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Results discussed in this talk  
Analyses of the SPRACE Heavy Ion group as primary authors

q Preliminary result – CMS Collaboration:
§ Femtoscopic Bose-Einstein Correlations of charged hadrons in proton-proton collisions at √s = 13 TeV

CMS-PAS-FSQ-15-009 , https://cds.cern.ch/record/2318575

q Published Papers – CMS Collaboration: 
§ Measurement of Bose-Einstein Correlations in proton-proton Collisions at √s= 7 TeV at the LHC, 

Journal of High Energy Physics 05, 029 (2011)
§ Azimuthal anisotropy of charged hadrons at high transverse momentum in PbPb collisions at √s_NN

=2.76 TeV, 
Phys. Rev. Lett. 109, 022301 (2012)

§ Multiplicity and transverse momentum dependence of two- and four-particle correlations in pPb and 
PbPb collisions, 
Phys. Lett. B 724, 213 (2013)

§ Observation of correlated azimuthal anisotropy Fourier harmonics in pp and pPb collisions at the LHC,
Phys. Rev. Lett. 120, 092301 (2018)

§ Bose-Einstein correlations in pp, pPb, and PbPb collisions at √sNN = 0.9-7 TeV, 
Phys. Rev. C 97, 064912 (2018)

https://cds.cern.ch/record/2318575
http://link.springer.com/article/10.1007/JHEP05(2011)029
http://prl.aps.org/abstract/PRL/v109/i2/e022301
http://www.sciencedirect.com/science/article/pii/S0370269313005030/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.092301
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.97.064912


Works presented on behalf of the CMS Collaboration:

Detailed information in https://www.sprace.org.br/twiki/bin/view/Main/SpracePublications; summary: 
q Quark Matter 2011 – Annecy-le-Vieux, France, May/23-28 

§ Bose-Einstein correlations in pp collisions measured at LHC with CMS, plenary talk by Sandra S. Padula 

q WPCF 2011 – Tokyo, Japan, Sep/20-24
§ Long-range dihadron correlations in high multiplicity pp and PbPb with CMS, plenary talk by Sandra S. Padula 

q ISMD 2011 – Miyajima, Japan, Sep/26-30 
§ Bose-Einstein correlations in pp collisions measured at  the LHC with CMS, plenary talk by Sandra S. Padula

q ICHEP 2012 – Melburn, Australia 
§ Collective flow and charged hadron correlations in 2.76 TeV PbPb collisions at CMS, parallel talk by Sandra S. Padula 

q WPCF 2012 – Frankfurt, Germany , Sep/2012
§ Results on correlations and flow with the CMS detector, plenary talk by Sandra S. Padula

q WPCF 2013– Acireale, Sicily, Italy
§ Dihadron correlations and azimuthal anisotropy harmonics in pPb and PbPb at CMS, plenary talk by Sandra S. Padula

q WPCF 2013 – Acireale, Sicily, Italy
§ Inclusive hadron production in pp and p-Pb collisions from CMS, plenary talk Sunil M. Dogra 

q Quark Matter 2014, Darmstadt, Germany 

§ Bose-Einstein correlation measurements at CMS, parallel talk by Sunil M Dogra  

q WPCF 2014 – Gyöngyös, Hungary 

§ Multidimensional analysis of BEC in pp collisions at 2.76 and 7 TeV in CMS, plenary talk by Sandra S. Padula 

q DIS 2015 – Dallas, TX, USA 

§ Bose-Einstein correlations in various collision systems and energies measured with the CMS experiment, parallel talk by Sandra S. Padula 

q WPCF 2015 

§ Two-particle correlations in pp collisions at 13 TeV measured with CMS, plenary talk by Sunil M. Dogra 

q ICHEP 2016, Chicago, IL, USA

§ Measurements of flow and correlation phenomena in pp, pPb and PbPb collisions at CMS, parallel talk by Sandra S. Padula 

q EPS-HEP 2017

§ Recent Results on Multi-Particle Azimuthal Correlations in High-Multiplicity pp and pPb Collisions in CMS, parallel talk by César A. Bernardes

q ISMD 2017, Tlaxcala, Mexido

§ Flow and correlation phenomena measurements in pp, pPb and PbPb collisions at CMS, parallel talk by Sandra S. Padula 

q WPCF 2018 – Krakow, Poland, 22-26/May
§ Femtoscopic Bose-Einstein Correlations of charged hadrons in proton-proton collisions at √s = 13 TeV, plenary talk by Sandra S. Padula  

FSQ-15-009 , https://cds.cern.ch/record/2318575

https://www.sprace.org.br/twiki/bin/view/Main/SpracePublications
https://cds.cern.ch/record/2318575
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Anisotropic flow 
analyses 

Brief discussion 
of analyses as 
primary authors 



Hydrodynamic flow in A-A collisions

q vn depends on:
◦ Initial state geometry and its fluctuations

◦ Medium transport coefficients (η/s, …)

q vn well understood in A-A collisions with hydrodynamics
◦ Diagonal terms (vn
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M-particle correlations and collectivity in AA
q Sensitive to non-flow (jets induced correlations)
q Several techniques: EP/SP + gap; 2-part. cumulant + gap; 2-part. corr. + gap + low              subtraction

q v4: less sensitive to non-flow               
q Requires larger data sample

q Collectivity: v2{2} ≥ v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{LYZ}
q Well described by hydrodynamics at low pT ( < 3 

GeV/c)
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Flow in high energy collisions

low pT intermediate pT high pT

pT (GeV/c) à

qHydrodynamical picture of eccentricities (fluctuating initial conditions) 
and the corresponding flow single particle Fourier harmonics

Hydrodynamic flow                           Soft-hard interplay
(asymm. pressure                       (hadrons from thermal                         Path-length dependent
gradients & spatial                        quarks + jet fragm.)                                energy loss
anisotropies)
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Azimuthal anisotropy at very high pT
2012 (HIN-11-012): 

PRL 109, 022301 (2012) 
q Charged particles azimuthal 

anisotropy v2 in PbPb collisions 
@ √sNN = 2.76 TeV à over  
extended pT range (1 < pT < 60 
GeV/c)

q v2(pT) via event plane (six equal 
centrality bins in  0-60% most  
central): maximum ∼ pT = 3 
GeV/c, gradually decrease; non-
zero up to at least pT = 40 GeV/c

q High pT: reflect shape of the 
interaction region and path 
dependence on jets energy loss
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Comparing v2 and v3 in pPb and PbPb collisions
2013 (HIN-13-002): 
Phys. Lett. B 724, 213 (2013) 

q Elliptic (v2) and triangular (v3) azimuthal anisotropic 
harmonics extracted from long-range two-particle 
Δφ correlations: 
§ v2{4} turns on at Ntrk

offline ~ 40: onset of collective 
phenomena?

§ v2 increases with multiplicity for pPb and PbPb
collisions

§ Magnitude of event-by-event v2 fluctuations à
upper limit estimated from the difference in the 
v2{2,|Δη| > 2} and v2{4} (fluctuations: larger in pPb
collisions)

q Comparison with semi-peripheral (2011) PbPb data 
covering similar range of particle multiplicities (Ntrk)

q Associated pair yields, the four-particle v2, and the v3: 
apparent at � same Ntrk multiplicity.

q Remarkable:
v3

pPb (√sNN = 5.02 TeV) ≈ v3
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Correlation between flow harmonics (vn) coefficients – I
HIN-16-022: Phys. Rev. Lett. 120, 092301 (2018) 
Correlation between harmonics:

q Symmetric Cumulant (SC) – developed by ALICE
§ New observable
§ Base on 4-particle cumulant technique
§ Non-flow free at first order

q SC(2,4) > 0 à v2 and v4 are correlated  
§ Medium response + IS fluctuations

q SC(2,3) < 0 à v2 and v3 are anti-correlated
§ IS fluctuations

q Well understood with hydro calculations in PbPb

Similar qualitative trend in pPb and PbPb
q SC(2,4) always positive
q SC(2,3) positive for Ntrk

offline <60, negative beyond 
that

Very small energy dependence observed in p-Pb
results 

In pp collisions SC(2,4) > 0 always ; behavior of 
SC(2,3) in high multiplicity not conclusive 
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(Normalized) Correlation between flow harmonics (vn) – II

SC normalized by <vn
2>.<vm

2>

Similar behavior in p-Pb and PbPb

q Points to similar IS fluctuations        

§ Indicates similar origin for collectivity

§ pp is close but with large uncertainties

q First calculations (εn correlations only)

§ Right sign 

§ Magnitude is off

q Ordering observed: p-p > p-Pb > Pb-Pb

q May point to different contributions from initial 

state fluctuations and/or transport properties of 

the medium.
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Brief discussion 
of analyses as 
primary authors 

Bose-Einstein 
correlations analyses 



Bose-Einstein Correlations (BEC) – basic concepts
Detecting two identical bosons 

emitted at A & B from 
sources 1 & 2

Two-boson correlation function          
reflects source dimensions

Correlation Function
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BEC in 1D @ CMS single & double ratios
Experimentally

q Background (reference sample) pair selection
§ Same event, ¹ charges (     resonances)
§ Rotation of 1 track of the pair
§ Mixed events (     )

q Double ratios          remove non-BEC & reduce bias 
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BEC – analysis 1

2011 (QCD-10-023): Journal of High Energy Physics 05, 029 (2011)

q BEC of charged particles in pp collisions @ √s = 0.9 and 7 TeV

§ Femtoscopic source size Rinv grows with 
multiplicity (as Nch

1/3)

§ Dependence on kT also observed

§ Practically no √s dependence

§ Observation of anticorrelation (dip) [previosly only 
reported in e+e– collisions at LEP-àPLB 663, 114 (2008)]

– exponential fit (black) not good

– Tau model [NPA 517, 588 (1990)] (red) fits better 
(related to strong x-p correlations)

– Anticorrelation Depth quantified (Δ)
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2018 (FSQ-14-002): PRC 97, 064912 (2018)
q BEC with charged hadrons

q Double ratios technique

q Studies versus Ntracks and kT

§ Rinv � with Ntracks and � with kT

§ Practically scales with √s 

§ 1-D dip studied vs (Ntracks, kT)

§ 2-D and 3-D: CM (*) and LCMS frames

§ In LCMS: 

– 2-D: RL > R *
L ; RL > R * 

T

– 3-D: R *
S > R *

O > R *
L  (CM frame)

and RL > RS  > RO (LCMS)

q Fit 2-D & 3-D: stretched exponential 

§ 2-D

§ 3-D 

BEC in pp collisions at 2.76 and 7 TeV – 1D, 2D, 3D
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Full collection of BEC results in pp at 2.76 and 7 TeV
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BEC in pp @ 13 TeV: up to very high Ntracks
2018: CMS-PAS-FSQ-15-009

q Charged hadrons 
§ First measurement with good statistics up to Ntracks >  250
§ Three experimental techniques

o Similar results in all three à one selected for comparisons with 
theory and experiment

q 1-D BEC (exponential fit): Rinv (and λ)
§ Scrutinized in detail as a function of multiplicity Ntracks: 
§ Search for changes of slope in Rinv vs Ntracks[ PLB 703 (2011) 237]
§ Continuous increase with (Ntracks)1/3: compatible with data
§ Possible saturation of Rinv in the high multiplicity range also 

compatible with data
q Detailed investigation as a function of kT , searching for:

§ Possible change in behavior of Rinv results while moving from 
event in the MB to the HM regions, etc. 

q Hydro expectation (NPA 946 (2016) 227): !" #$%&' vs m+ = m-. + k+.
§ mT – scaling with different slopes in MB and HM: 
§ Hubble-type of flow larger in MB than in HM

o Similar to RHIC results in peripheral and central AuAu, respectively
q Comparison with CGC prediction [NPA 916 (2013) 210; PRC 87 (2013) 

064906] 

q https://cds.cern.ch/record/2318575
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Heavy Ions: 
Phenomenology 

Equation of State
Azimuthal correlations
BEC



Effects of equation of state on hydrodynamic expansion, spectra, flow harmonics 
and two-pion interferometry
To be published in

Int. J. Mod. Phys. E 
https://arxiv.org/abs/1409.0278

Effects of equation of state on 
hydrodynamic expansion, 
spectra, flow harmonics and 
two-pion interferometry]

Wei-Liang Qian, Danuce M. Dudek, 
Yogiro Hama, Takeshi Kodama, 
Otavio Socolowski Jr., Sandra 
S.Padula

q Ideal Hydrodynamics with SPHERIO 
code 
§ at RHIC energies
§ fluctuating Initial Conditions

q Study of some observables to the 
Equation of State
§ v2, v3, v4
§ RL, Ro, Rs

arXiv: 1409.0278

https://arxiv.org/abs/1409.0278


CHESS code
Complete Hydrodynamical Evolution SyStem

(CHESS), Dener S. Lemos & Otavio
Socolowski Jr. 

Presented at Quark Matter 2018 
q Structure: three public codes: 

§ TRENTo (Reduced Thickness Event-by-event 
Nuclear Topology) 

§ vHLLE (viscous-Harten-Lax-van Leer-Einfeldt)

§ THERMINATOR2 (THERMal heavy IoN
generATOR 2)

§ Choice of EoS (ideal or viscous hydro) 

o Femtoscopy radii RL , Ro , Rs: results 
with/without viscosity

– versus kT (e ranges of Nch) 

– versus (dN/deta)1/3

https://indico.cern.ch/event/656452/contributions/2859548/attac
hments/1648463/2635452/D_Lemos.pdf

https://indico.cern.ch/event/656452/contributions/2859548/attachments/1648463/2635452/D_Lemos.pdf


Obrigada! 



Extras



Decomposition: (qL, qT) in 2-D  and (qL, qO, qS) in 3-D

q qμ= k1
μ – k2

μ

q kμ= (k1
μ + k2

μ)/2 
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Outline of analysis methods 
Cluster Subtraction (CS) – fully 

data-driven 
q Employs Single Ratios only 
q Bkg is estimated direcly from data 

(+ –) SR
§ Corrects the amplitude 

(``height’’) of the bkg using 
(       ) SR in data

Fit SR with functional form 
combining sig+bkg 
components

References:
o CMS-HIN-14-013-PAS & PRC 

97, 064912 (2018) & CMS-
FSQ-15-009-PAS

Hybrid Cluster Subtract (HCS) 
– data-driven

q Employs Single Ratios only 
q Non-BEC effects: estimated 

from 
data (+ –) SR 
§ Uses MC to translate this 

contribution into the bkg 
in the (       ) single ratio

Fit single ratio data with  
combined function for 
signal + bkg

References:
o ATLAS-CONF-2016-027
o CMS-FSQ-15-009-PAS

Double Ratio (DR)
q Ratio of Single Ratios (SR)

§ Single ratio in data 
divided by Single ratio in 
MC

§ Non-BEC contributions:  
removed by directly 
performing the ratio of 
data to MC 

Fit double ratio with a 
function representing 
the BEC signal alone

References:
o PRL 105 (2010) 03200 

& JHEP 05 (2011) 029
o CMS-FSQ-13-002-PAS & 

PRC 97, 064912 (2018) 
& CMS-FSQ-15-009-PAS 
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