in pPb

• New: v2 of φ, Ξ, Ω, D in pPb. 

• Mass ordering at low pT. 

• Baron/meson grouping at intermediate pT.
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PID v2 in small systems in RHIC

• Mass ordering at low pT.
Not significant in p-Au
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NCQ scaling

• Light and strange hadrons follows NCQ scaling.
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D0 v2 in pPb

• D0 v2 follows NCQ scaling as light hadrons in PbPb. 
• Charm quark may achieve thermalization. 

• D0 v2 is smaller than light hadrons in pPb. 
• Less flow because system size is small or other?
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Heavy flavor v2 in RHIC

• Significant heavy flavor muon v2 in 
dAu. 

• RdA: enhancement in Au going, 
which suppression in d going. 

• Similar magnitude to charged 
hadrons.
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J/Ψ v2 in pPb

• NCQ scaling v2(J/
Ψ)～v2(D0)<K0S. 

• What is origin? 
At RHIC, J/psi v2 is 0 in Au+Au 
collisions 
How about J/psi v2 in p/
d+Au?
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Multi particle cumulant
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v2, v3 with Multi-Particle cumulant

• v2 with multi particle 
decrease as multiplicity 
increase in pPb. Different 
trend to PbPb. 

•    
Non-Gaussian fluctuation?? 
• First measurement of v3{4} 
in small system 
• Hydro calculation describe 
data.(arXiv:1405.3976)
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Ratio of vn{4} and vn{2}

• v2{4}/v2{2} is larger than v3{4}/v3{4} in PbPb 

• Global geometry dominant for v2 

• v3{4}/v3{4} is comparable with v2{4}/v2{2} in pPb 

• initial state fluctuation dominant both for v2 and v3 

• TRENTo εn{4}/εn{2} describe pPb data
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C2{4} in RHIC

• Positive c2{4} in p+Au, while negative in d+Au. 

• If fluctuation σv2 > mean v2, c2{4} is positive. 

• non-flow?

p+Au d+Au



Multi-particle correlations in d+Au

• Real v2{4} observed 
• v2{4} ≈ v2{6}, strong indication of collectivity

!17

Phys. Rev. Lett. 120, 
062302 (2018)
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Symmetric cumulant
• Symmmetric cumulant 

• Sensitive to IS fluctuation and medium transport 
coefficient.

•SC(2,4) is correlated and SC(2,3) is anti-correlated in PbPb 
•Non-flow effect is large in pp and pPb. 
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Sub-event multi-particle cumulant
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Sub-event Cumulant

• 3sub method largely suppress non-flow in pp and low 
multiplicity events in pPb. 

• Significant negative c2{4} by using 3 sub method in pp. 

• Update from previous QM.
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Correlation between harmonics

• Non-flow  suppressed 
at low multiplicity by 
using subevent 
cumulant  in pp and 
pPb. 

• Sub-event results of 
SC(2,3) and SC(2,4) are 
comparable in pp. 

• SC(2,3)  to converge at 
high multiplicity in pPb. 

• SC(2,4) results between 
standard and subevents 
are different at high 
multiplicity in pPb.
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Comparison with collision systems

• Normalize to compare with different collision systems. 

• Strength of the correlations between harmonics similar between all systems 
except nsc2,3{4} in pp. 

• Similar initial state fluctuation
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System geometry
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v2 vs initial geometry
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Non-Flow subtraction methods
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!28Yen-Jie Lee (MIT)

LEP1 Data vs PYTHIA6 N≥35

26Two-Particle Correlation in e+e- with ALEPH archived data

Projection

• Hint of near-side peak in data
• Consistent with PYTHIA6 without final state effects
• Contribution from multi-jet correlation

• PYTHIA6 reference limited by archive MC statistics

(ZYAM subtracted)

1.6<|Δη|<3.0
(Long range)



cn{2} in e-p

 29

Cumulants from in e-p data from ZEUS
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J Onderwaater

Familiar behaviour: non-flow dominates at small multiplicity and without eta-gap

No flow-like signal seen in high-multiplicity, large eta gap for c2, c3, c4

c2 c3 c4

cn{2} in e-p is consistent with 0 for large Nch with large η gap.



Summary 
• strangeness —> strangeness enhancement?   

• YES!! 
• Resonances —> dynamics of hadronic medium?  

• We saw re-scattering effects from K*.  
• PID v2 —> collectivity? 

• Mass ordering. Charm flow? What is the origin of large J/psi v2? 
• vn vs. collision geometry —> initial conditions?  

• strong correction with eccentricity    
• Multi particle cumulant —> initial or final? 

• v2{4}/v2{2} = v3{4}/v3{2} in p-Pb (not the case for A-A). Importance of initial fluctuation in 
v2   

• c2{4}<0 with large rapidity gap (sub event cumulant) 
• c2{4}<0 in dAu but c2{4}>0 in pAu 

• Symmetric cumulant —> initial or final? 
• Correlation gets weaker if rapidity gap is required. Same trend in SC(2,4) and SC(2,3) 

between p-A and A-A. Different in p-p. 
• Ridge in ee collisions —> thermalization/collectivity in ee? 

• no ridge in ee collisions. no flow like signal in ee.  
• no
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Thank you for your attention!!
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backup



v2(η) vs dNch/dη in Geometry Control Scan
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The event plane is measured in -3.9 < η < -3.1

d+Au
p+Au

• d+Au scales well, but p+Au does not at 
backward rapidity 

• 3D hydrodynamics quantitatively 
describes the data in p+Au 
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mean pT 

 34



heavy nuclei  

ALICE Coll. PRC 97 (2018) 024615

Stefania Bufalino - QM2018 in Venice

(Anti-)nuclei	production	in	small	systems

New results from LHC- Run2 at 7 TeV and 13 TeV vs multiplicity and 
first ever observation of anti-3He in pp collisions from LHC-Run1 data

- pp	spectrum	shows	no	sign	of	radial	flow	(spectra	hardening	is	clearly	seen	in	heavy-ion	collisions)	
- integrated	yields	reduced	of	a	factor		~1000	when	adding	a	nucleon	
																				it	is	~	300	and	~	600	in	Pb-Pb	and	p-Pb	collisions,	respectively	

�16

d̄
d̄

t
t̄ 3
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heavy nuclei  
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Coalescence	parameters	in	small	systems	at	the	LHC
what	about	the	multiplicity	

integrated	B2	trend?			

ALICE Coll. PRC 97 (2018) 

€ 

BA =
EA

d3NA

dpA
3

Ep

d3Np

dpp
3

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

A

The	formation		probability	of		composite	nuclei		can	
be	quantified		through	the	coalescence	parameter	BA		

• No	pT	dependence	as	suggested	
by	simple	coalescence	models	

- First	ever	measurement		in	high	
energy	physics	

- reproduced	 with	 QCD-inspired		
event	 generators	 with	 a	
coalescence-based	afterburner	

- low	pT	values	 	compatible	with	
those	obtained	in	p-C,p-Cu,	and	
p-Pb	collisions	at	Bevalac	[Phys.	
Rev.	C	24,	971]

Simple	 Coalescence	 reproduces	 the		

experimental	trend		

→ 	 evolution	of	 the	 primary	 proton	
spectra	 across	 multiplicity	 can	 also	
explain	the	result	
→ 	 no	 need	 to	 introduce	 hard	

scattering	effects	

..and	what	about	B3	?			
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Production of light (anti-)nuclei in pp and Pb–Pb collisions at LHC energies ALICE Collaboration
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Fig. 18: The coalescence parameters B2 (left) and B3 (right) as a function of the transverse momentum per nucleon
for various centrality classes in Pb–Pb collisions at√sNN = 2.76 TeV.

wheremT corresponds to the transverse mass [14]. R∥ and R⊥ are given by the longitudinal and transverse
HBT radii in the Yano-Koonin-Podgoretskii parameterization. ⟨Cd⟩ is a quantum-mechanical correction
factor which depends on the deuteron size and the longitudinal and transverse radii of homogeneity for
nucleons. As explained in detail in [14], Eq. (12) is only valid for gaussian density profiles of the fireball.
The latter would lead to identical slopes T ∗

d and T ∗
p of the deuteron and proton spectra which is not

supported by data. For the phenomenologically more preferred box-like density profiles, the equation
must be in principle amended by the factor exp

(

2(mT−m0)( 1T ∗
p
− 1

T ∗
d
)
)

where m0 corresponds to the
rest mass of the proton. For reasons of simplicity, this additional correction, which would lead to an
even steeper increase of the B2 values from HBT as a function of pT, is neglected in the following.
Figure 19 shows the comparison of B2 values from Fig. 18 obtained in the 0-20% centrality interval with
B2 calculated using Eq. (12) and the HBT volume Veff = R2⊥R∥ = R2sideRlong from [59, 60] for pions†. The
dependence of the HBT radii on the particle mass is taken into account by showing results as a function
of the transverse kinetic energy per nucleon. A rough agreement is found in terms of magnitude and the
dependence on pT.

Taking into account its strong dependence on centrality and pT, the dependence of B2 on collision energy
can also be discussed. It is observed that B2 at a fixed momentum (pT = 1.3 GeV/c) for central collisions
(0-20%) decreases rapidly from AGS energies to top SPS energy and then remains about the same up to
RHIC [51]. Our value of approximately 4×10−4 GeV2/c3 is only slightly lower than the measurement at
RHIC (≈ 6×10−4 GeV2/c3). Since B2 is inversely proportional to the homogeneity volumeVeff = R2⊥R∥,
the decrease in B2 corresponds to an increase in effective volume and supports similar observations based
on HBT measurements. On the other hand, Eq. (11) shows that a decrease in B2 can also be related to a
simple increase of the proton multiplicity.

5 Conclusion

In summary, the spectral distributions of deuterons in pp at
√
s = 7 TeV and of deuterons and 3He in Pb–

Pb collisions at √sNN = 2.76 TeV have been presented. In Pb–Pb collisions, the yields are decreasing by
a factor of 307 ± 76 for each additional nucleon, the mean pT rises with mass and the combined blast-

†The identity R2⊥R∥ = R2sideRlong is only valid for symmetric collision systems like Pb–Pb and for radii calculated in the
longitudinally co-moving system.
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Ei
d3Ni
dp3i

= BA

(

Ep
d3Np
dp3p

)A

(8)

assuming that protons and neutrons have the same momentum distribution. BA is the coalescence pa-
rameter for nuclei i with mass number A and a momentum of pi = A pp. In the simplest approach, BA is
independent of the transverse momentum and is determined by the maximum relative momentum p0 of
the coalescing nucleons [17, 56, 57]:

BA =
(

4π
3
p30
)A−1 M

mA . (9)

In this expression, the spin of the nucleons is neglected andM andm are the nucleus and the proton mass,
respectively. Under the assumption that the p0 value is the same for deuterons and 3He, Eq. (9) can be
rewritten as

B3 = B22
(

M3He ·m
M2
d

)

≈
3
4
B22 , (10)

allowing for a basic comparison of the measured B2 and B3 values.

Figure 18 shows the obtained B2 values for deuterons (left panel) and B3 values for 3He (right panel) in
several centrality bins for Pb–Pb collisions. The results are plotted versus the transverse momentum per
nucleon. A clear decrease of B2 and B3 with increasing centrality is observed. In the coalescence picture,
this behavior is explained by an increase in the source volume Veff: the larger the distance between the
protons and neutrons which are created in the collision, the less likely is that they coalesce. Alternatively,
it can be understood on the basis of the approximately constant d/p and 3He/p-ratios as an increase of
the overall proton multiplicity independent of the geometry of the collision. The argument can be best
illustrated by assuming a constant value of B2 and integrating Eq. (8) over pT. The value of B2 can then
be calculated for a given ratio d/p and a given spectral shape f (pT) (with

∫ ∞
0 f (pT)dpT = 1) of the proton

spectrum as

B2 =
π
2
·

dNd
dy

(
dNp
dy )

2
·

1
∫ ∞
0

f 2(pT)
pT dpT

, (11)

where for a constant ratio of the deuteron dNd/dy to proton dNp/dy yield, it is found that B2∝ 1/(dNp/dy).
As can be seen in Fig. 18, the coalescence parameter also develops an increasing trend with transverse
momentum for central collisions in contrast to expectations of the most simple coalescence models. The
significance of this increase is further substantiated by the fact that the systematic errors between pT-
bins are to a large extent correlated. It can be qualitatively explained by position-momentum correlations
which are caused by a radially expanding source [58]. A comparison of the B2 and B3 values based on
Eq. (10) is presented in Fig. 19 and shows qualitative agreement between the two observables.

In a more quantitative picture, it turns out that the coalescence process is governed by the same homo-
geneity volume which can be extracted from the HBT radii. The mathematical expression which relates
B2 to HBT radii (R⊥ and R∥) is given by

B2 =
3π3/2⟨Cd⟩

2mTR2⊥(mT)R∥(mT)
, (12)
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What	have	we	understood?

• Latest	results	in	pp	at	7	TeV	and	13	TeV	fit	the	
trend	 drawn	 by	 other	 energies/colliding	
systems	at	the	LHC	

• matching	 of	 pp	 and	 p-Pb	 points	 at	 similar	
multiplicities	

• r is ing	 with	 mult ipl ic ity	 expla ined	 in	
coalescence	models	 as	 due	 to	 an	 increased	
proton	and	neutron	density	

• In	pp	(and	p-Pb)	the	results	point	out	that	the	rise	 in	the	number	of	nucleons	
dominates	over	the	increase	in	the	volume	size	

• No	 significant	 centrality	 dependence	 in	 Pb-Pb	 collisions	 in	 agreement	 with	
Thermal-statistical	model	

�22
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particle ratio as a function of multiplicity
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Special role of φ
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• Strangeness enhanced from pp to PbPb.

Strangeness enhancement

ALI-PREL-135238



postQM＠Nagoya University,Jun 30th !43



postQM＠Nagoya University,Jun 30th !44

Comparison with collision systems

• Symmetric cumulants consistent between all three 
systems in the <Nch> range covered by p+p 
collisions.


