
Soft Probes in Heavy Ion Collisions with 
CMS, ATLAS and ALICE

Prabhat R. Pujahari
(for ALICE, ATLAS, CMS collaborations)
Indian Institute of Technology Madras

12th International workshop on 
multiple partonic interactions 

at the LHC, 11-15 Oct 2021, Lisbon 



Hot QCD medium properties in 
heavy-ion (A-A) collisions 

Probing(novel(long,range(correla/on(phenomena(
in(pPb(collisions(with(iden/fied(par/cles(at(CMS(

Zhenyu'Chen'(Rice'University)'
for'the'CMS'Collabora:on'

'
Hot'Quarks'Workshop'2014'

'

1'

1%01/06/16% Maxime%Guilbaud%––%Latest%PbFPb,%pFPb%and%pFp%results%from%ATLAS%and%CMS%––%Rencontres%de%Blois%2016%

Central%
collisions%

Peripheral%
collisions%

In#A%A#collisions:#
1) What#are#the#proper5es#of#the#medium#created?#
2)  How#partons#interact#with#the#medium?#
#
In#small#system#(p%p#&#p%A):#
1)  Do#we#observed#similar#effects#in#small#systems#

as#in#A%A#collisions?#

Probing(novel(long,range(correla/on(phenomena(
in(pPb(collisions(with(iden/fied(par/cles(at(CMS(

Zhenyu'Chen'(Rice'University)'
for'the'CMS'Collabora:on'

'
Hot'Quarks'Workshop'2014'

'

1'

1%01/06/16% Maxime%Guilbaud%––%Latest%PbFPb,%pFPb%and%pFp%results%from%ATLAS%and%CMS%––%Rencontres%de%Blois%2016%

Central%
collisions%

Peripheral%
collisions%

In#A%A#collisions:#
1) What#are#the#proper5es#of#the#medium#created?#
2)  How#partons#interact#with#the#medium?#
#
In#small#system#(p%p#&#p%A):#
1)  Do#we#observed#similar#effects#in#small#systems#

as#in#A%A#collisions?#

In A-A collisions:
1) What are the properties of the medium created ?
2) How partons interact with the medium ?

In small systems (p-p & p-A):
1) Do we observe similar effects in small systems as 

in A-A collisions ?
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I) Soft probes III) Hard probes

Outline:

Hot QCD medium properties in 
heavy-ion (A-A) collisions 
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How did it evolve with energy ? 

Charged particle multiplicity and transverse energy density

√s dependence - pp, pPb, PbPb follow power law 
JHEP 01 (2018) 045

PRC 100 (2019) 024902
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Charged-particle spectra and R*
AA in XeXe collisions  
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Figure 4: The charged-particle R
⇤
AA for XeXe collisions at

p
sNN = 5.44 TeV in six centrality

ranges. A previous measurement of RAA in PbPb collisions at 5.02 TeV is also shown [17]. The
solid pink and open blue boxes represent the systematic uncertainties of the XeXe and PbPb
data, respectively.

qIn central (0-5%) collisions, the suppression in XeXe is 
less compared to PbPb in the pT range of 6-8 GeV/c

qCharged-particle production in XeXe is slightly more 
suppressed than in PbPb at the same Npart
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Figure 6: The charged-particle R
⇤
AA for XeXe collisions at

p
sNN = 5.44 TeV and RAA for PbPb

collisions at 5.02 TeV, as a function of hNparti. The solid pink and open blue boxes represent the
total systematic uncertainties in the XeXe and PbPb data, respectively.
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Figure 7: Measurements of R
Xe
Pb comparing centrality ranges having similar values of hNparti.

The blue line represents the expected deviation from unity caused by the different center-of-
mass energies of the two collision systems. The solid pink boxes represent the systematic un-
certainties.
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Identified-particle spectra and ratio in XeXe collisions  
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Eur. Phys. J. C 81 (2021) 584

q Particle mass dependent spectra at 
intermediate pT and depletion at 
low pT

q Effect is more pronounced in 
central collisions -> presence of 
radial flow 

v Mass dependent <pT>:
Mπ < MK < Mp < Mɸ

v <pT> of proton and ɸ-meson are 
similar for the same dNch/dη

Ø More depletion of the baryon-to-meson 
ratio for p/π than p/ɸ at the low pT – in 
agreement with the expectation from
radial flow effect



Perfect fluid paradigm
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shared%viscosity#(0.07#≤#η/s#≤#0.2)#############almost#perfect#fluid#

!  v2%mainly%driven%by%geometry%of%the%IS%
!  v3%driven%by%fluctua5ons%in%the%IS%
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q vn measurements well described by hydrodynamic models with very low 
sheared viscosity to entropy (0.07 ≤ η/s ≤ 0.2)              almost perfect fluid

q v2 mainly driven by geometry of the initial state (IS)
q v3 driven by fluctuations of the IS

A perfect fluid 
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Mixed higher-order anisotropic flow in PbPb

EPJ C 80 (2020) 534

qThe mixed higher-order flow
harmonics have a qualitatively
similar centrality dependence

qViscous hydrodynamic with
Glauber initial conditions and
shear viscosity don’t provide a
simultaneous description
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Multi-harmonic flow correlations in PbPb collisions 
Event-by-event multi-harmonic correlations... ALICE Collaboration
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Figure 2: Predictions from the hydrodynamical models for the centrality dependence for the SC(k, l,m) [panels
(a), (c), (e) and (f)] and NSC(k, l,m) [panels (b) and (d)] in Pb–Pb collisions at psNN = 2.76 TeV. The statistical
uncertainties are shown with coloured bands. The predictions are compared with the ALICE results from Fig. 1
shown with red markers.

ICE measurements [37]. It consists of the TRENTo model [40] for the initial condition, which is con-
nected with a free streaming to a 2+1 dimensional causal hydrodynamic model VISH2+1 [41, 42]. The
evolution is continued after particlization via the UrQMD model [43, 44]. The initial conditions, h/s(T ),
z/s(T ) and other free parameters of the hybrid model are extracted by the global Bayesian analysis. We
perform a model calculation with the best-fit parameter points chosen by maximum a posteriori (MAP)
for Pb–Pb collisions at

p
sNN = 2.76 TeV as they are reported in Ref. [37]. All the kinematic cuts such

as transverse momentum and pseudorapidity intervals are matched with the data reported in this article.

In heavy-ion collisions, the main source of anisotropy in the azimuthal distribution in the final state
originates from anisotropies in the initial state geometry. The initial state geometry can be described by
quantities called eccentricities en which are the moments of the initial energy (or entropy) density. For

7

qCentrality dependence of the SC(k,l,m) are in good 
agreement with the predictions from the 
hydrodynamical models

qIndication of correlation between flow harmonics 
(v2, v3, v4) during the medium evolution

qProvides new constraints for the initial conditions of
the matter created in heavy-ion collisions
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Phys. Rev. Lett. 127, 092302



vn=2,3,4 XeXe vs.  PbPb

PRC 100 (2019) 044902

qv2 for XeXe are larger than PbPb for the most central collisions
qHydro models with Xe nuclear deformation better describe the v2[XeXe]/v2[PbPb] 

compared to models assuming spherical Xe shape for n=2 in central collisions
14/10/21            P. Pujahari           Soft probes results from CMS, ATLAS and ALICE                 MPI, Lisbon, Portugal 10        

Phys. Rev. C 101, 024906



Longitudinal flow decorrelations in XeXe collisions
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Phys. Rev. Lett. 126 (2021) 12230

q

q
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FXeXe
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4
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Reverse ordering for 
n=2 and 3 

• Hydrodynamical models fail to describe the longitudinal 
flow decorrelations between XeXe and PbPb collisions

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.122301


PID v2   in XeXe collisions
PID flow in Xe–Xe collisions ALICE Collaboration
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Figure 11: (color online) The pT-differential v2 of p±, K±, and p+p for various centrality classes compared to
hydrodynamic calculations from MUSIC model using IP-Glasma initial conditions (colored curves) [67]. Bars
(boxes) denote statistical (systematic) uncertainties. The uncertainties of the hydrodynamic calculations are de-
picted by the thickness of the curves. The ratios of the measured v2 to a fit to the hydrodynamic calculations are
also presented for clarity.

It should be noted that these parameters do not depend on collision system or centrality.

Figure 11 shows that the MUSIC calculations qualitatively reproduce the mass ordering. The predictions
are in agreement with the measured v2(pT) of p±, K±, and p+p for pT < 1 GeV/c, while they overestimate
the data points at higher pT. However, the v2 of p+p is more accurately described than that of p± and K±

for pT � 1 GeV/c in all centrality intervals. A better agreement with the data points is found in central
than in peripheral collisions. The differences between the data points and model are also illustrated in
Fig. 11 as the ratios of the measured v2 to a fit to the theoretical calculations.

4.5 Comparison with vn of identified particles in Pb–Pb collisions at psNN = 5.02 TeV

As mentioned in Sec. 1, the initial state models and transport properties can be further constrained by
comparing anisotropic flow coefficients measured in Xe–Xe collisions with those from Pb–Pb collisions.
Figures 12 and 13 show the v2(pT) and v3(pT) of p±, K±, p+p, K0

S, and L+L compared with ALICE
measurements performed in Pb–Pb collisions at

p
sNN = 5.02 TeV [32] for various centrality intervals.

The vn coefficients from Pb–Pb collisions were measured employing the same procedure as described in
Sec. 2, resulting in similar non-flow contributions to vn. Ratios of the measurements presented in this
paper to a cubic spline fit to the ones performed in Pb–Pb collisions are also given in the figures for each
presented centrality interval. The uncertainties in these ratios are obtained by summing the statistical
and systematic uncertainties on the Xe–Xe and Pb–Pb measurements in quadrature, and propagating the
obtained uncertainties as uncorrelated.

15

qFor pT < 3 GeV/c, v2 shows a mass 
ordering attributed to the interplay
between anisotropic flow and radial 
flow

qHydrodynamical models qualitatively
reproduce the mass ordering at 
pT < 1 GeV/c

qA better agreement between data 
and model is observed in central 
collisions compared to peripheral
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Strange hadrons v2   in PbPb collisions
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qHydrodynamic calculations of 
2- and 4-particle v2 with AMPT
initial conditions qualitatively
consistent with the data
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Heavy quarks collectivity in PbPb
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Phys. Lett. B 819 (2021) 136385JHEP 10 (2020) 141

qInclusive J/ψ v2 at forward and midrapidity are in agreement with each other 
and positive up to 12 < pT < 20 GeV/c 

qThe v2 values for ϒ(1S) is consistent with zero in contrasts with positive J/ψ v2



Nature of the “Ridge” – the small system puzzle

14/10/21            P. Pujahari           Soft probes results from CMS, ATLAS and ALICE                 MPI, Lisbon, Portugal 15        

qCollective nature: v2{2} ≈ v2{4} ≈ v2{6} in pp
q v2{2} > v2{4} ≈ v2{6} in pPb and PbPb

ü Multi-particle correlation
ü Similar patterns for all systems
ü Initial state fluctuations play an important role

PLB 791 (2019) 172



Heavy quarks collectivity in small system

qSignificant positive v2 values are 
observed for D0 mesons with 
pT > 2 GeV/c

qThe collective behavior of charm quarks
in high-multiplicity pPb collisions is
weaker than that of the light-flavor 
quarks

14/10/21            P. Pujahari           Soft probes results from CMS, ATLAS and ALICE                 MPI, Lisbon, Portugal 16        

PRL 121 (2018) 082301



Charm and beauty long-range correlations in pPb
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PLB 813 (2021) 136036

Theory

Open charm

Hidden charm

Open beauty

qNo significant flow for 
nonprompt D0



Longitudinal local Λ+Λ polarization in PbPb-

ALICE, arXiv:2107.11183 [nucl-ex]

qHyperon polarization at the LHC is similar in magnitude to top RHIC energy for the central 
collisions and smaller in semi-central collisions

qAt pT < 2.0 GeV, polarization at the LHC is smaller than the RHIC in semi-central collisions
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Long range correlations in ultraperipheral 
PbPb collisions
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G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 1. Diagrams representing different types of photonuclear collisions and the general features of their event topologies. Left: the direct
process, in which the photon itself interacts with the nucleus. Right: the resolved process, in which the photon fluctuates into a hadronic state.

production of various meson states (γ + A → h+ X )
[26– 28]. In the photonuclear case, the photon may act as a
pointlike particle interacting with a parton in the nucleus (the
“direct” case). However, the vector-meson dominance picture
[18,29] suggests that the photon often fluctuates into a vector-
meson state such as a ρ or ω (the “resolved” case). In this
case, the interaction proceeds as a meson-nucleus collision at
an energy lower than that of the associated nucleon-nucleon
collision. Figure 1 illustrates the direct and resolved photonu-
clear interactions. The photon-nucleon collision energy and
the boost of the center of mass relative to the nucleus-nucleus
rest frame depend on the photon energy and thus vary event to
event. For photons with energies at the upper boundary of the
coherence region, E = 80 GeV, the resulting photon-nucleon
center-of-mass energy is approximately 900 GeV. Thus pho-
tonuclear collisions may be used to probe the dynamics of
a system with a novel energy and geometry compared to pp
or p + A collisions at the LHC, and to e+e− or ep collisions
at the CERN Large Electron-Positron Collider (LEP) and the
Hadron-Electron Ring Accelerator (HERA) at DESY. Since
photonuclear events are the photoproduction limit of deep in-
elastic scattering on nuclei, these measurements may also shed
light on possible collective signatures at the future Electron
Ion Collider [30,31].

This paper presents a measurement of azimuthal
anisotropies obtained via two-particle correlations in
photonuclear collisions, where such analyses have not
previously been undertaken. The data were recorded using a
trigger designed to select minimum-bias and high-multiplicity
photonuclear events in 1.7 nb−1 of Pb+Pb collisions
at 5.02 TeV per nucleon pair delivered by the LHC in
2018. Photonuclear event candidates are selected, and
are distinguished from peripheral hadronic Pb+Pb events
and other background events, using the topology of the
distribution of particles in the event as measured in the
zero-degree, forward, and barrel calorimeters, as well as the
tracking systems through the reconstruction of pseudorapidity
gaps [32,33]. Properties of the selected events are compared
with the expectations from Monte Carlo (MC) simulations of
photonuclear processes.

Two-particle correlations as a function of relative sep-
aration in azimuth ($φ) and pseudorapidity1 ($η) are
constructed for different selections of event charged-particle
multiplicity and charged-particle kinematics. The nonflow
contributions to the two-particle correlations (for example,
jet correlations which give rise to a $φ correlation struc-
ture) are suppressed by studying the correlations at large
$η, and the residual nonflow contribution is subtracted via
the template-fitting method used extensively in prior ATLAS
measurements [4,5,34]. In the template method, the correla-
tion in high-multiplicity events is described as a combination
of the correlation in lower-multiplicity events plus a com-
ponent modulated by cos(2$φ) (and higher order) Fourier
terms. The template method makes particular assumptions
about how the nonflow component evolves with multiplicity.
Although there are differences between the system explored
in this measurement and those in previous two-particle corre-
lation measurements, the sensitivity to the assumptions of the
template method can be tested within the standard approach.
A test of the template method in simulated photonuclear
events which do not include flow or initial-state correlation
mechanisms is performed in Sect. VII. The resulting magni-
tudes of the two-particle correlations are interpreted as arising
from the product of global v2 and v3 values for individual
particles, and are reported as a function of the reconstructed
charged-particle multiplicity (N rec

ch ) and transverse momentum
(pT). The results are compared with other small collision
systems at the LHC, and theoretical expectations from initial-
and final-state physics mechanisms are discussed.

1ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the center of the detector and
the z-axis along the beam pipe. The x axis points from the IP to the
center of the LHC ring, and the y axis points upwards. Cylindrical
coordinates (r,φ) are used in the transverse plane, φ being the
azimuthal angle around the z axis. The pseudorapidity is defined in
terms of the polar angle θ as η = −ln tan(θ/2).
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FIG. 2. Left: Correlation of N rec
ch and !γ #η for events selected by the MB trigger before application of gap-based event selection. Right:

Correlation of !γ #η and !A#η for events selected by the MB trigger, with N rec
ch > 10.

Figure 4 compares the multiplicity and sum-of-gap dis-
tributions in data and simulation. The left panel of Fig. 4
shows the total N rec

ch distribution, corrected for the trigger
efficiency and the different integrated luminosities sampled
by the HMTs. This is compared with three distributions from
MC generators, with the same gap-based selection require-
ments as the data. The ZDC selection is applied to data
but not to the MC samples as the generators do not model
the nuclear-breakup processes relevant for forward neutron
spectators. Including a ZDC requirement in MC events may
thus impact the distributions if particle production in the
detector is correlated with the nuclear fragmentation in the
forward region. Despite the limitations in the modeling of
forward neutrons, a generator-level check requiring neutrons
in the ZDC acceptance was performed and found not to
impact the level of agreement between data and DPMJET-
III. The distributions in PYTHIA and DPMJET-III γ + p are
normalized to have the same integral as the data over the

full N rec
ch range. The models show good agreement with the

data at low N rec
ch , but systematically predict too low a relative

yield at higher N rec
ch . DPMJET-III γ + Pb does not describe

the full distribution, but has been normalized to have the
same integral as the data in N rec

ch > 35 to highlight its good
agreement in this region over many orders of magnitude.
With this normalization, DPMJET-III γ + Pb systematically
predicts too low a relative yield for N rec

ch < 15. This compar-
ison either suggests the presence of other, nonphotonuclear
processes in data at such low N rec

ch < 10 values, or points
to the need for improved modeling of this region in the
simulation.

The right panel of Fig. 4 shows the reconstructed !γ #η
distributions in data and simulation for selected events with
N rec

ch > 10, without the !γ #η > 2.5 requirement. Structures
in the distributions correspond to transitions between detec-
tor subsystems and the change in the detector response as
a function of η. At large !γ #η values ! 2.5, the shape

FIG. 3. Left: Distribution of event charged-particle multiplicity, N rec
ch , for the photonuclear event selection from multiple triggers, without

prescale correction. Right: Distribution of event charged-particle multiplicity, N rec
ch , for the photonuclear event selection (black) with corrections

for trigger efficiency and prescale factors, and an alternative selection intended to select hadronic Pb+Pb events (red, see text).
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FIG. 8. Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance effects with the mixed-
event distribution, and presented as a function of !η and !φ. The peak at (!φ,!η) = (0, 0) is truncated to better show the structure of the
correlation function. Each panel represents a different pa

T range for the selection 20 < N rec
ch < 60 and 0.4 < pb

T < 2.0 GeV.

cn , describing the LM reference, are free parameters in the fit,
but F and G are constrained such that the integrals of both
sides of Eq. (1) are the same. Modulation terms up to fourth
order (v2,2, v3,3, and v4,4) are considered in the fit, in order to
best describe the HM data. By fitting Y LM(!φ) and Y HM(!φ)
simultaneously, the extracted uncertainty in F , G, and vn,n
correctly accounts for the statistical uncertainty of both the
LM and HM samples. An example of the simultaneous fit of
the HM selection and LM reference is shown in Fig. 9. Ex-
amples of the template fit in additional HM and pa

T selections
are shown in Fig. 10. In the bottom panels of Figs. 9 and 10,
the p values are defined following the procedure described
below.

The template fit is performed by minimizing the standard
χ2 between the data points and the functional form. However,
the data points within the correlation functions contain non-
trivial point-to-point correlations, since a single particle b may
be used in combination with multiple particles of type a. The
minimum of the χ2 statistic, when calculated in the traditional
way, is found at the appropriate values of the fit parameters.
However, the p value and the uncertainty in the parameter
values, if also determined in the standard way, would be inac-
curate. In order to properly account for these correlations and
determine the parameter value uncertainties, a bootstrapping
procedure was applied. Pseudoexperiments were generated
by giving a random Poisson weight (with a mean of one) to

FIG. 9. An example of the template-fitting procedure for a selected pT range. The left plot displays the LM data with open markers and
the simultaneous fit in the green dotted line. The lower panel displays the pull distribution. In the top panel of the right plot, the solid red
line shows the total fit to the HM data in black markers. The dashed green line shows the scaled LM plus pedestal, while the dashed blue and
dotted magenta lines indicate the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2!φ)] and Y ridge
3 = G[1 + 2v3,3 cos(3!φ)], shifted

upwards by FY LM(0) for visibility. The middle-right panel shows the pull distribution for the template fit in the top panel. The bottom-right
panel shows the same set of data and fit components, where the scaled LM distribution has been subtracted to better isolate the modulation.
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qSignificant nonzero values for v2 and v3 flow coefficients
as a function of Nch

qProvide new information to probe the origin of collectivity 



𝛄p interactions within ultra-peripheral p+Pb collisions

CMS-PAS-HIN-18-008

q For both 𝛄p and MB samples, 
significant negative V1∆ and positive
V2∆ are observed, V3∆ values are 
consistent with zero

q Single particle flow coefficient v2 is 
larger for 𝛄p-enhanced events than
for MB collisions
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Figure 4: Single-particle azimuthal anisotropy v2 versus Ntrk for gp enhanced and minimum-
bias samples in two pT regions. Systematic uncertainties are shown by the shaded bars in
the two panels. The shaded bands show the Ntrk regions used for each of the samples. The
gp enhanced points are placed at the mean Ntrk of the 2 < Ntrk < 5, 5 < Ntrk  10 and
10 < Ntrk  35 samples.

This effect may be due to the effect of jet correlations within the gp enhanced sample. It should
also be noted that while the the gp enhanced and minimum-bias samples are compared at
the same multiplicity the event topology of the two samples is very different. By construction
the gp enhanced sample only has tracks in the forward region whereas for the minimum-bias
sample the tracks are concentrated near central rapidity. In models assuming the formation of
a hydrodynamically expanding medium, the v2 is sensitive to event by event fluctuations in
the initial geometrical distributions of partons within a nucleus [58–60]. It is possible that the
different event topologies of the gp and minimum-bias samples selects different sets of initial
state configurations even when the associated multiplicity is the same.

7 Summary
In summary, we have studied long-range single-particle azimuthal anisotropies in
ultraperipheral pPb collisions at

p
s

NN
= 8.16 TeV. A sample of gp events is selected by

requiring an asymmetric distribution of energy in the forward and backward calorimeters, a
large rapidity gap in the lead-going direction and no neutron emission from the lead nucleus.
Previous studies suggest that this sample is dominated by gp events with some contribution
from diffractive IPp events. The VnD Fourier coefficients of the azimuthal distributions are
measured via long-range (|Dh| > 2) two-particle correlations as a function of event
multiplicity and for two pT ranges. The V2D coefficient is positive while V1D is negative,
suggesting a strong effect of jet-like correlations. The single particle flow coefficient v2(pT)
increases with pT and is larger for gp-enhanced events than for minimum-bias collisions of
comparable multiplicity. These results extend the search for collectivity in small systems to gp
events.

References
[1] CMS Collaboration, “Observation of Long-Range, Near-Side Angular Correlations in



Summary

We did create a strongly interacting medium in A-A collisions at the LHC!

vBehave like a perfect fluid and explain with hydro

vNo strong energy dependence of the evolution of the system is observed

vCollectivity observed in small system? Which mechanism lies behind?

ü Many interesting physics results in large, medium and small collision systems at the LHC

ü Future heavy-ion program at the LHC (Run 3 and 4) with the upgraded detector systems
will provide more exciting opportunities!
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🙏 Thank you


