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bulk matter created in 
high-energy heavy-ion 

collisions can be 
described in terms of 

hydrodynamics
• initial hot and dense partonic 

matter rapidly expands 
• collective flow develops and 

the system cools down 
• phase transition to hadron 

gas when Tcritical is reached 

resulting in
• dependence of the shape of the pT distribution on the particle mass 
• azimuthal anisotropic flow patterns (initial spatial anisotropy) 

are there final state dense matter effects in p-Pb?

Some	
  details:	
  
Ø  Pre-­‐equilibrium	
  phase	
  

	
  τeq<	
  0.5	
  fm/c	
  
Ø  QGP	
  
Ø  Mixed	
  phase	
  
Ø  Chemical	
  freeze-­‐out	
  

	
  Par8cle	
  composi8on	
  is	
  fixed	
  
	
  Tch	
  ~	
  155	
  MeV	
  

Ø  Thermal	
  freeze-­‐out	
  
	
  Par8cle	
  pT	
  spectra	
  are	
  fixed	
  
	
  Teo	
  ~	
  100	
  MeV	
  

	
  
Inves5ga5ons	
  of:	
  
Ø Mul5plicity	
  and	
  Spectra	
  
Ø  Par5cle	
  content	
  and	
  ra5os	
  
Ø  Flows	
  
Ø  Correla5ons	
  
Ø  Jet-­‐	
  medium	
  interac8ons	
  

and	
  high-­‐pT	
  supression	
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  ALICE	
  
is	
  op5mized	
  for	
  	
  
Heavy-­‐Ion	
  Physics:	
  
Ø  dn/dy	
  in	
  Pb-­‐Pb:	
  

up	
  to	
  2000	
  	
  	
  
Ø  PID:	
  	
  
	
  	
  	
  	
  	
  	
  pT	
  >	
  0.2	
  GeV/c	
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  rigidity	
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Run	
  1	
  (2009-­‐2013	
   Run	
  2	
  (2015-­‐now)	
  

Pb-­‐Pb@	
  	
  2.76	
  TeV	
   Pb-­‐Pb@	
  5.02	
  TeV,	
  (~	
  250	
  μb-­‐1	
  )	
  
~	
  130	
  million	
  MB	
  events	
  
	
  
By	
  end	
  of	
  2018	
  	
  
-­‐Pb-­‐Pb@	
  5.02	
  TeV,	
  (~	
  1	
  nb-­‐1	
  	
  is	
  expected)	
  
	
  

p-­‐Pb@	
  	
  5.02	
  TeV	
   p-­‐Pb@	
  5.02	
  TeV	
  ,	
  (~3nb-­‐1),	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8.16	
  TeV	
  (~25nb-­‐1)	
  

pp@	
  	
  0.9,	
  	
  2.76,	
  7,	
  8	
  TeV	
  
	
  

pp@	
  5.02	
  (~1.3	
  pb-­‐1)	
  
13	
  TeV	
  (~25pb-­‐1)	
  
	
  

Some recent results of 2017:   
Xe-Xe@ 5.44 TeV, (~ 0.3 µb-1)  
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Mul8-­‐par8cle	
  produc8on	
  	
  
in	
  pp,	
  p-­‐Pb	
  and	
  A-­‐A	
  collisions	
  	
  

	
  
Energy	
  and	
  system	
  size	
  dependence	
  	
  	
  

.	
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Fig. 9: dNch/d⌘ vs. ⌘ measurements:
p

s = 2.76 TeV compared with
p

s = 2.36 TeV taken from ALICE [2] (top);p
s = 7 TeV and comparison with CMS [33] and ALICE [3] data (middle);

p
s = 8 TeV (bottom). Systematic

uncertainties are shown as error bars for the previous data and as grey bands for the data from this publication. The
scale is to be read o↵ the right-hand side axis for INEL>0.

25

Charged–particle multiplicities in proton–proton collisions ALICE Collaboration

 (GeV)s
210 310 410

η
/d

ch
Nd

0

1

2

3

4

5

6

7

0.102s ∝INEL fit 
ALICE (pp) INEL
ALICE (pp) INEL 
ISR (pp) INEL

) INELpUA5 (p
PHOBOS (pp) INEL

0.114s ∝INEL>0 fit 
ALICE (pp) INEL>0
ALICE (pp) INEL>0

0.114s ∝NSD fit 
ALICE (pp) NSD
ALICE (pp) NSD

) NSDpUA1 (p
) NSDpUA5 (p

STAR (pp) NSD
) NSDpCDF (p

CMS (pp) NSD

[3]

[2]
[68]
[66]

[69]
[70]
[33]

[2]
[25]
[66]

[71]

Fig. 12: Charged-particle pseudorapidity density in the pseudorapidity region |⌘|< 0.5 (dNch/d⌘ at ⌘= 0 calculated
as the integral of the data over |⌘| < 0.5) for INEL, NSD, and INEL>0 collisions, as a function of the centre-of-
mass energy. Lines indicate fits with a power-law dependence on

p
s. Grey bands represent the one standard

deviation range. Data points at the same energy have been shifted horizontally for visibility. The LHC nominal
centre-of-mass energy is indicated by a vertical line. Data other than from ALICE used in this figure are taken
from references [25, 33, 66, 68–75].

UA5 [27], is still hardly significant, and it is not present in the raw data. This feature was also observed in
a study of CMS data [77]. However, applying the same procedure to Monte Carlo data produces similar
structures in the unfolded distribution, while no oscillation was present at particle level. We conclude
that this structure is an unfolding procedure artifact. The period of the structure is related to response
matrix width.

9.4 Comparison of multiplicity distributions with other experiments and models

CMS data are available for the NSD normalization only. At
p

s = 0.9 and 7 TeV, in the three pseudo-
rapidity intervals where they could be compared, the ALICE multiplicity measurements are generally
in agreement with CMS data [34] (Fig. 17). However, at

p
s = 0.9 TeV, above Nch ⇡ 40 in |⌘| < 1 and

above Nch ⇡ 50 in |⌘| < 1.5, the ALICE multiplicity distributions tend to be higher than CMS data. The
di↵erence is not significant in each isolated bin, however the general trend seems to be di↵erent. As the
bin-to-bin correlations in CMS’s results are unknown, it is very di�cult to obtain reliable unbiased quan-
titative comparison. A possible source of the discrepancy is the di↵erent treatment of single-di↵ractive
events in the two analyses making the NSD event sample definitions not strictly compatible. More pre-
cisely, there was no di↵raction tuning in the simulations used by CMS and, moreover, ALICE’s criteria
for events to be considered single-di↵ractive (see [47]) include a fixed cut on di↵ractive mass that di↵ers
from the value that CMS used. This explanation is supported by the fact that the di↵erence is insignifi-
cant at

p
s = 7 TeV, where single-di↵ractive contribution is negligible. The comparison with CMS data is

further discussed in the Section 9.5, where NBD fits to the data are reported.

Measured multiplicity distributions are compared to models (Fig. 18), for two energies, the lowest one
(
p

s = 0.9 TeV), and the energy at which there is the largest event sample (
p

s = 7 TeV), for the INEL
event class, in the pseudorapidity range |⌘| < 1.

28

New	
  data	
  
At	
  2.76	
  

	
  SoP	
  and	
  hard	
  interac5ons	
  of	
  hadrons	
  at	
  LHC	
  energies	
  	
  
Ø  	
  	
  	
  	
  	
  	
  	
  	
  “Soo”	
  Pomeron	
  as	
  a	
  Regge	
  trajectory	
  with	
  t	
  =	
  0	
  intercept:	
  
	
  αP(0)	
  =	
  1	
  +	
  Δ	
  >	
  1	
  
Ø  dN/dy	
  ~	
  dN/dη~	
  sΔ	
  	
  	
  	
  -­‐	
  	
  under	
  some	
  assump8ons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (including	
  the	
  non-­‐interac8ng	
  Pomerons)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Results	
  from	
  the	
  data	
  fit:	
  

Ø  S0.102±	
  0.003	
  	
  -­‐for	
  INEL	
  
Ø  S0.114±	
  0.003	
  -­‐for	
  NSD	
  

Ø  S0.114±	
  0.001	
  	
  -­‐for	
  INEL>0	
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  collisions:	
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  in	
  comparison	
  with	
  models	
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Fig. 18: Comparison with models of measured multiplicity distributions for the INEL event class in the pseudora-
pidity range |⌘| < 1.0: ALICE data (black circles with grey bands), PYTHIA6 [48] tune Perugia0 (red continuous
line), PHOJET [51] (blue dot-dashed line), PYTHIA6 Perugia 2011 (pink dashed line), PYTHIA8 4C [64, 65]
(green dashed line), and EPOS LHC [63] (long dashed light blue line). The shaded areas represent total uncertain-
ties: comparison at 0.9 (left) and at 7 TeV (right). The ratios between measured values and model calculations are
shown in the lower parts of the figures with the same convention.

single NBD starts at
p

s = 2.76 TeV. The values of �2
.
dof reflect this, as they are rather high and increase

further with increasing centre-of-mass energies.

The appearance of substructures in multiplicity distributions attributed to the occurrence of several
sources in the process of particle production [79–82], can be parameterized by fitting the data with two
NBDs. Indeed, a much better fit to the data is obtained by using a weighted sum of two NBD functions

P (n) = �
⇥
↵PNBD (n, hni1 ,k1)+ (1�↵) PNBD (n, hni2 ,k2)

⇤
(16)

This type of function, however, is not meant to describe the value P(0) for INEL and NSD distributions,
which occurs when the ⌘ acceptance is limited, therefore the bin n = 0 was excluded from the fit and an
overall normalization factor (�) was introduced, as a free parameter, to account for this. At

p
s = 7 TeV,

P. Gosh et al. in [77] perform a similar fit for CMS data, however without using an overall scale factor
(�) and with no account for the e↵ect of bin-to-bin correlations.

As was described in Section 8.2.2, 18 multiplicity distributions, corresponding to main sources of cor-
related uncertainty, were fitted independently. For each of these distributions systematic uncertainties
corresponding to the non-leading sources were found to have negligible correlations, as expected. Thus
these residual systematic uncertainties were added to the diagonals of the statistical covariance matrices
for these distributions, that were produced in the unfolding procedure. In Tables 9 to 11 we present the
central values of the fit parameters, i.e. center of the maximum spread of each parameter between the 18
independent fits. Half of the spread is used to estimate the systematic uncertainty of the parameters (the
statistical uncertainty being negligible). However these estimates should be treated with caution due to
the significant correlations between parameters. The multiplicity distributions for each of the 18 cases

34

Ø  Remarkable	
  change	
  of	
  high	
  mulKplicity	
  distribuKons	
  tails	
  
Ø  MC	
  event	
  generators	
  fail	
  	
  
Ø  A	
  reference	
  for	
  heavy-­‐ion	
  collisions	
  at	
  the	
  LHC.	
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Fig. 16: Evolution of measured multiplicity distributions as a function of centre-of-mass energy (from 0.9 to
8 TeV), for INEL and NSD event classes and for |⌘| < 0.5 (top row) and |⌘| < 1.5 (bottom row).

timate the high multiplicity part of the distribution. PYTHIA6 Perugia 2011, EPOS LHC and PYTHIA8
4C give a reasonable fit of the low multiplicity region but underestimate the data above Nch ⇡ 60.

9.5 Parameterization of multiplicity distributions with NBDs

Single Negative Binomial Distributions (NBD) have been traditionally used to parameterize particle
multiplicity distributions in hadron collisions

PNBD (n, hni ,k) =
� (n+ k)
� (k)� (n+1)

" hni
hni+ k

#n
⇥
"

k
hni+ k

#k
(14)

where hni is the average multiplicity and the variance is given by

D2 =
D
n2
E
�hni2 = hni+ hni

2

k
(15)

The parameter k is related to the two-particle correlation function, in the pseudorapidity interval consid-
ered [78]. In the limit k!1, the NBD becomes a Poisson distribution.

In previous ALICE data, for the NSD event class, no strong deviation from a single NBD fit was observed
at
p

s = 0.9 and 2.36 TeV, for |⌘|  1, while a hint of a substructure appears at |⌘| < 1.3 [2]. At
p

s = 7 TeV,
for the INEL>0 event class, the single NBD fit slightly underestimated the data at low multiplicity
(Nch < 5), and slightly overestimated the data at high multiplicities (Nch > 55) [3].

In the present data, for all event classes, already at
p

s = 0.9 TeV, there is a hint that single NBD fits start
diverging from the data at the higher multiplicity, for |⌘| < 0.5 and 1.0. More significant departure from

32

Ø  From	
  low	
  to	
  high	
  energies	
  in	
  pp	
  collisions:	
  
What	
  is	
  the	
  main	
  mechanism	
  for	
  changing	
  
the	
  mulitplicity	
  distribu8ons	
  -­‐-­‐	
  ?	
  	
  

Ø  MPI	
  -­‐?	
  
Ø  QGP-­‐?	
  
Ø  Color	
  string	
  fusion	
  -­‐?	
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KNO	
  variable:	
  mul8plicity	
  scaled	
  by	
  mean	
  mul8plicity	
  	
  
KNO-­‐scaled	
  distribu8ons	
  vs.	
  the	
  KNO	
  variable	
  at	
  0.9,	
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Fig. 19: KNO-scaled distribution hNchiP(Nch) versus the KNO variable Nch/ hNchi at
p

s = 0.9, 2.76, 7 and 8 TeV,
for three pseudorapidity intervals: |⌘| < 0.5 (top), 1.0 (middle) and 1.5 (bottom). In each case, ratios to the
distribution at

p
s = 0.9 TeV are shown, on the right-hand side parts of the figures. As Nch/ hNchi takes di↵erent

values at di↵erent centre-of-mass energies, ratios were obtained by interpolating the KNO-scaled distributions, and
uncertainties were taken from the nearest data point. Bands represent the total uncertainties.

in the range |⌘|  2. The relative precision achieved at ⌘ = 0 for
p

s = 7 TeV is 5.5%, 2.6% and 1.3% for
INEL, NSD and INEL>0 event classes, respectively.

The power law parameterization of dNch/d⌘ at ⌘ = 0, s�, provides a good description of the data from
ISR to LHC energies: � = 0.102 ± 0.003, 0.114 ± 0.003 and 0.114 ± 0.001, for the INEL, NSD and
INEL>0 event classes, respectively, to be compared to � ' 0.15 for Pb–Pb collisions [54]. The ALICE
Collaboration has shown clearly that the particle pseudorapidity density increases faster with energy in
Pb–Pb collisions than in pp collisions. The extrapolation of dNch/d⌘ at ⌘ = 0 to the nominal LHC energy
(
p

s = 14 TeV) is obtained with a precision of 4.6%, 3.0% and 1.3% for INEL, NSD and INEL>0 event
classes, respectively.

Multiplicity distributions of primary charged particles were measured in three pseudorapidity ranges:
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Fig. 5: Mean transverse sphericity as a function of charged particle multiplicity. The ALICE data are compared

with five models: PHOJET, PYTHIA6 (tunes: ATLAS-CSC, PERUGIA-0 and PERUGIA-2011) and PYTHIA8.

Results at
√

s = 0.9 and 7 TeV are shown in the top and bottom rows, respectively. Different event classes are pre-

sented: (left) “soft”, (middle) “hard” and (right) “all” (see text for definitions). The statistical errors are displayed

as error bars and the systematic uncertainties as the shaded area. The horizontal error bars indicate the bin widths.

Symbols for data points and model predictions are presented in the legend.

5 Results

In this section the results of the analyses are presented along with predictions of different models: PHO-
JET, PYTHIA6 version (tunes: ATLAS-CSC, PERUGIA-0 and PE RUGIA-2011) and PYTHIA8.

5.1 Mean sphericity

The mean transverse sphericity as a function of Nch at
√

s = 0.9 and 7 TeV is shown in Fig. 5 for the
different event classes. The mean sphericity (right panel) increases up to around 15 primary charged
particles, however, for larger multiplicities the ALICE data exhibit an almost constant or slightly rising
behavior. For “soft” events and

√
s = 0.9 TeV, the models are in agreement with the ALICE measure-

ments over the full range of multiplicity, except for PYTHIA8 prediction, which is 5−10% lower. There
is insufficient statistics to perform the unfolding for Nch > 18. At 7 TeV, the differences between models
and data are below 10% for “soft” events. For the “hard” events, PHOJET, ATLAS-CSC, PERUGIA-0
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The transverse sphericity is defined as

ST ≡
2λ2

λ2 +λ1
. (1)

By construction, the limits of the variable are related to specific configurations in the transverse plane

ST =

(

{ = 0 “pencil-like” limit
= 1 “isotropic” limit

.

This definition is inherently multiplicity dependent, for instance, ST → 0 for very low multiplicity events.

3 Experimental conditions

The relevant detectors used in the present analysis are the Time Projection Chamber (TPC) and the Inner
Tracking System (ITS), which are located in the central barrel of ALICE inside a large solenoidal magnet
providing a uniform 0.5 T field [15].

The ALICE TPC is a large cylindrical drift detector with a central membrane maintained at -100 kV
and two readout planes at the end-caps composed of 72 multi-wire proportional chambers [17]. The
active volume is limited to 85 < r < 247 cm and −250 < z < 250 cm in the radial and longitudinal
directions, respectively. The material budget between the interaction point and the active volume of the
TPC corresponds to 11% of a radiation length, averaged in |η |≤ 0.8. The central membrane divides the
nearly 90 m3 active volume into two halves. The homogeneous drift field of 400 V/cm in the Ne-CO2-N2

(85.7%-9.5%-4.8%) gas mixture leads to a maximum drift time of 94 µs. The typical gas gain is 104 [7].

The ITS is composed of high resolution silicon tracking detectors, arranged in six cylindrical layers
at radial distances to the beam line from 3.9 to 43 cm. The two innermost layers are Silicon Pixel
Detectors (SPD), covering the pseudorapidity ranges |η | <2 and |η | <1.4, respectively. A total of 9.8
millions 50×425 µm2 pixels enable the reconstruction of the primary event vertex and the track impact
parameters with high precision. The SPD was also included in the trigger scheme for data collection. The
outer third and fourth layers are formed by Silicon Drift Detectors (SDD) with a total of 133k readout
channels. The two outermost Silicon Strip Detector (SSD) layers consist of double-sided silicon micro-
strip sensors with 95 µm pitch, comprising a total of 2.6 million readout channels. The design spatial
resolutions of the ITS sub-detectors (σrφ ×σz) are: 12×100 µm2 for SPD, 35× 25 µm2 for SDD, and
20×830 µm2 for SSD. The ITS has been aligned using reconstructed tracks from cosmic rays and from
proton-proton collisions [16].

The VZERO detector consists of two forward scintillator hodoscopes. Each detector is segmented into
32 scintillator counters which are arranged in four rings around the beam pipe. They are located at
distances z = 3.3 m and z = −0.9 m from the nominal interaction point and cover the pseudorapidity
ranges: 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively. The beam-related background was rejected
at offline level using the VZERO time and by cutting on the correlation between the number of clusters
and track segments in the SPD.

The minimum bias (MB) trigger used in this analysis required a hit in one of the VZERO counters or in
the SPD detector. In addition, a coincidence was required between the signals from two beam pickup
counters, one on each side of the interaction region, indicating the presence of passing bunches [1].

4 Data analysis

MB events at
√

s = 0.9 and 7 TeV (recorded in 2010) and at
√

s = 2.76 TeV (recorded in 2011) have
been analyzed using about 40 million events, each at 7 and 2.76 TeV, and 3.6 million at 0.9 TeV. Since
no energy dependence is found for the event shape observable, we present mostly results for 0.9 and 7
TeV.

3
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1 Introduction

Minimum bias proton–proton collisions present an interesting, and theoretically, challenging subject for
detailed studies. Their understanding is important for the interpretation of measurements of heavy-ion
collisions, and in the search for signatures of new physics at the Large Hadron Collider (LHC) and Fer-
milab. However, the wealth of experimental information is currently poorly understood by theoretical
models or Monte Carlo (MC) event generators, which are unable to explain with one set of param-
eters all the measured observables. Examples of measured observables which are not presently well
described theoretically include the reported multiplicity distribution [1–3], the transverse momentum
distribution [4] and the variation of the transverse momentum with multiplicity [5–7].

In this paper, we present measurements of the transverse sphericity for pp minimum bias events over a
wide multiplicity range at several energies using the ALICE detectors. Transverse sphericity is a momen-
tum space variable, commonly classified as an event shape observable [8]. Event shape analyses, well
known from lepton collisions [9–11], also offer interesting possibilities in hadronic collisions, such as the
study of hadronization effects, underlying event characterization and comparison of pQCD computations
with measurements in high ET jet events [12–14].

The goal of this analysis is to understand the interplay between the event shape, the charged particles
multiplicity, and their transverse momentum distribution; hence, the present paper is focused on the
following aspects:

– The evolution of the mean transverse sphericity with multiplicity for different subsets of events
defined by the transverse momentum of the leading particle;

– the behavior of the mean transverse momentum as a function of multiplicity;

– the normalized transverse sphericity distributions for various multiplicity ranges.

The results of these analyses are compared with event generators and will serve for a better understanding
of the underlying processes in proton-proton interactions at the LHC energies.

2 Event shape analysis

At hadron colliders, event shape analyses are restricted to the transverse plane in order to avoid the bias
from the boost along the beam axis [12]. The transverse sphericity is defined in terms of the eigenvalues:
λ1 > λ2 of the transverse momentum matrix:

SQ
xy =

1

∑i pTi
∑

i

(

px
2
i pxi pyi

pyi pxi py
2
i

)

where (pxi, pyi) are the projections of the transverse momentum of the particle i.

Since S
Q
xy is quadratic in particle momenta, this sphericity is a non-collinear safe quantity in pQCD. For

instance, if a hard momentum along the x direction splits into two equal collinear momenta, then the
sum ∑i px

2
i will be half that of the original momentum. To avoid this dependence on possible collinear

splittings, the transverse momentum matrix is linearized as follows:

SL
xy =

1

∑i pTi
∑

i

1

pTi

(

px
2
i pxi pyi

pyi pxi py
2
i

)

2
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Fig. 3: The 2
hNparti hdNch/dhi (top) and 2

hNpartiNtot
ch (bottom) for Xe–Xe collisions at

p
sNN = 5.44 TeV as a function

of hNparti. The error bars indicate the point-to-point centrality-dependent uncertainties whereas the shaded band
shows the correlated contributions. Also shown in the figure is the result from inelastic pp at

p
s = 5.02 TeV as

well as non-single diffractive p–Pb collisions and Pb–Pb collisions at
p

sNN = 5.02 TeV [7, 8]. Data from lower
energies at

p
sNN = 2.76 TeV [6, 9, 29], and 200 GeV [3] are shown for comparison.

by the number of participant pairs shows a slight increase as a function of the number of participants in
Fig. 3 (bottom) , similar to that of the midrapidity results, albeit with larger experimental uncertainties.

The study of the centrality dependence of particle multiplicity for different collision systems provides a
variable number of nucleon-nucleon collisions at equal number of participating nucleons and therefore
may provide further information to clarify the measured deviation from Npart scaling. The scaling of the
charged-particle multiplicity by the number of participant nucleons was studied in detail and a deviation
from Npart-scaling was observed at RHIC energies [3, 32, 40–42]. Such a deviation was first interpreted as
being due to an increasing contribution of hard processes for central events, but no conclusive evidence
was found to support this interpretation. Figure 4 compares 2

hNparti hdNch/dhi in Xe–Xe collisions at
p

sNN = 5.44 TeV with different parameterisations for particle production. Specifically, we used the two-
component model in Eq. 1 and two power-law functions hdNch/dhi µ Na

part and hdNch/dhi µ Nb
coll. The
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Figure 3 | Particle yield ratios ⇤/K0
S = (⇤+⇤)/2K0

S and
p/⇡ = (p+p)/(⇡+ +⇡�) as a function of hdNch/d⌘i. The yield ratios are
measured in the rapidity interval |y|<0.5. The error bars show the
statistical uncertainty, whereas the empty and dark-shaded boxes show the
total systematic uncertainty and the contribution uncorrelated across
multiplicity bins, respectively. The values are compared to calculations from
MC models30–32 in pp collisions at

p
s=7 TeV and to results obtained in

p–Pb collisions at the LHC10. The indicated uncertainties all represent
standard deviations.

high multiplicity, the yield ratios reach values similar to the ones
observed in Pb–Pb collisions, where no significant changewithmul-
tiplicity is observed beyond an initial slight rise. Note that the final-
state average charged-particle density hdNch/d⌘i, which changes by
over three orders of magnitude from low-multiplicity pp to central
Pb–Pb, will in general be related to di�erent underlying physics in
the various reaction systems. For example, under the assumption
that the initial reaction volume in both pp and p–Pb is determined
mostly by the size of the proton, hdNch/d⌘i could be used as a proxy
for the initial energy density. In Pb–Pb collisions, on the other hand,
both the overlap area as well as the energy density could increase
with hdNch/d⌘i. Nonetheless, it is a non-trivial observation that
particle ratios in pp and p–Pb are identical at the same dNch/d⌘,
representing an indication that the final-state particle density might
indeed be a good scaling variable between these two systems.

Figure 3 shows that the yield ratios ⇤/K 0
S = (⇤+⇤)/2K 0

S and
p/⇡ = (p+ p)/(⇡+ +⇡�) do not change significantly with multi-
plicity, demonstrating that the observed enhanced production rates
of strange hadrons with respect to pions is not due to the di�erence
in the hadron masses. The results in Figs 2 and 3 are compared to
calculations from MC models commonly used for pp collisions at
the LHC: PYTHIA830, EPOS LHC31 and DIPSY32. The kinematic
domain and the multiplicity selections are the same for MC and
data, namely, dividing the INEL> 0 sample into event classes based
on the total charged-particle multiplicity in the forward region.
The observation of a multiplicity-dependent enhancement of the
production of strange hadrons along with the constant production
of protons relative to pions cannot be simultaneously reproduced
by any of the MC models commonly used at the LHC. The model
which describes the data best, DIPSY, is a model where interaction
between gluonic strings is allowed to form ‘colour ropes’ which are
expected to produce more strange particles and baryons.

To illustrate the evolution of the production of strange hadrons
with multiplicity, Fig. 4 presents the yield ratios to pions divided
by the values measured in the inclusive INEL > 0 pp sample, both
for pp and p–Pb collisions. The observed multiplicity-dependent
enhancement with respect to the INEL > 0 sample follows a hier-
archy determined by the hadron strangeness. We have attempted
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Figure 4 | Particle yield ratios to pions normalized to the values measured
in the inclusive INEL > 0 pp sample. The results are shown for pp and
p–Pb collisions, both normalized to the inclusive INEL > 0 pp sample. The
error bars show the statistical uncertainty. The common systematic
uncertainties cancel in the double ratio. The empty boxes represent the
remaining uncorrelated uncertainties. The lines represent a simultaneous fit
of the results with the empirical scaling formula in equation (1). The
indicated uncertainties all represent standard deviations.

to describe the observed strangeness hierarchy by fitting the data
presented in Fig. 4 and the empirical function of the form

(h/⇡)

(h/⇡)
pp
INEL>0

=1+a Sb log

" hdNch/d⌘i
hdNch/d⌘ippINEL>0

#

(1)

where S is the number of strange or anti-strange valence quarks
in the hadron, (h/⇡)ppINEL>0 and hdNch/d⌘ippINEL>0 are the measured
hadron-to-pion ratio and the charged-particle multiplicity density
in INEL > 0 pp collisions, respectively, and a and b are free
parameters. The fit describes the data well, yielding a= 0.083±
0.006, b=1.67±0.09, with a � 2/ndf of 0.66.

In summary, we have presented the multiplicity dependence of
the production of primary strange (K 0

S , ⇤, ⇤) and multi-strange
(⌅�, ⌅

+, ⌦�, ⌦
+) hadrons in pp collisions at

p
s = 7 TeV.

The results are obtained as a function of hdNch/d⌘i measured at
midrapidity for event classes selected on the basis of the total charge
deposited in the forward region. The pT spectra become harder as
themultiplicity increases. Themass andmultiplicity dependences of
the spectral shapes are reminiscent of the patterns seen in p–Pb and
Pb–Pb collisions at the LHC, which can be understood assuming a
collective expansion of the system in the final state. The data show
for the first time in pp collisions that the pT-integrated yields of
strange and multi-strange particles relative to pions increase signif-
icantly with multiplicity. These particle ratios are similar to those
found in p–Pb collisions at the samemultiplicity densities11. The ob-
served enhancement increases with strangeness content rather than
with mass or baryon number of the hadron. Such behaviour cannot
be reproduced by any of theMCmodels commonly used, suggesting
that further developments are needed to obtain a complete micro-
scopic understanding of strangeness production, and indicating the
presence of a phenomenon novel in high-multiplicity pp collisions.
The evolution of strangeness enhancement seen at the LHC steadily
increases as a function of hdNch/d⌘i from low-multiplicity pp
to high multiplicity p–Pb and reaches the values observed in
Pb–Pb collisions. This may point towards a common underlying
physics mechanism which gradually compensates the strangeness
suppression in fragmentation. Further studies extending to
higher multiplicity in small systems are essential, as they would
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Ø  None	
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Ø  For	
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Figure 3 | Particle yield ratios ⇤/K0
S = (⇤+⇤)/2K0

S and
p/⇡ = (p+p)/(⇡+ +⇡�) as a function of hdNch/d⌘i. The yield ratios are
measured in the rapidity interval |y|<0.5. The error bars show the
statistical uncertainty, whereas the empty and dark-shaded boxes show the
total systematic uncertainty and the contribution uncorrelated across
multiplicity bins, respectively. The values are compared to calculations from
MC models30–32 in pp collisions at

p
s=7 TeV and to results obtained in

p–Pb collisions at the LHC10. The indicated uncertainties all represent
standard deviations.

high multiplicity, the yield ratios reach values similar to the ones
observed in Pb–Pb collisions, where no significant changewithmul-
tiplicity is observed beyond an initial slight rise. Note that the final-
state average charged-particle density hdNch/d⌘i, which changes by
over three orders of magnitude from low-multiplicity pp to central
Pb–Pb, will in general be related to di�erent underlying physics in
the various reaction systems. For example, under the assumption
that the initial reaction volume in both pp and p–Pb is determined
mostly by the size of the proton, hdNch/d⌘i could be used as a proxy
for the initial energy density. In Pb–Pb collisions, on the other hand,
both the overlap area as well as the energy density could increase
with hdNch/d⌘i. Nonetheless, it is a non-trivial observation that
particle ratios in pp and p–Pb are identical at the same dNch/d⌘,
representing an indication that the final-state particle density might
indeed be a good scaling variable between these two systems.

Figure 3 shows that the yield ratios ⇤/K 0
S = (⇤+⇤)/2K 0

S and
p/⇡ = (p+ p)/(⇡+ +⇡�) do not change significantly with multi-
plicity, demonstrating that the observed enhanced production rates
of strange hadrons with respect to pions is not due to the di�erence
in the hadron masses. The results in Figs 2 and 3 are compared to
calculations from MC models commonly used for pp collisions at
the LHC: PYTHIA830, EPOS LHC31 and DIPSY32. The kinematic
domain and the multiplicity selections are the same for MC and
data, namely, dividing the INEL> 0 sample into event classes based
on the total charged-particle multiplicity in the forward region.
The observation of a multiplicity-dependent enhancement of the
production of strange hadrons along with the constant production
of protons relative to pions cannot be simultaneously reproduced
by any of the MC models commonly used at the LHC. The model
which describes the data best, DIPSY, is a model where interaction
between gluonic strings is allowed to form ‘colour ropes’ which are
expected to produce more strange particles and baryons.

To illustrate the evolution of the production of strange hadrons
with multiplicity, Fig. 4 presents the yield ratios to pions divided
by the values measured in the inclusive INEL > 0 pp sample, both
for pp and p–Pb collisions. The observed multiplicity-dependent
enhancement with respect to the INEL > 0 sample follows a hier-
archy determined by the hadron strangeness. We have attempted
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to describe the observed strangeness hierarchy by fitting the data
presented in Fig. 4 and the empirical function of the form
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where S is the number of strange or anti-strange valence quarks
in the hadron, (h/⇡)ppINEL>0 and hdNch/d⌘ippINEL>0 are the measured
hadron-to-pion ratio and the charged-particle multiplicity density
in INEL > 0 pp collisions, respectively, and a and b are free
parameters. The fit describes the data well, yielding a= 0.083±
0.006, b=1.67±0.09, with a � 2/ndf of 0.66.

In summary, we have presented the multiplicity dependence of
the production of primary strange (K 0

S , ⇤, ⇤) and multi-strange
(⌅�, ⌅

+, ⌦�, ⌦
+) hadrons in pp collisions at

p
s = 7 TeV.

The results are obtained as a function of hdNch/d⌘i measured at
midrapidity for event classes selected on the basis of the total charge
deposited in the forward region. The pT spectra become harder as
themultiplicity increases. Themass andmultiplicity dependences of
the spectral shapes are reminiscent of the patterns seen in p–Pb and
Pb–Pb collisions at the LHC, which can be understood assuming a
collective expansion of the system in the final state. The data show
for the first time in pp collisions that the pT-integrated yields of
strange and multi-strange particles relative to pions increase signif-
icantly with multiplicity. These particle ratios are similar to those
found in p–Pb collisions at the samemultiplicity densities11. The ob-
served enhancement increases with strangeness content rather than
with mass or baryon number of the hadron. Such behaviour cannot
be reproduced by any of theMCmodels commonly used, suggesting
that further developments are needed to obtain a complete micro-
scopic understanding of strangeness production, and indicating the
presence of a phenomenon novel in high-multiplicity pp collisions.
The evolution of strangeness enhancement seen at the LHC steadily
increases as a function of hdNch/d⌘i from low-multiplicity pp
to high multiplicity p–Pb and reaches the values observed in
Pb–Pb collisions. This may point towards a common underlying
physics mechanism which gradually compensates the strangeness
suppression in fragmentation. Further studies extending to
higher multiplicity in small systems are essential, as they would
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The remaining discrepancy in the SPS energy range can be explained by the in-
fluence of a nonzero baryochemical potential at such energies, which increases the
relative fraction of protons and decreases the one of K mesons.

Within the framework of this multi-pomeron model, the yields of strange and
multi-strange hadrons in pp collisions at 7 TeV, as a function of the multiplicity
of charged particles, were also calculated. In a recent article of ALICE [9] it was
shown that with the multiplicity of proton-proton collisions, the yield of strange
and multi-strange particles, normalized to the multiplicity of pions, grows strongly.
At the same time, the experimental data were poorly described by the available
models. The best agreement was demonstrated by taking into account the increase
in string tension with multiplicity. It should be noted that the increased growth of
strangeness was predicted for a long time ago in the string fusion model [10-12]. In
the present model, the e↵ects of string collectivity are e↵ectively taken into account,
so one can expect that similar strangeness enhancement can appear.

Fig. 2 shows the yields of baryons and mesons, normalized to the number of
mesons, as a function of the charged multiplicity. It can be seen that the multi-
pomeron model qualitatively correctly describes the rapid growth of the multiplicity
of strange and multi-strange baryons. The di↵erences between the model predictions
for mesons and experiment appear to be related to a number of unaccounted factors,
such as nontermal rescattering, the e↵ects of preserving total strangeness, etc., this
question requires further study.

Fig. 2. Multiplicity dependence of the strange and multi-strange particle yield divided by charged
pion multiplicity in pp-collisions at

p
s =7 TeV. Left plot – model calculation, right – experimental

data [9]).
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Figure 7: Illustration of strings from a pp event at
√
s = 7 TeV in (⃗b⊥, Y )-space before hadroniza-

tion. Notice that the string radius is set at 0.1 fm – an order of magnitude less than in the calculation
– in order to improve readability of the figure.

a coherent rope. A typical event, ready for hadronization, is shown in impact parameter

space and rapidity in figure 7. The tubes in the figure represents colour connections between

partons, and it is easy to see that real events are far from similar to the ideal situation,

and we therefore need a way to estimate the amount of interaction. We naturally expect

that strings close in transverse space should interfere more strongly than strings further

away, with a typical interaction range of the order of the confinement scale. Our main

assumption is therefore, that the degree of coherence between the strings is determined by

the overlap between the corresponding flux tubes.

Since the DIPSY-generated events provide access to space-time information of strings,

it is natural to alter the effect depending on the amount of overlap. Space-time information

is usually not available in generators for pp collisions. It is, however, normally accesable

in Molecular Dynamics Monte Carlo generators aimed for heavy ion collisions, where a

similar approach (not including all fluctuations), has been studied in ref. [19]. We expect

the coherence range (the radius of the flux tubes) to be of the order of the confinement scale,

and put it to 1 fm. One could treat it as a completely free parameter, and tune it to data

together with other free parameters, in order to give the most accurate description of data.

Since neither the method of calculation of overlap between strings, nor the connection

between this overlap and m and n (the number of uncorrelated colour and anticolour

charges in one end of the rope) is obvious from first principles, we will present two different

approaches for calculating the overlap. The first method is very crude, and approximates

all strings as straight flux tubes (”pipes”) parallel to the rapidity axis. In this pipe-based

approach, a string will be given values for m and n that are averages over the whole string,

in fact an average over the full area in transverse space covered by the string. The string

is subsequently hadronized with a single average value for κ̃, determined from m and n by

the random walk procedure.

The second method is more detailed and takes into account more fluctuations along the

string. In this dipole-based approach, a string is viewed as a chain of dipoles, connected by
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2 G. Feofilov, V. Kovalenko, A. Puchkov

2. Model description

If the pp-collision spectrum contains several types of particles, then the multiparticle
distribution of multiplicity and the transverse momentum of the prompt hadrons
should be a linear combination of the corresponding one-particle functions:

⇢(Nch, pt) = Cw

X

⌫

⇢(Nch, pt; ⌫) = (1)

= Cw

X

⌫

1X

n=1

wn(z)P (n,Nch)g⌫K(n) exp

✓
�⇡(p2t +m2

⌫)

n�t

◆
, (2)

Here wn (z) is the probability of produciton of n pomerons in an event, P (n,Nch)
probability of the emission of Nch charged particles from n as a result of hadroniza-
tion. � acceptance, the width of the (pseudo)-rapidity interval in which the particles
are emitted. K(n) is a normalization factor [6].

According to multi-pomeron model [2, 3], in the formula (2):

wn(z) =
1

n

 
1� exp(�z)

n�1X

l=0

zl

l!

!
, z =

2C�s�

R2
0 + ↵0 ln (s)

. (3)

P (n,Nch) = exp(�2nk�)
(2nk�)Nch

Nch!
. (4)

The Regge parameters used in the calculations are the following [2,3]:

� = 0.139 , ↵
0
= 0.21GeV�2 , � = 1.77GeV�2 , R2

0 = 3.18GeV�2 , C = 1.5 . (5)

The probability of the production of a primary hadron of the type ⌫ with trans-
verse momentum pt, in accordance with the modified Schwinger mechanism [1,4],
is proportional to the value

g⌫exp

 
�
⇡
�
pt2 +m⌫

2
�

n�t

!
,

where parameter m⌫ is a mass of ⌫ hadron and � this parameter is responsible
for the collectivity (e↵ectively takes into account the fusion of strings). Index ⌫ =
1, 2, 3 is from 1 to 380, with lowest value corresponding to light hardons (⌫ = 380
corresponds to ⇡0 mesons). The multiplier g⌫ takes into account the symmetry
spin factor: g⌫ = 2S⌫ + 1.

String collectivity parameter �, responsible for string collectivity, in the colli-
sion energy dependence is fixed proceeding from the description of hptiNch

� Nch

correlations in pp and pp̄ collisions. The procedure for fixing the parameters is in
detail described in the works [2, 3].
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Gregor Herten, LHCP 2015

Anisotropic Flow

5

Li Yan, Stony Brook

v2 elliptic flow 
- due to initial asymmetry

v3 and higher orders
- due to initial fluctuations

Event plane angles Ψn characterize the
direction of maximum particle density
in the event. 

1 Introduction

Azimuthal distribution of emitted particles:

dN

d�
⇠ 1 + 2

X

n

vn cos[n(�� n)],

where � is the azimuthal angle of produced particles, vn are the Fourier coe�cients, characterizing

the strength of the anisotropic flow.  n is the ’event plane’ angle, the direction of the maximum

final-state particle density.

2

Fourier transform of azimuthal angle
distribution Φ.
Fourier coefficients vn

Event plane angles Ψn 

vn	
  -­‐-­‐	
  Fourier	
  coefficients	
  
ϕ	
  –	
  	
  azimuthal	
  angle	
  
Ψn	
  -­‐-­‐	
  Event	
  plane	
  angle	
  of	
  the	
  n-­‐th	
  harmonics	
  

Flow	
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Anisotropic flow
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Anisotropic transverse flow
azimuthal distribution of particles wrt. 

plane perpendicular to the beam

anisotropic momentum distributions

azimuthal dependence can be written in 
the form of a Fourier series

the magnitude of the anisotropic flow is 
characterized by the coefficients v

n
 of 

the Fourier expansion

Roberto Preghenella
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Anisotropic transverse flow
Anisotropic flow

48

elliptical collision geometric 
anisotropic pressure gradients

anisotropy in spatial space 
converted in momentum space 

needs fluid-like collectivity 

à Anisotropy	
  in	
  spa8al	
  space	
  in	
  A-­‐A	
  collision	
  is	
  converted	
  	
  
to	
  the	
  momentum	
  anisotropy	
  	
  
à This	
  mo8vated	
  the	
  fluid-­‐like	
  collec8vity	
  approach	
  
à Fourier	
  transform	
  of	
  azimuthal	
  momentum	
  	
  distribu8on	
  	
  
with	
  anisotropic	
  flow	
  coefficients	
  vn	
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Elliptic flow of identified hadrons in small collisional systems
measured with ALICE

Vojtěch Pacı́k
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Abstract

Recent observations of long-range multi-particle azimuthal correlations in p–Pb and high multiplicity pp collisions
provided new insights into collision dynamics and opened a possibility to study collective e↵ects in these small systems.
New measurement of pT-di↵erential elliptic flow (v2) coe�cient for inclusive charged hadrons as well as a variety of
identified particle species in p–Pb collisions at

p
sNN = 5.02 TeV recorded by ALICE during the LHC Run 2 data taking

are presented. Besides high precision measurements of v2(pT) for ⇡±, K± and p(p̄), the very first results for K0
S, ⇤(⇤̄)

and � are shown. In order to eliminate non-flow contamination, a pseudorapidity separation between correlated particles
is applied as well as subtraction of remaining non-flow estimate based on a measurement of minimum-bias pp collisions
at
p

s = 13 TeV. Moreover, reported characteristic mass ordering and approximate NCQ and KET scaling of v2 allows
to test various theoretical models, constrain the initial conditions, and probe the origin of collective behavior in small
collision systems.

Keywords:

anisotropic azimuthal correlations, elliptic flow, pT-di↵erential, identified particles, small systems, p–Pb, ALICE, LHC

1. Introduction

Formation of Quark-Gluon plasma (QGP), strongly-interacting nuclear matter created under extreme
conditions such as collisions of heavy ions at the Large Hadron Collider (LHC), is well established and
supported by plethora of measurements. In such collisions, initial spacial anisotropy evolves into momentum
anisotropy by hydrodynamical expansion of the created medium. The azimuthal momentum distribution of
emitted particles can be decomposed into a Fourier expansion (1) with anisotropic flow coe�cients v

n

=
hcos n(' �  

n

)i, where ' is azimuthal angle and  
n

is symmetry plane of n-th harmonic [1].
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Ø  For	
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  ≤	
  2.5	
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  mass	
  ordering	
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v2(pT)	
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  collisions	
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  observed	
  	
  similar	
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  previous	
  results	
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Fig. 1. Results of pT-di↵erential v

sub
2 {2, |�⌘| > 0.4} of h±, ⇡±, K±, K0

S, p(p̄), � and ⇤(⇤̄) in p–Pb collisions at
p

sNN = 5.02 TeV
with non-flow subtraction performed with measurements of minimum-bias pp collisions at

p
s = 13 TeV for V0A multiplicity classes:

0-20% (left) and 20-40% (right).

mass ordering of v2(pT) is observed, which is an indication of strong radial expansion with common velocity
pushing heavier particles towards higher momenta. This trend is qualitatively consistent with the results of
hydrodynamic models [7, 8]. In the region of 2.5 < pT . 6 GeV/c, particles are grouped based on
their constituent quark content with a clear separation between the higher v2(pT) of baryons and the lower
values for mesons. In the picture of heavy-ion collision, such splitting e↵ect is usually attributed to parton
coalescence [9] or recombination mechanism of particle production [10].

To test the extent of scaling properties of the elliptic flow coe�cient originally reported by RHIC exper-
iments [11], both v2 and pT were divided by the number of constituent quarks nq (NCQ scaling). The result
of such scaling is shown in the upper row of Fig. 2. Moreover, to extend the scaling to low pT region and to
account for the observed mass hierarchy of v2, transverse kinetic energy

KET = mT � m0 =
q

p

2
T + m

2
0 � m0 (3)

is used instead of pT (KET scaling) and the results are reported in the bottom row of Fig. 2. In both cases,
all particle species show a universal trend indicating a presence of collective behavior on the partonic level
in p–Pb collisions, even though the observed scaling is only approximate.

4. Conclusion

New measurements of v2(pT) using 2-particle cumulants of both inclusive and identified charged hadrons
in p–Pb collisions at

p
sNN = 5.02 TeV using the LHC Run 2 data are presented.

The reported measurements of elliptic flow coe�cients in p–Pb collisions exhibit similar features as
previously reported results from Pb–Pb collisions [12, 13]. Specifically, they confirm the mass ordering in
the low pT region followed by the baryon/meson grouping at intermediate 2.5 < pT . 6 GeV/c together
with only approximate NCQ and KET scaling. This further supports that collective phenomena are present
in high multiplicity collisions of small systems. However, whether they are manifestations of initial or final
state e↵ects is not yet fully understood. The unprecedented precision of reported v2(pT) results presents
an invaluable tool to further constrain theoretical models, test their validity and penultimately will help to
disentangle the origin of such collectivity.

/ Nuclear Physics A 00 (2018) 1–4 3

ALI-PREL-156487 ALI-PREL-156515

Fig. 1. Results of pT-di↵erential v

sub
2 {2, |�⌘| > 0.4} of h±, ⇡±, K±, K0

S, p(p̄), � and ⇤(⇤̄) in p–Pb collisions at
p

sNN = 5.02 TeV
with non-flow subtraction performed with measurements of minimum-bias pp collisions at

p
s = 13 TeV for V0A multiplicity classes:

0-20% (left) and 20-40% (right).

mass ordering of v2(pT) is observed, which is an indication of strong radial expansion with common velocity
pushing heavier particles towards higher momenta. This trend is qualitatively consistent with the results of
hydrodynamic models [7, 8]. In the region of 2.5 < pT . 6 GeV/c, particles are grouped based on
their constituent quark content with a clear separation between the higher v2(pT) of baryons and the lower
values for mesons. In the picture of heavy-ion collision, such splitting e↵ect is usually attributed to parton
coalescence [9] or recombination mechanism of particle production [10].

To test the extent of scaling properties of the elliptic flow coe�cient originally reported by RHIC exper-
iments [11], both v2 and pT were divided by the number of constituent quarks nq (NCQ scaling). The result
of such scaling is shown in the upper row of Fig. 2. Moreover, to extend the scaling to low pT region and to
account for the observed mass hierarchy of v2, transverse kinetic energy

KET = mT � m0 =
q

p

2
T + m

2
0 � m0 (3)

is used instead of pT (KET scaling) and the results are reported in the bottom row of Fig. 2. In both cases,
all particle species show a universal trend indicating a presence of collective behavior on the partonic level
in p–Pb collisions, even though the observed scaling is only approximate.

4. Conclusion

New measurements of v2(pT) using 2-particle cumulants of both inclusive and identified charged hadrons
in p–Pb collisions at

p
sNN = 5.02 TeV using the LHC Run 2 data are presented.

The reported measurements of elliptic flow coe�cients in p–Pb collisions exhibit similar features as
previously reported results from Pb–Pb collisions [12, 13]. Specifically, they confirm the mass ordering in
the low pT region followed by the baryon/meson grouping at intermediate 2.5 < pT . 6 GeV/c together
with only approximate NCQ and KET scaling. This further supports that collective phenomena are present
in high multiplicity collisions of small systems. However, whether they are manifestations of initial or final
state e↵ects is not yet fully understood. The unprecedented precision of reported v2(pT) results presents
an invaluable tool to further constrain theoretical models, test their validity and penultimately will help to
disentangle the origin of such collectivity.

Grigory	
  Feofilov	
  (for	
  ALICE	
  Collabora8on),	
  	
  	
  
XXIVth	
  Interna8onal	
  Baldin	
  Seminar	
  ,	
  	
  
JINR,	
  Dubna,	
  September	
  17-­‐22,	
  2018	
  	
  



Ellip8c	
  flow	
  and	
  mul8-­‐par8cle	
  correla8ons	
  
for	
  	
  different	
  systems	
  

26 

	
  
	
  
	
  

	
  

	
  
	
  

	
  
| < 0.8)η (|chN

210 310

{m
}

2v

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

ALICE Preliminary
c < 3.0 GeV/

T
p0.2 < 

| < 0.8η|

pp 13 TeV p-Pb 5.02 TeV Xe-Xe 5.44 TeV Pb-Pb 5.02 TeV

3-sub
{4}2v
{6}2v

{4}2v

3-sub
{4}2v
{6}2v

{4}2v

3-sub
{4}2v
{6}2v
{8}2v

{4}2v

3-sub
{4}2v
{6}2v

2-sub
{6}2v
{8}2v

2-sub
{8}2v

ALI−PREL−153079

	
  	
  	
  Inves8ga8on	
  of	
  anisotropic	
  flow	
  using	
  mul8-­‐par8cle	
  correla8ons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  pp,	
  p-­‐Pb,	
  Xe-­‐Xe	
  and	
  Pb-­‐Pb	
  collisions	
  

New	
  results:	
  
system	
  size	
  dependence	
  of	
  v2{m}	
  	
  
on	
  mul8plicity	
  of	
  charged	
  
par8cles	
  is	
  measured	
  
	
  
	
  
Ø  Collec8ve	
  behavior	
  is	
  observed	
  
	
  in	
  mul8-­‐par8cle	
  cumulants	
  	
  
even	
  in	
  the	
  smallest	
  pp	
  and	
  	
  p-­‐Pb	
  
systems.	
  
Ø  Mul8-­‐par8cle	
  cumulants	
  

suppress	
  two-­‐par8cle	
  (non-­‐
flow)	
  correla8ons	
  	
  

Grigory	
  Feofilov	
  (for	
  ALICE	
  Collabora8on),	
  	
  	
  
XXIVth	
  Interna8onal	
  Baldin	
  Seminar	
  ,	
  	
  
JINR,	
  Dubna,	
  September	
  17-­‐22,	
  2018	
  	
  



	
  	
  	
  	
  	
  	
  Ellip8c	
  flow	
  of	
  D0,	
  D+,	
  D∗+	
  and	
  D+
s	
  	
  

	
  	
  	
  	
  	
  	
  	
  in	
  Pb-­‐Pb	
  collisions	
  	
  	
  

27 

	
  
	
  
	
  

	
  

	
  
	
  

	
  

	
  
	
  

	
  	
  
	
  	
  

Phys.	
  Rev.	
  Lec.	
  120,	
  102301	
  (2018)	
  	
  
D-meson azimuthal anisotropy in Pb–Pb collisions at

p
sNN = 5.02 TeV ALICE Collaboration

)c (GeV/
T

p

0 2 4 6 8 10 12 14 16 18 20 22 24

2
v

0.1−

0

0.1

0.2

0.3

0.4 |<0.8y average, |
+

, D*
+

, D
0

D

 = 5.02 TeV
NN

s, |>0.9}η∆{EP, |2v

 = 2.76 TeV
NN

s, |>0}η∆{EP, |2v

PRL 111 (2013) 102301

 

 = 2.76 TeV
NN

s|<0.5, y, |±π

, JHEP 06 (2015) 190|>0.9}η∆{SP, |2v

, PLB 719 (2013) 18|>2}η∆{EP, |2v

Syst. from data

Syst. from B feed-down

ALICE

Pb−50% Pb−30

Figure 2: Average of D0, D+ and D⇤+ v2 as a function of pT at
p

sNN = 5.02 TeV, compared with the same
measurement at

p
sNN = 2.76 TeV [34] and to the p± v2 measured with the EP method [63,64] and with the scalar

production (SP) method [65].

)c (GeV/
T

p

0 2 4 6 8 10 12 14 16 18 20 22 24

|>
0
.9

}
η

∆
{E

P
, 
|

2
v

0

0.1

0.2

0.3

 average
+

, D*
+

, D
0

D

Syst. from data

Syst. from B feed-down

LBT
BAMPS el.+rad.
BAMPS el.

TAMU
PHSD
POWLANG HTL
MC@sHQ+EPOS2

 = 5.02 TeV
NN

sPb, −50% Pb−30

|<0.8y| ALICE
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common pT interval (1–16 GeV/c) and it is lower in the interval below 4 GeV/c, the difference reaching
about 2 s in 2–4 GeV/c, where a mass ordering of v2 is observed for light-flavor hadrons and described
by hydrodynamical calculations [65].

In Fig. 3, the average v2 of the three non-strange D-meson species is compared with theoretical calcu-
lations that include a hydrodynamical model for the QGP expansion (models that lack this expansion
underestimated the D-meson v2 measurements at

p
sNN = 2.76 TeV in 2 < pT < 6 GeV/c [35]). The

BAMPS-el [45], POWLANG [46] and TAMU [39] calculations include only collisional (i.e. elastic)
interaction processes, while the BAMPS-el+rad [45], LBT [47], MC@sHQ [44] and PHSD [43] calcu-
lations also include energy loss via gluon radiation. All calculations, with the exception of BAMPS, in-
clude hadronization via quark recombination, in addition to independent fragmentation. The MC@sHQ
and TAMU results are displayed with their theoretical uncertainty band. All calculations provide a fair
description of the nuclear modification factor of D mesons in central Pb–Pb collisions at

p
sNN = 2.76 TeV
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Ø  Low-­‐momentum	
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Fig. 3. The top plots show our measurements of D0, K0
S , ⇤, ⌅�, and ⌦� v2 vs pT in pPb (left) and PbPb (Right). The bottom plots,

motivated by NCQ scaling, show the v2/nq vs the transverse energy KET /nq in pPb (left) and PbPb (right) [8].

4. Summary

We have presented the CMS measurements of D0 RAA in PbPb and v2 in pPb collisions. A strong
suppression of D0 mesons is observed in the whole kinematic range probed, from 2 to 100 GeV/c. The first
measurement of D0 v2 in pPb shows a significant D0 v2 in high multiplicity pPb collisions. The D0 v2 is
smaller than strange hadrons in pPb collisions, which suggests a weaker coupling of charm quarks to the
small systems created in pPb collisions compared to strange quarks.
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  quarks	
  	
  to	
  small	
  systems	
  -­‐?	
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7

Ø  Loosely	
  bound	
  states	
  such	
  as	
  the	
  deuteron	
  
and	
  hypertriton	
  and	
  their	
  an8-­‐par8cles	
  
have	
  been	
  observedin	
  Pb–Pb	
  collisions	
  	
  

	
  	
  	
  	
  	
  	
  	
  at	
  a	
  centre-­‐of-­‐mass	
  energy	
  	
  
	
  	
  	
  	
  	
  	
  	
  per	
  nucleon	
  pair	
  of	
  2.76	
  TeV.	
  
Ø  Direct	
  measurement	
  	
  
confirm	
  CPT	
  invariance	
  	
  
in	
  systems	
  bound	
  by	
  nuclear	
  forces.	
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(anti-)hyper-triton in Pb-Pb collisions at 5.02 TeV
anti-hyper-tritonn

à Yields of heavy and fragile objects 
such as (anti-)(hyper-)nuclei in 
agreement with thermal-statistical 
model predictions at chemical freeze-
out.

à No re-scattering of anti-nuclei in 
hadronic phase despite large 
dissociation cross-section.

à Final-state coalescence after kinetic 
freeze-out requires more detailed 
modeling: naive coalescence 
(S3 ≈ 1) does not describe data. 20S. Trogolo, Tue 16:00
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Ø  The	
  values	
  of	
  the	
  mass-­‐	
  over-­‐charge	
  
and	
  binding	
  energy	
  are	
  iden8cal	
  	
  for	
  
nuclei	
  and	
  an8-­‐nuclei	
  

Ø  The	
  yields	
  of	
  nuclei	
  and	
  of	
  the	
  hypertriton	
  are	
  quan8ta8vely	
  reproduced	
  
within	
  a	
  thermal	
  model	
  calcula8ons	
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Production of 4He and 4He ALICE Collaboration
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Fig. 1: Velocity b measured with the TOF detector as a function of the rigidity p/z. For this figure a selection
band of -1.5 to 3s around the mean of the TPC specific energy-loss distribution is required. Negatively (positively)
charged particles are shown on the left (right) side, with positive tracks in blue and negative tracks in green. The
dashed vertical line represents the cut on the rigidity p/z = 2 GeV/c (applied only for positively charged particles).
The insert shows the m
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2 distributions obtained from the data points shown in the main figure. For details, see
text.

order of 10, which is added as a systematic uncertainty.

The small number of clear signal counts observed by combining the TPC and TOF information does
not give any indication of background. In order to estimate an upper limit on the background counts
from mismatched tracks in the TOF detector underneath the 4He or 4He peak in the TOF mass window,
a likelihood fit under the assumption of a flat background is performed in the dE/dx versus bg plane
outside the ±3s matching band. In this way, background candidates are identified as mismatched parti-
cles. (These are usually rejected and only used for this purpose.) Due to limited statistics, this procedure
cannot be used if a stronger selection criterion is applied for the TPC dE/dx selection, since no 4He or
4He candidates are left to apply this technique. For these particular cases, we assume a constant ratio of
3He to background counts and use this to estimate the number of 4He background.

The background stemming from misidentification of (anti-)3He as (anti-)4He is estimated to be more
than one order of magnitude smaller than the one from the mismatch of TPC tracks when extrapolated to
the TOF detector and is therefore considered to be negligible. The estimated background decreases with
more stringent TPC dE/dx cuts. The signal-to-background ratio improves depending on the tightness of
the dE/dx cut from 1.7 to 8.4 for 4He and from 1.7 to 17.6 for 4He.

To estimate the efficiency for the detection of 4He and 4He, a Monte Carlo simulation is generated in
which the kinematical distributions of the particles are generated flat both in rapidity y and in transverse
momentum pT. The shape of pT spectra in heavy-ion collisions is typically described by a blast-wave

4

Produc8on	
  of	
  4He	
  and	
  an8-­‐4He	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  Pb–Pb	
  collisions	
  at	
  √sNN	
  =	
  2.76	
  TeV	
  

Production of 4He and 4He ALICE Collaboration

with the charged-particle multiplicity dNch/dh . This procedure has already been tested to work well for
the (anti-)hypertriton production [2]. In addition, d/p and 3He/p ratios are measured to be approximately
flat versus multiplicity within uncertainties[1]. Thus, for each centrality class, the number of analysed
events is multiplied by the corresponding measured charged-particle density dNch/dh [17]. If this is
added up and divided by the total number of measured events it leads to a weighting factor of 1034. To get
the final yield in the 0-10% centrality class the measured yield is multiplied with the dNch/dh for 0-10%
centrality (1447.5) and divided by the weighting factor, as dN/dy0�10% = dN/dy

measured

⇥1447.5/1034.

This leads to final values of dN/dy4He = (0.8±0.4 (stat)±0.3 (syst))⇥10�6 for 4He and dN/dy4He =
(1.1±0.4 (stat)±0.2 (syst))⇥10�6 for 4He. For the ratio 4He/4He we obtain 1.4±0.8(stat)±0.5(syst)
(”stat” and ”syst” indicate the statistical and the systematic uncertainty).

The measured yields in the 0-10% centrality interval are shown in Fig. 2 together with those of (anti-)protons,
(anti-)deuterons and (anti-)3He [1, 27] (details on the extrapolation to 0-10% centrality can be found
in [10]). The blue lines are exponential fits with the fit function Ke

BA resulting in B =�5.8±0.2, which
corresponds to a penalty factor (suppression factor of production yield for nuclei with one additional
baryon) of around 300. The same penalty factor is also obtained if the fit is done up to 3He only [1].

A
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Fig. 2: dN/dy for protons (A=1) up to 4He (A=4) and the corresponding anti-particles in central (0-10%) Pb–Pb
collisions at

p
sNN = 2.76 TeV. The blue lines are fits with an exponential function. Statistical uncertainties are

shown as lines, whereas the systematic uncertainties are represented by boxes.

The obtained penalty factor of around 300 for each additional nucleon is consistent with Tchem ⇡ 160
MeV in the equilibrium thermal models. The measured yields for 4He and 4He nuclei are consistent
with the predictions from the various (equilibrium) thermal models (THERMUS [34], GSI [5, 35] and
SHARE [36–38]) with Tchem = 156 MeV, as shown in Fig. 3 for complete statistical thermal model fits
using the available light flavour data measured by the ALICE Collaboration. The fits in Fig. 3 extend
the simple exponential model (Fig. 2) by incorporating degeneracy factors for all particles. If instead of
all listed particles only nuclei (deuterons, 3He and 4He and 4He) are considered for the fit, the resulting
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Velocity	
  β	
  as	
  a	
  func8on	
  of	
  the	
  rigidity	
  p/z.	
  	
  
Ø  Yields	
  agree	
  with	
  the	
  thermal	
  model	
  
Ø  Decrease	
  by	
  roughly	
  a	
  factor	
  300	
  per	
  extra	
  baryon	
  
Ø  	
  The	
  yield	
  of	
  exo8c	
  Λ ︎n	
  and	
  Λ︎Λ︎	
  	
  should	
  be	
  also	
  	
  

predicted	
  by	
  thermal	
  model	
  and	
  with	
  a	
  high	
  yield	
  (?)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  …see	
  the	
  experimental	
  data	
  	
  	
  	
  	
  à	
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Ø  ALICE	
  	
  results	
  do	
  not	
  support	
  	
  the	
  existence	
  of	
  the	
  H-­‐dibaryon	
  	
  	
  and	
  the	
  ∧︎n	
  bound	
  state.	
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  and	
  Pb-­‐Pb	
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The	
  coalescence	
  parameter	
  BA:	
  

(Anti-)deuteron production in pp collisions at
p
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Fig. 17: Coalescence parameter B2 as a function of transverse momentum per nucleon for each multiplicity class.

computation of the coalescence parameter BA, which relates the production of light nuclei to that of its374

constituents:375

1
2p pA

T

d2NA

dydpA
T
= BA

✓
1

2p pp
T

d2Np

dydpp
T

◆A

, pp
T = pA

T/A (15)

where A is the number of mass number of the nuclei and the neutrons and protons are assumed to have376

equal transverse momentum spectra, since the former cannot be measured. The B2 has been computed377

both for deuterons and anti-deuterons as a function of transverse momentum per nucleon pT/A. The378

results are reported in figure 17.379

The values of B2 obtained for the deuterons and the anti-deuterons do not show significant differences.380

In the same figure it is possible to see a dependence of the coalescence parameter on the charged particle381

multiplicity. In particular, in figures 18, 19 and 20 one can see that the B2 is slightly decreasing with the382

charged particle multiplicity, in agreement with previous measurements.383

2.4 Deuteron over proton ratio384

In figure 21 the ratio between the pT integrated yields of the deuterons and of the protons is reported.385

Within the uncertainties, the results are in agreement with those of previous analyses in different systems386

[8, 11, 7, 12, 6]. The increase of the d/p ratio can be explained as a simple increase in the production of387

nucleons in the collisions and this behaviour is seen also in p-Pb collisions and in the lowest-multiplicity388

Pb-Pb collisions. However, in more complex coalescence models also the volume of the source must be389

considered and the increase of the d/p ratio is rather explained as an increase in the nucleon density with390

	
  
	
  

	
  

)c/A (GeV/
T
p

0.5 1 1.5 2 2.5 3

)3 c/2
 (G

eV
2

B

4−10

3−10

2−10

1−10
0-5% 5-10% 10-20% 20-30%
30-40% 40-50% 50-60% 60-70%
70-80% 80-90%

ALICE Preliminary
| < 0.5ydeuterons, |

 = 13 TeVspp INEL 

 = 5.02 TeVNNsPb-Pb 

INEL normalisation uncertainty: 2.55%

ALI−PREL−130476

| < 0.5
lab

η|
 〉

lab
η / d

ch
Nd〈

1 10 210 310
)p

2d
 / 

(p
 +

 
0

1

2

3

4

5

6
3−10×

ALICE Preliminary = 5.02 TeVNNsALICE, p-Pb, 
V0A Multiplicity Classes (Pb-side)

 = 13 TeVsALICE, pp INEL, 
 = 5.02 TeVNNsALICE, Pb-Pb, 

 = 2.76 TeV (PRC 93 (2015) 024917)NNsALICE, Pb-Pb, 
 = 7 TeV (PRC 93 (2015) 024917)sALICE, pp INEL, 

ALI−PREL−130492-­‐-­‐	
  	
  an8-­‐2D	
  

(anti-)hyper-triton in Pb-Pb collisions at 5.02 TeV
anti-hyper-tritonn

à Yields of heavy and fragile objects 
such as (anti-)(hyper-)nuclei in 
agreement with thermal-statistical 
model predictions at chemical freeze-
out.

à No re-scattering of anti-nuclei in 
hadronic phase despite large 
dissociation cross-section.

à Final-state coalescence after kinetic 
freeze-out requires more detailed 
modeling: naive coalescence 
(S3 ≈ 1) does not describe data. 20S. Trogolo, Tue 16:00
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Deuteron	
  coalescence	
  parameter	
  B2	
  	
  
as	
  func8on	
  of	
  pT/A	
  in	
  Pb-­‐Pb	
  

Ø  d/p	
  ra8o	
  as	
  a	
  func8on	
  of	
  the	
  charged	
  par8cle	
  mul8plicity	
  in	
  different	
  
collision	
  systems	
  (pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb)	
  at	
  different	
  energies	
  is	
  in	
  
qualita8ve	
  agreement	
  with	
  the	
  expecta8on	
  from	
  the	
  coalescence	
  model	
  

Ø  (an8-­‐)deuteron	
  forma8on	
  mechanism	
  is	
  not	
  fully	
  understood	
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Future:	
  LHC	
  Schedule	
  and	
  upgrades	
  
PHASE	
  I	
  Upgrade	
  
ALICE,	
  LHCb	
  major	
  upgrade	
  
ATLAS,	
  CMS	
  ‚minor‘	
  upgrade	
  

PHASE	
  II	
  Upgrade	
  
ATLAS,	
  CMS	
  major	
  upgrade	
  

Heavy	
  Ion	
  Luminosity	
  
from	
  1027	
  to	
  7	
  x1027	
  	
  

HL-­‐LHC,	
  pp	
  luminosity	
  	
  
from	
  1034	
  (peak)	
  to	
  5	
  x1034	
  (levelled)	
  	
   34	
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Upgrade of the ALICE  
          Inner Tracking System for RUN3 
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Ø  New, high-resolution, low-material ITS 
à Produc5on	
  of	
  heavy	
  flavours	
  and	
  study	
  of	
  early	
  stages	
  	
  of	
  heavy-­‐ion	
  collisions	
  
à Probe	
  for	
  study	
  thermaliza5on	
  of	
  QGP	
  
à Understanding	
  of	
  charmonium	
  produc5on	
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Ø  Acces to the larger hyper-nuclei (which have a larger radius and can be used to further 
probe the baryon formation mechanism ) 



Summary	
  

The	
  main	
  observa8ons	
  in	
  mul8-­‐par8cle	
  produc8on	
  in	
  hadron	
  collisions:	
  
Ø  Mass	
  dependent	
  hardening	
  of	
  par8cle	
  spectra	
  with	
  centrality.	
  
Ø  Enhanced	
  produc8on	
  rates	
  of	
  strange	
  hadrons	
  with	
  respect	
  to	
  pions.	
  	
  
Ø  Smooth	
  behavior	
  of	
  par8cle	
  ra8os	
  vs.	
  <dNch/dη>	
  regardless	
  of	
  colliding	
  system	
  

and	
  energy.	
  	
  
Ø  Indica8ons	
  for	
  collec8vity	
  effects	
  in	
  small	
  systems	
  similar	
  to	
  nucleus-­‐nucleus	
  

collisions	
  
Ø  Measurements	
  of	
  	
  strange	
  and	
  mul8-­‐strange	
  baryon	
  produc8on	
  confirm	
  	
  the	
  

strangeness	
  enhancements	
  in	
  heavy-­‐ion	
  collisions	
  at	
  the	
  LHC	
  with	
  respect	
  to	
  the	
  
smaller	
  systems.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

However,	
  	
  the	
  microscopic	
  origin	
  of	
  enhanced	
  strangeness	
  produc8on	
  and	
  
collec8vity	
  in	
  small	
  systems	
  is	
  	
  s8ll	
  not	
  known.	
  	
  
Ø  Results	
  on	
  nuclei	
  and	
  hypernuclei	
  produc8on,	
  measured	
  in	
  Pb-­‐Pb	
  collisions	
  at	
  

√sNN	
  =	
  5.02	
  TeV	
  and	
  pp	
  collisions	
  	
  at	
  √s	
  =	
  13	
  TeV,	
  could	
  be	
  described	
  by	
  thermal	
  
(Pb-­‐Pb,	
  p-­‐Pb)	
  and	
  coalescence	
  	
  (pp,	
  p-­‐Pb)	
  	
  models.	
  	
  

However,	
  the	
  produc8on	
  mechanism	
  of	
  light	
  (an8-­‐)nuclei	
  in	
  ultra-­‐rela8vis8c	
  
collisions	
  is	
  an	
  open	
  ques8on	
  in	
  high-­‐energy	
  physics.	
  
Ø  The	
  ALICE	
  upgrade	
  prepara8ons	
  are	
  well	
  on-­‐track	
  	
  for	
  new	
  high-­‐precision	
  studies	
  

aoer	
  2020.	
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Inner	
  Tracking	
  System	
  (ITS)	
  |η|<0.9	
  
Time	
  Projec5on	
  Chamber	
  (TPC)|η|<0.8	
  	
  
TOF-­‐-­‐	
  	
  |η|<0.9,	
  Δϕ:	
  45o-­‐135o	
  	
  
HMPID	
  	
  -­‐-­‐	
  |η|<0.6,	
  Δϕ=100o,	
  	
  
TRD	
  -­‐-­‐	
  |η|<0.84;	
  	
  	
  	
  	
  	
  MUON	
  -­‐-­‐	
  2.5<η<4 	
  	
  
V0	
  detector	
  	
  -­‐-­‐	
  2.8<η<5.1,	
  -­‐3.7<η<-­‐1.7	
  

 

	
  

	
  
	
  

•  .	
  

Calorimeters:	
  
PHOS	
  –	
  (|η|<0.12,	
  Δϕ=100o):	
  γ	
  (0.5-­‐10	
  	
  GeV/c),	
  
π0(1-­‐10	
  	
  GeV/c)	
  ,	
  η(2-­‐10	
  	
  GeV/c)	
  
EMCAL	
  –	
  |η|<0.7,	
  Δϕ=107o:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  jets,	
  γ,	
  π0	
  (<30	
  GeV/c)	
  	
  
ZDC	
  –	
  the	
  	
  event	
  selec8on	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ALICE	
  
is	
  op5mized	
  for	
  	
  
Heavy-­‐Ion	
  Physics:	
  
Ø  dn/dy	
  in	
  Pb-­‐Pb:	
  

up	
  to	
  2000	
  	
  	
  
Ø  PID:	
  	
  
	
  	
  	
  	
  	
  	
  pT	
  >	
  0.2	
  GeV/c	
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How do we study bulk QCD matter? 

•  We can heat and/or compress a large volume of QCD matter 
•  Done in the lab by colliding heavy nuclei at high energies 

Pb208 

Pb208 π+ 

π� p 

Genova 31-10-16 Giuseppe E. Bruno 14 

Npart	
  –	
  nucleons-­‐	
  par8cipants	
  
Npart	
  –	
  nucleons-­‐	
  par8cipants	
  
Ncoll	
  -­‐-­‐	
  	
  #	
  of	
  nn	
  collisions	
  
	
  
	
  
Impact	
  parameter	
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Fig. 1: Upper panel: Distribution of the sum of amplitudes in the V0 scintillators. The distribution is fitted with
the NBD-Glauber model, shown as a line. A few centrality class examples are indicated in the figure. The inset
shows a zoom of the most peripheral region. Lower panel: Ratio of the V0M data distribution by the distribution
obtained from the NBD fit.

The V0 amplitude distribution is simulated for an ensemble of events and for various values of the NBD
parameters µ , k, and the Nancestors parameter f . A minimization procedure is applied to find the parame-
ters which result in the smallest c2, also shown in Fig. 1. The fit is performed for V0 amplitudes large
enough so that the purity of the event sample (no contamination from electromagnetic processes) and the
efficiency of the event selection are both 100%. In practice we remove from the fit the most peripheral
90-100% class. We note that the high multiplicity tail, which is quite sensitive to fluctuations and the
detector resolution not implemented in the model, is not perfectly well described.

Table A.1 reports the mean number of participants hNparti and collisions hNcolli, and the mean nuclear
thickness function hTXeXei for centrality classes defined by sharp cuts in the simulated V0 distribution.
The standard deviation of these distributions is a measure of the magnitude of the dispersion of the
quantities. The systematic uncertainties on the mean values are obtained by independently varying the
parameters of the Glauber model within their estimated uncertainties and repeating the NBD-Glauber fit.

Figure 2 shows the resulting variations of Npart and Ncoll for Xe–Xe collisions at
p

sNN= 5.44 TeV. The
total systematic uncertainty reported in Table A.1 was obtained by adding all deviations observed in
Fig.2 in quadrature. Table A.2 shows for comparison the geometrical values obtained for centrality
classes defined by sharp cuts in impact parameter, denoted by hNgeo

parti and hNgeo
colli. In general the values

of hNgeo
parti and hNmult

part i are very similar in 0-80%, while they differ by over 60% for the most peripheral
80-100%.

It was already discussed in detail (see e.g. [21]) that whenever multiplicities are small, as for instance
in p–Pb, fluctuations may have a significant impact in event selection, so that a centrality classification
based on multiplicity may select a sample of nucleon-nucleon collisions which is biased compared to a
sample defined by cuts on the impact parameter b. This selection bias can be quantified using the Glauber
fit itself. Figure 3 shows the ratio between the average multiplicity per average participant (or ancestor)
and the average multiplicity µ of the NBD, as a function of centrality. In p–Pb collisions the ratio differs
from unity for all centralities with large deviations for the most central and most peripheral collisions.
In Pb–Pb collisions, where multiplicity fluctuations at fixed b are small compared to total multiplicity,

The	
  Glauber	
  Monte	
  Carlo	
  
independent	
  emiUers:	
  	
  

N
ancestors	
  

=	
  f	
  ·∙	
  N
part	
  

+	
  (1	
  −	
  f	
  )	
  ·∙	
  N
coll	
  	
  

Npart,	
  Ncoll	
  	
  

ALICE	
  Centrality	
  Es5mators:	
  
Ø  Mul5plicity—in	
  VO	
  
Ø  Energy	
  of	
  Spectators	
  -­‐-­‐	
  in	
  ZDC	
  

	
  Centrality	
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  Λc	
  in	
  pp	
  collisions	
  	
  at	
  7	
  TeV	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  p-­‐Pb,	
  collisions	
  at	
  5.02	
  TeV	
  
	
  
	
  	
  
	
  

Ø  Λ+
c	
  /D0	
  ra8o	
  is	
  sensi8ve	
  to	
  	
  the	
  c-­‐quark	
  hadronisa8on	
  	
  mechanism	
  

Ø  GM-­‐VFNS	
  perturba8ve	
  QCD	
  calcula8ons	
  	
  underpredict	
  the	
  measured	
  
values	
  by	
  a	
  factor	
  of	
  2.5.	
  	
  

Ø  PYTHIA	
  with	
  CR	
  –	
  in	
  a	
  beUer	
  agreement	
  to	
  the	
  data	
  	
  
Ø  DIPSY	
  and	
  HERWIG	
  -­‐-­‐	
  	
  significantly	
  lower	
  values	
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Fig. 9: Prompt L+
c baryon pT-differential cross section (average among different decay modes and analyses) in pp

collisions at
p

s = 7 TeV in the transverse momentum interval 1 < pT < 8 GeV/c (left) and in p–Pb collisions at
p

sNN = 5.02 TeV in the transverse momentum interval 2 < pT < 12 GeV/c (right). The statistical uncertainties
are shown as error bars and the systematic uncertainties are shown as boxes. See text for details of the procedure to
average the different decay channel measurements reported in Fig. 8. Comparisons with GM-VFNS calculations [1,
2], POWHEG event generator [9] and with Lansberg and Shao predictions [94] for p–Pb (see text for details) are
also shown.

values by a similar amount as observed in pp collisions. The Lc cross section is also compared with
a calculation [94], based on a data-driven modelling of the scattering at the partonic level, specifically
designed to evaluate the impact of the nuclear modification of the gluon density on heavy-flavor hadrons.
The tool is based on the HELAC-Onia package [95,96], originally developed for heavy-quarkonium stud-
ies, recently extended to heavy-flavor mesons and baryons. Differently from other calculations shown
in Fig. 9, this is therefore a prediction for p–Pb collisions based on pp data. Specifically the authors
constrained their parameterisation of the cross section to the LHCb measurements of Lc production in
pp collisions at

p
s = 7 TeV and 2 < y < 4.5 [52] and they folded it with the nuclear modification of the

PDFs from EPS09NLO. This model undepredicts our measurement by a factor two.

6.2 L+
c /D0 baryon-to-meson ratio

The L+
c /D0 production ratio is sensitive to hadronisation mechanisms in the charm sector. For the D0

cross section we use the ALICE measurements [7, 27]. The L+
c /D0 ratio is computed by integrating the

pT-differential cross sections of Lc and D0 (both obtained as an average of particles and anti-particles)
over their common pT interval, namely 1 < pT < 8 GeV/c for pp collisions and 2 < pT < 12 GeV/c
for p–Pb collisions. In the integration, the systematic uncertainty due to the raw-yield extraction in the
hadronic decay analyses L+

c ! pK�p+ and L+
c ! pK0

S were assumed to be fully uncorrelated between
pT intervals, and the rest of the uncertainty sources were assumed to be fully correlated between pT
intervals. In the L+

c /D0 ratio, the uncertainties due to the tracking efficiency, the beauty feed-down, and
the luminosity were assumed to be fully correlated between the L+

c and D0 cross sections, and all other
sources were assumed to be fully uncorrelated. The resulting baryon-to-meson ratio L+

c /D0 measured in

22
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Fig. 11: The L+
c /D0 ratio measured in pp and p–Pb collisions by ALICE as a function of pT (left) and as a function

of y for 2 < pT < 8 GeV/c (right). The measurements from pp collisions are compared with different event
generators (quoted tunes for PYTHIA and DIPSY taken respectively from [17] and [18]). The p–Pb measurement
as a function of pT is also compared with calculations from Lansberg and Shao [94]. The predictions from event
generators as a function of y are also compared with the LHCb measurement [52, 97].

6.3 Lc-baryon nuclear modification factor in p–Pb collisions at psNN = 5.02 TeV

The nuclear modification factor RpPb of Lc baryons was calculated from the results presented in Sec. 6.1
by dividing the pT-differential prompt production cross section in p–Pb collisions at

p
sNN = 5.02 TeV

by that in pp collisions corrected for the different centre-of-mass energy and rapidity coverage of the pp
and p–Pb measurements and multiplied by the mass number A = 208.

In particular, the cross section in pp collisions measured at
p

s = 7 TeV and |y| < 0.5 was scaled in
each pT interval to

p
s = 5.02 TeV and �0.96 < y < 0.04 using a factor f

p
s,y

FONLL calculated with FONLL
perturbative QCD calculations [4], following a similar procedure to the D-meson RpPb measurement [27]:

RpPb =
1
A

ds5TeV
pPb /dpT

f
p

s,y
FONLL(pT) ·ds7TeV

pp /dpT

✓
f
p

s,y
FONLL(pT) =

ds5TeV
FONLL/dpT

ds7TeV
FONLL/dpT

◆
, (7)

with FONLL cross sections calculated at 7 TeV in |y|< 0.5, and at 5.02 TeV in �0.96 < y < 0.04. The
uncertainties on the scaling factor are calculated by consistently varying the charm-quark mass, the PDF,
and the factorisation and renormalisation scales in the calculations at the two energies.

The fragmentation function of charm quarks into Lc baryons is not well known. However, it has been
verified that changing the fragmentation function does not change the scaling factor significantly: the
f
p

s,y
FONLL values obtained from FONLL calculations for D0, D+ and D⇤+ vary by less than 1%. For

this reason, the D+ production cross section ratio from FONLL was chosen for the central values of
f
p

s,y
FONLL(pT), and the uncertainty was estimated by varying the fragmentation function. The bare c-quark

cross section from FONLL defines the upper uncertainty of the scaling factor, as the “hardest” fragmen-
tation case, where it is assumed that all the momentum of the c quark is carried by the Lc. The c-quark
cross section from FONLL, convolved with a fragmentation function modelled using the Peterson pa-
rameterisation [99] with e = 0.1, defines the lower uncertainty of the scaling factor as the “softest” case.
For both limits, the associated uncertainties from FONLL were included. These two scenarios were cho-
sen to encompass the values reported by the PDG review for charm- and beauty-quark fragmentation for
different models of hard radiation [12]. It has also been verified that the L+

c / D0 ratio obtained using
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Ø  Par8cle	
  momentum	
  anisotropy	
  in	
  direc8ons	
  transverse	
  to	
  the	
  beam	
  	
  
Ø  Fourier	
  components	
  Vn ︎	
  ≡	
  ⟨cos(n ︎φ)⟩	
  are	
  extracted	
  from	
  the	
  long-­‐range	
  φ)⟩	
  are	
  extracted	
  from	
  the	
  long-­‐range	
  

azimuthal	
  correla8on	
  func8ons	
  	
  
Ø  ∆η	
  gap	
  may	
  be	
  introduced	
  between	
  the	
  correlated	
  par8cles	
  to	
  eliminate	
  the	
  role	
  	
  
	
  	
  	
  	
  	
  	
  	
  of	
  short-­‐range	
  contribu8on	
  (e.g.	
  in	
  studies	
  of	
  flow	
  of	
  par8cles)	
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First measurements, in particular of v3 and v5 have been reported
recently [17,31,41].

These higher-order harmonics contribute to the previously-
described structures observed in trigger-associated particle corre-
lations via the expression

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2vn
(

pt
T

)
vn

(
pa

T

)
cos(n!φ). (2)

Similarly, the measured anisotropy from two-particle correla-
tions at harmonic order n is given by Vn!:

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2Vn!

(
pt

T , pa
T

)
cos(n!φ). (3)

In this Letter, we present a measurement of the Vn! coeffi-
cients from triggered, pseudorapidity-separated (|!η| > 0.8) pair
azimuthal correlations in Pb–Pb collisions in different central-
ity classes and in several transverse momentum intervals. Details
of the experimental setup and analysis are described in Sec-
tions 2 and 3, respectively. The goal of the analysis is to quan-
titatively study the connection between the measured two-particle
anisotropy Vn! of Eq. (3) and the inclusive-particle harmonics
of Eq. (2). Specifically, we check whether a set of single-valued
vn(pT ) points can be identified that describe the measured long-
range anisotropy via the relation vn(pt

T )vn(pa
T ) = Vn!(pt

T , pa
T ). If

so, Vn! is said to factorize into single-particle Fourier coefficients
within the relevant pt

T , pa
T region. This relationship is tested for

different harmonics n and in different centrality classes by per-
forming a global fit (GF) over all pt,a

T bins (see Section 4). The
global fit procedure results in the coefficients vn{GF}(pT ) that best
describe the anisotropy given by the Vn!(pt

T , pa
T ) harmonics as

vn{GF}(pt
T )× vn{GF}(pa

T ). The resulting vn{GF} values for 1 < n ! 5
are presented in Section 5. A summary is given in Section 6.

2. Experimental setup and data analysis

The data used in this analysis were collected with the ALICE de-
tector in the first Pb–Pb run at the LHC (November 2010). Charged
particles are tracked using the Time Projection Chamber (TPC),
whose acceptance enables particle reconstruction within −1.0 <
η < 1.0. Primary vertex information is provided by both the TPC
and the silicon pixel detector (SPD), which consists of two cylindri-
cal layers of hybrid silicon pixel assemblies covering |η| < 2.0 and
|η| < 1.4 for the inner and outer layers, respectively. Two VZERO
counters, each containing two arrays of 32 scintillator tiles and
covering 2.8 < η < 5.1 (VZERO-A) and −3.7 < η < −1.7 (VZERO-C),
provide amplitude and time information for triggering and central-
ity determination. The trigger was configured for high efficiency to
accept inelastic hadronic collisions. The trigger is defined by a co-
incidence of the following three conditions: i) two pixel hits in
the outer layer of the SPD, ii) a hit in VZERO-A, and iii) a hit in
VZERO-C.

Electromagnetically induced interactions are rejected by requir-
ing an energy deposition above 500 GeV in each of the Zero Degree
Calorimeters (ZDCs) positioned at ±114 m from the interaction
point. Beam background events are removed using the VZERO and
ZDC timing information. The combined trigger and selection effi-
ciency is estimated from a variety of Monte Carlo (MC) studies.
This efficiency ranges from 97% to 99% and has a purity of 100%
in the 0–90% centrality range. The dataset for this analysis in-
cludes approximately 13 million events. Centrality was determined
by the procedure described in Ref. [42]. The centrality resolution,
obtained by correlating the centrality estimates of the VZERO, SPD
and TPC detectors, is found to be about 0.5% RMS for the 0–10%

most central collisions, allowing centrality binning in widths of 1
or 2 percentiles in this range.

This analysis uses charged particle tracks from the ALICE TPC
having transverse momenta from 0.25 to 15 GeV/c. The momen-
tum resolution σ (pT )/pT rises with pT and ranges from 1–2%
below 2 GeV/c up to 10–15% near 15 GeV/c, with a negligible
dependence on occupancy. Collision vertices are determined using
both the TPC and SPD. Collisions at a longitudinal position greater
than 10 cm from the nominal interaction point are rejected. The
closest-approach distance between each track and the primary ver-
tex is required to be within 3.2 (2.4) cm in the longitudinal (radial)
direction. At least 70 TPC pad rows must be traversed by each
track, out of which 50 TPC clusters must be assigned. In addition,
a track fit is applied requiring χ2 per TPC cluster ! 4 (with 2 de-
grees of freedom per cluster).

3. Two-particle correlation function and Fourier analysis

The two-particle correlation observable measured here is the
correlation function C(!φ,!η), where the pair angles !φ and
!η are measured with respect to the trigger particle. The corre-
lations induced by imperfections in detector acceptance and effi-
ciency are removed via division by a mixed-event pair distribu-
tion Nmixed(!φ,!η), in which a trigger particle from a particular
event is paired with associated particles from separate events. This
acceptance correction procedure removes structure in the angu-
lar distribution that arises from non-uniform acceptance and effi-
ciency, so that only physical correlations remain. Within a given
pt

T , pa
T , and centrality interval, the correlation function is defined

as

C(!φ,!η) ≡ Nmixed

Nsame
× Nsame(!φ,!η)

Nmixed(!φ,!η)
. (4)

The ratio of mixed-event to same-event pair counts is included as
a normalization prefactor such that a completely uncorrelated pair
sample lies at unity for all angles. For Nmixed(!φ,!η), events are
combined within similar categories of collision vertex position so
that the acceptance shape is closely reproduced, and within sim-
ilar centrality classes to minimize effects of residual multiplicity
correlations. To optimize mixing accuracy on the one hand and sta-
tistical precision on the other, the event mixing bins vary in width
from 1 to 10% in centrality and 2 to 4 cm in longitudinal vertex
position.

It is instructive to consider the two examples of C(!φ,!η)
from Fig. 1 to be representative of distinct kinematic categories.
The first is the “bulk-dominated” regime, where hydrodynamic
modeling has been demonstrated to give a good description of the
data from heavy-ion collisions [1–5]. We designate particles with
pt

T (thus also pa
T ) below 3–4 GeV/c as belonging to this region

for clarity of discussion (see Fig. 1, left). A second category is the
“jet-dominated” regime, where both particles are at high momenta
(pa

T > 6 GeV/c), and pairs from the same di-jet dominate the cor-
relation structures (see Fig. 1, right).

A major goal of this analysis is to quantitatively study the evo-
lution of the correlation shapes between these two regimes as a
function of centrality and transverse momentum. In order to re-
duce contributions from the near-side peak, we focus on the corre-
lation features at long range in relative pseudorapidity by requiring
|!η| > 0.8. This gap is selected to be as large as possible while still
allowing good statistical precision within the TPC acceptance. The
projection of C(!φ, |!η| > 0.8) into !φ is denoted as C(!φ).

An example of C(!φ) from central Pb–Pb collisions in the bulk-
dominated regime is shown in Fig. 2 (left). The prominent near-
side peak is an azimuthal projection of the ridge seen in Fig. 1.
In this very central collision class (0–2%), a distinct doubly-peaked
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Table 1
Selection criteria for !n analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 70
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 and kinematic selection criteria
Pointing angle $ < 0.045 rad
DCA between the V 0 daughters DCA < 0.3 cm
Momentum ptot of the anti-deuteron ptot > 0.2 GeV/c
Energy deposit dE/dx anti-deuteron dE/dx > 110 (from Fig. 1)
PID cut for daughters ±3σ (TPC)

Fig. 2. Invariant mass distribution for dπ+ for the Pb–Pb data corresponding to 
19.3 × 106 central events. The arrow indicates the sum of the mass of the con-
stituents (!n) of the assumed bound state. A signal for the bound state is expected 
in the region below this sum. The dashed line represents an exponential fit outside 
the expected signal region to estimate the background.

To identify the secondary vertex the two daughter tracks have to 
have a DCA smaller than 0.3 cm. Another condition is that the 
maximum pointing angle is smaller than 0.045 rad (see descrip-
tion above). Deuterons are cleanly identified in the rigidity region 
of 400 MeV/c to 1.75 GeV/c. To limit contamination from other 
particle species, the dE/dx has to be above 110 units of the TPC 
signal, shown in Fig. 1.

The selection criteria are summarised in Table 1. The resulting 
invariant mass distribution, reflecting the kinematic range of iden-
tified daughter tracks, is displayed in Fig. 2.

4.2. H-dibaryon

The search for the H-dibaryon is performed in the decay chan-
nel H → !pπ− , with a mass lying in the range 2.200 GeV/c2 <
mH < 2.231 GeV/c2 (see Fig. 3). The analysis strategy for the H-
dibaryon is similar as for the !n bound state described above, 
except that here a second V 0-type decay particle is involved.

One V 0 candidate originating from the H-dibaryon decay ver-
tex has to be identified as a ! decaying into a proton and a 
pion. In addition another V 0 decay pattern reconstructed from a 
proton and a pion is required to be found at the decay vertex 
of the H-dibaryon. First the invariant mass of the ! is recon-
structed and then the candidates in the invariant mass window of 
1.111 GeV/c2 < m! < 1.120 GeV/c2 are combined with the four-
vectors of the proton and pion at the decay vertex. A 3σ dE/dx
cut in the TPC is used to identify the protons and the pions for 
both the ! candidate and the V 0 topology at the H-dibaryon de-
cay vertex.

Fig. 3. Invariant mass distribution for !pπ− for the Pb–Pb data corresponding to 
19.3 × 106 central events. The left arrow indicates the sum of the masses of the 
constituents (!!) of the possible bound state. A signal for the bound state is ex-
pected in the region below this sum. For the speculated resonant state a signal is 
expected between the !! and the 'p (indicated by the right arrow) thresholds. 
The dashed line is an exponential fit to estimate the background.

Table 2
Selection criteria used for !! (H-dibaryon) analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 80
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 selection criteria
DCA V 0 daughters DCA < 1 cm
DCA positive V 0 daughter – H decay vertex DCA > 2 cm
DCA negative V 0 daughter – H decay vertex DCA > 2 cm

Kinematic selection criteria
DCA positive H daughter – primary vertex DCA > 2 cm
DCA negative H daughter – primary vertex DCA > 2 cm
DCA H daughters DCA < 1 cm
Pointing angle of H $ < 0.05 rad
PID cut for daughters ±3σ (TPC)
! mass window ±3σ

To cope with the huge background caused by primary and sec-
ondary pions additional selection criteria have to be applied. Each 
track is required to be at least 2 cm away from the primary vertex 
and the tracks combined to a V 0 are required to have a minimum 
distance below 1 cm. The pointing angle is required to be below 
0.05 rad. All selection criteria are summarised in Table 2. The re-
sulting invariant mass is shown in Fig. 3. The shape of the invariant 
mass distribution is caused by the kinematic range of the identi-
fied daughter tracks.

5. Systematics and absorption correction

Monte Carlo samples have been produced to estimate the ef-
ficiency for the detection of the !n bound state and the H-
dibaryon. The kinematical distributions of the hypothetical bound 
states were generated uniformly in rapidity y and in transverse 
momentum pT. In order to deal with the unknown lifetime, differ-
ent decay lengths are investigated, ranging from 4 cm up to 3 m. 
The lower limit is determined by the secondary vertex finding ef-
ficiency and the upper limit by the requirement that there is a 
significant probability for decays inside the TPC2 (the final accep-

2 For the H-dibaryon there is also a theoretical maximal decay length calculated 
for the investigated decay channel [45].
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Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 80
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 selection criteria
DCA V 0 daughters DCA < 1 cm
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To cope with the huge background caused by primary and sec-
ondary pions additional selection criteria have to be applied. Each 
track is required to be at least 2 cm away from the primary vertex 
and the tracks combined to a V 0 are required to have a minimum 
distance below 1 cm. The pointing angle is required to be below 
0.05 rad. All selection criteria are summarised in Table 2. The re-
sulting invariant mass is shown in Fig. 3. The shape of the invariant 
mass distribution is caused by the kinematic range of the identi-
fied daughter tracks.

5. Systematics and absorption correction

Monte Carlo samples have been produced to estimate the ef-
ficiency for the detection of the !n bound state and the H-
dibaryon. The kinematical distributions of the hypothetical bound 
states were generated uniformly in rapidity y and in transverse 
momentum pT. In order to deal with the unknown lifetime, differ-
ent decay lengths are investigated, ranging from 4 cm up to 3 m. 
The lower limit is determined by the secondary vertex finding ef-
ficiency and the upper limit by the requirement that there is a 
significant probability for decays inside the TPC2 (the final accep-

2 For the H-dibaryon there is also a theoretical maximal decay length calculated 
for the investigated decay channel [45].
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tance × efficiency drops down to 1% for the !n and 10−3 for the 
H-dibaryon). The shape of transverse momentum spectra in heavy-
ion collisions is described well by the blast-wave approach, with 
radial flow parameter ⟨β⟩ and kinetic freeze-out temperature Tkin
as in [46]. The true shape of the pT spectrum is also not known, 
therefore it is estimated from the extrapolation of blast-wave fits 
to deuterons and 3He spectra at the same energy [10]. To obtain 
final efficiencies, the resulting blast-wave distributions constructed 
for the exotic bound states are normalised to unity and convoluted 
with the correction factors (efficiency × acceptance).

Typical values of the final efficiency are of the order of a few 
percent assuming the lifetime of the free !. The uncertainty in the 
shape of the pT distributions is the main source of systematic er-
ror. Blast-wave fits of deuteron and 3He spectra are employed to 
explore the range of systematic uncertainties. Analyses of these 
results lead to a systematic uncertainty in the overall yield of 
around 25%.

Other systematic uncertainties are estimated by varying the 
cuts described in Table 1 and Table 2 within the limits consistent 
with the detector resolution. The contributions of these systematic 
uncertainties are typically found to be in the percent range. The 
combination of the different sources leads to a global systematic 
uncertainty of around 30% for both analyses, when all uncertain-
ties are added in quadrature.

For the !n bound state analysis the possible absorption of the 
anti-deuterons and the bound state itself when crossing material 
has to be taken into account. For this, the same procedure as used 
for the anti-hypertriton analysis [9] is utilised. The absorption cor-
rection ranges from 3 to 40% (depending on the lifetime of the !n
bound state, which determines the amount of material crossed) 
with an overall uncertainty of 7%.

6. Results

No significant signal in the invariant mass distributions has 
been observed for both cases, as visible from Fig. 2 and Fig. 3.3

The shape of the invariant mass distribution of dπ+ is of purely 
kinematic origin, reflecting the momentum distribution of the par-
ticles used. The selection criteria listed in Table 1 are tuned to 
select secondary decays. The secondary anti-deuterons involved 
in the analysis originate mainly from two sources: The first and 
dominating source are daughters from three-body decays of the 
anti-hypertriton (3

!̄
H → d̄p̄π+ and 3

!̄
H → d̄n̄π0) where the other 

decay daughters are not detected. The invariant mass spectrum is 
obtained by combining theses anti-deuterons with pions generated 
in the collision. The second source is due to prompt anti-deuterons 
which are incorrectly labelled as displaced, because they have such 
low momenta that the DCA resolution of these tracks is not suffi-
cient to separate primary from secondary particles.

Since no signal in the invariant mass distributions is observed 
upper limits are estimated. For the estimation of upper limits 
for the rapidity density dN/dy the method discussed in [47] is 
utilised. In particular, we apply the software package TRolke as im-
plemented in ROOT [48]. This method needs as input mass and 
experimental width (3σ ) of the hypothetical bound states. The ob-
served counts are therefore compared to a smooth background 
as given by an exponential fit outside the signal region (as indi-
cated by the line in Fig. 2 and Fig. 3). For both candidates !n
and H-dibaryon we assume a binding energy of 1 MeV. The width 
is determined by the experimental resolution and obtained from 

3 Note that a hypothetical H-dibaryon with a mass above the %p threshold would 
not be observable in the present analysis.

Fig. 4. Upper limit of the rapidity density as function of the decay length shown for 
the !n bound state in the upper panel and for the H-dibaryon in the lower panel. 
Here a branching ratio of 64% was used for the H-dibaryon and a branching ratio of 
54% for the !n bound state. The horizontal (dashed) lines indicate the expectation 
of the thermal model with a temperature of 156 MeV. The vertical line shows the 
lifetime of the free ! baryon. (For interpretation of the references to colour in this 
figure, the reader is referred to the web version of this article.)

Monte Carlo simulations. In addition, the final efficiency which 
is discussed in section 5 is required. Further, values of branch-
ing ratios of the assumed bound states are needed. These depend 
strongly on the binding energy. With a 1 MeV binding energy for 
the !n bound state the branching ratio in the d +π+ decay chan-
nel is expected to be 54% [49]. The branching ratio for a 1 MeV or 
less bound H-dibaryon decaying into !pπ− is predicted to be 64%, 
see [44].

The resulting upper limits, for 99% CL, are shown in Fig. 4 as 
a function of the different lifetimes; for the !n bound state in 
the upper panel and for the H-dibaryon in the lower panel. These 
upper limits include systematic uncertainties. For the !n the ab-
sorption corrections are also considered in the figure, which causes 
the upper limits to be shifted upwards.

The obtained upper limits can now be compared to model 
predictions. The rapidity densities dN/dy from a thermal model 
prediction for a chemical freeze-out temperature of, for example, 
156 MeV, are dN/dy = 4.06 × 10−2 for the !n bound state and 
dN/dy = 6.03 × 10−3 for the H-dibaryon [16]. These values are 
indicated with the (blue) dashed lines in Fig. 4. For the investi-
gated range of lifetimes the upper limit of the !n bound state is 
at least a factor 20 below this prediction. For the H-dibaryon the 
upper limits depend more strongly on the lifetime since it has a 
different decay topology and all four final state tracks have to be 
reconstructed. The upper limit is a factor of 20 below the thermal 
model prediction for the lifetime of the free ! and becomes less 
stringent at higher lifetimes since the detection efficiency becomes 
small. For a lifetime of 10−8 s, corresponding to a decay length of 
3 m, the difference between model and upper limit reduces to a 
factor two.

In order to take the uncertainties in the branching ratio into 
account, we plot in Fig. 5 the products of the upper limit of the 
rapidity density times the branching ratio together with several 
theory predictions [16,30,31,50]. The curves are obtained using the 
value for the !-lifetime of Fig. 4.

The (red) arrows in the figures indicate the branching ratio 
from the theory predictions [44,49]. The obtained upper limits are 
a factor of more than 5 below all theory predictions for a branch-
ing ratio of at least 5% for the !n bound state and at least 20% for 
the H-dibaryon.
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