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Outline

● Angular correlations:

● the Ridge and Double Ridge
● forward-central correlations in p-Pb
● angular correlations with PID in pp

● Femtoscopic measurements:

● 3D pion femtoscopy in p-Pb

● K0
s-K± femtoscopy in Pb-Pb

● 1D pion, kaon, proton femtoscopy in Pb-Pb 
● First results from Pb-Pb LHC run II at √s = 5.02 TeV
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ALICE experiment

from http://cds.cern.ch
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ALICE experiment

Central Barrel
2  tracking & PID

 < 1

Muon Spectrometer 
-2.5 > > -4
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Different collision systems – different physics

from G. Roland (IS 2013) modified by C. Loizides (QM 2014)
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The Ridge and Double Ridge
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Same event pairs
Mixed event pairs

Event 1

S (Δη , Δϕ)=
d2 N signal

d Δ ηΔϕ
B(Δη ,Δ ϕ)=

d2 Nmixed

d Δ ηΔϕ

Signal

ΔηΔφ angular correlations

Ratio

C (Δ η ,Δϕ)=
N pairs

mixed

N pairs
signal

S (Δ η ,Δ ϕ)

B (Δ η ,Δϕ)
Δ ϕ=ϕ1−ϕ2

Δ η=η1−η2

or or

Background

or

triggered

untriggered
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The Ridge in heavy-ions

centrality

Similar to pp Strong contribution of flow

STAR: 10.1103/PhysRevC.86.064902

Au-Au
at √s=200 GeV

O'Hara et al. Phys.Rev. A66 (2002) 041401

Strong contribution of flow

Elliptic flow in trapped 
atoms (cold Fermi gas)
T~0.1 neV

time
100 μs 2000 μs

http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevC%252E86%252E064902&v=885037a3
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The Ridge at the LHC

pp
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p-Pb: Double Ridge

- =
0-20% 60-100%

Phys. Lett. B 719 (2013) 29
ALICE: arXiv:1212.2001

near-side jet 
correlations

away-side jet
correlations

near-side
 ridge

• Subtraction of jet correlations reveals double 
ridge structure

• Clear indication for mass ordering in p-Pb
• Resembles Pb-Pb
• Collective flow?

E. Kryshen
LHCP 2015
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p-Pb: Double Ridge

- =
0-20% 60-100%

Phys. Lett. B 719 (2013) 29
ALICE: arXiv:1212.2001

near-side jet 
correlations

away-side jet
correlations

near-side
 ridge

• Subtraction of jet correlations reveals double 
ridge structure

• Clear indication for mass ordering in p-Pb
• Resembles Pb-Pb
• Collective flow?

E. Kryshen
LHCP 2015

                Pb-Pb @ 2.76 TeV
JHEP 06 (2015) 190, arXiv:1405.4632
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p-Pb: forward-central correlations

• Tracklets at mid rapidity (|η| < 1.0)
• Forward muons (-4<η<-2.5)

– Composition varies as a function of pT

– Higher pT: dominated by heavy flavour

• Two beam configurations:
– p-Pb: muons in p-going direction
– Pb-p: muons in Pb-going direction

Parent particle composition of 
reconstructed muon tracks vs. pT

ALICE: arXiv:1506.08032

• Event sample split into multiplicity classes defined as a sum of multiplicities in 
V0 rings approximately symmetric in η:
 V0A: 2.8  < η < 3.9
 V0C:-3.7 < η < -2.7 E. Kryshen

LHCP 2015
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p-Pb: forward-central correlations

0-20%

- =

- =

0-20% 60-100%

p-going 
direction

Pb-going 
direction

Ridge extends up to 
|Δη|=5 and |η|~4 

E. Kryshen
LHCP 2015

ALICE: arXiv:1506.08032



14/338/01/2016, Epiphany 2016 Łukasz Graczykowski – Warsaw University of Technology

14

p-Pb: forward-central correlations

p-going

Pb-going 

(0-20%)-(60-100%)

Double ridge in
both directions

2nd coefficient 
dominates

n = 1
n = 2
n = 3

ALICE: arXiv:1506.08032

E. Kryshen
LHCP 2015
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p-Pb: v
2
 in p and Pb-going directions

Quantitatively different pT 
dependence in AMPT 

ALICE: arXiv:1506.08032

v2(Pb-going) > v2(p-going) as 
qualitatively expected in hydro

Phys. Lett. B 748 (2015) 301-305, arXiv:1503.03655

Possible scenarios at pT > 2 GeV/c (dominated by heavy flavour muons):
• v2 (heavy flavour) > 0
• Different composition of the parent distribution and their v2 

E. Kryshen
LHCP 2015
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Study of angular correlations with PID in pp:
a mystery of baryons
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Rapidity correlations in e+e- at √s = 29 GeV

We are not likely to find two baryons or 
two antibaryons at the same phase space.

correlation anti-correlation

Study of baryon correlations in e+e− annihilation at 29-GeV 
TPC/Two Gamma Collaboration (H. Aihara et al.), Phys.Rev.Lett. 57 (1986) 3140 

C
ab

(y
a,y

b)

C
ab

(y
a,y

b)

● Lund 6.2 model for e+e- agrees with observations seen in data
● Not enough energy to produce baryon pairs in a single fragmentation
● How does it look like in proton-proton collisions at 7 TeV?

model 
reproduces
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pp: ΔηΔφ of identified particles in ALICE

πKp

πKp

This one looks different!
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pp: PYTHIA 6.4 Perugia-0

● At 29 GeV the explanation was there is not enough energy to produce baryon pairs. At the LHC 
there must exist additional fundamental mechanism forbidding fragmentation into two baryons

πKp

πKp

different scales

p

PYTHIA looks “traditional”!
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Recent femtoscopic measurements
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Femtoscopy technique

from J. Pluta

from A. Kisiel

C=1+λ exp(−Ro
2 qo

2
−Rs

2 qs
2
−Rl

2 ql
2
)

with Coulomb – Bowler-Sinyukov formula:

●  The size R is a variance of single-particle 
emission function (emission probability distr.)

●  The width of the correlation function is inversely 
proportional to R

C=(1−λ)+λ K (1+exp(−Ro
2 qo

2
−Rs

2 qs
2
−Rl

2 ql
2
))
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Phys. Lett. B720 (2013) 250 
arXiv:1301.3314

<kT>=0.4 GeV/c

● Hydro predictions for p-Pb  consistent 
with Pb-Pb scaling?
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          p-Pb: Comparison with hydro calculations

● Two calculations assuming the existence of a 
collectively expanding system.

● Initial transverse size assumptions:
Rinit = 0.9 fm and Rinit = 1.5 fm.

● Scenarios with lower initial size closer to the data, 
but still above.

● Slope of the kT dependence comparable between 
all calculations and data:

● Rout predictions universally higher,

● Rside predictions in good agreement with data,

● Rlong – calculations from Bożek et al. higher 
~30%, Shapoval et al. only slightly higher.

Phys.Rev.C 91 (2015) 034906
ALICE: arXiv:1502.00559
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p-Pb: Comparison with world data

● Femtoscopic radii scale 
approximately with cube root of 
multiplicity.

● Scaling for pp is clearly 
different compared to heavy 
ions.

● Radii from p-Pb collisions 
agree with pp for low 
multiplicities and start to 
diverge at higher multiplicities.

● Interpretation of the p-Pb data 
is still an open question.

● For details see: 
arXiv:1502.00559 [nucl-ex]

ALICE Collaboration
Phys. Rev. C 91 (2015), 034906

Phys.Rev.C 91 (2015) 034906
ALICE: arXiv:1502.00559
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Pb-Pb: K0
s
-K± analysis

● Pair-wise interactions:

● No Coulomb

● No Quantum Statistics

● Only Strong FSI through a0(980) 
resonance

● K0
s-K± has never been published 

before

T. Hummanic
WPCF 2015

What could be learned? 

● Extract R using only the a0(980) FSI

● Since

are there any differences in the source 
parameters?

● Study properties of the a0(980) resonance

● Decay decoupling parameters and 
mass

● a0(980) is a tetraquark candidate 

Phys.Rev.C 75 (2007) 045206
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T. Hummanic
WPCF 2015

Pb-Pb: K0
s
-K± analysis
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     Pb-Pb: pion, kaon, proton correlations

● Radii decrease with mT 
→ radial flow

● Rπ > RK due to pion 
Lorrentz factor

● Rp compatible with RK  
at same mT

● Radii for kaons show 
good agreement with 
HKM predictions for 
K±K± (Nucl.Phys.A929 
(2014))
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STAR Collaboration
Nature 527,345-348 (2015) 

Au-Au: pp and pp correlations – STAR
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Are (anti)baryons important? YES

BASE experiment

STAR

ALICE 

Search for potential CPT 
symmetry breaking
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First results from LHC run II
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      Pb-Pb: charged-particle multiplicity density

ALICE: arXiv:1512.06104

● Mean <dNch/dη> = 1943 ± 54 for |η|<0.5

● 20% increase of  <dNch/dη> wrt. 2.76 TeV 
data, in agreement with power law 
dependence

● Centrality dependence calculated with 
Glauber model increased by 1.2 wrt. 2.76 
TeV data

● MC models without retuning compared to 
data, EKRT seems to agree best
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Summary

● Angular correlations:

● Double ridge structure measured in p-Pb, extends to large rapidities with v2 larger in 
the Pb-going direction (muon-hadron correlations)

● Mass ordering of v2 in p-Pb, consistent with hydro predictions → signature of 
collectivity?

● Surprising anticorrelation structure for proton pairs in pp collisions resembling e+e- 
results at much lower energies → suggesting a fundamental mechanism forbidding 
production of two baryons in a single fragmentation

● Femtoscopic measurements:

● 3D pion femtoscopy measured in p-Pb collisions → source size similar to pp at low 
multiplicity, multiplicity scaling of p-Pb radii different from pp and resembling Pb-Pb, data 
compared to hydro predictions favor lower initial size, interpretation still an open 
question

● First time K0
s-K± femtoscopy measured → a0(980) FSI gives excellent representation 

of the signal, a0 a tetraquark state?

● 1D pion, kaon, proton femtoscopy measured in Pb-Pb → clear mT scaling observed, 
pp and pp correlations measured for the first time (before STAR Nature paper)

● Correlations of baryons reveal interesting features and baryons in general seem to be 
of great importance (recent Nature publications)

● First results from LHC run II, Pb-Pb collisions at √s = 5.02 TeV, more to come – stay 
tuned!



THANK YOU!THANK YOU!

lgraczyk@cern.chlgraczyk@cern.ch, lgraczyk@if.pw.edu.pl, lgraczyk@if.pw.edu.pl

mailto:lgraczyk@cern.ch
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Cut out short-range

Fourier decomposition:

Collective effects: flow

Precise measurements at the LHC: 
higher harmonics due to 
fluctuations of initial conditions

Pre-LHC: fancy explanations
- Double ridge?
- Mach cones?

1
N trig

dN pair

dΔΦ
=

N assoc

2π
{1+∑

n=1

∞

2V nΔ cos(nΔΦ)}
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Collective effects: flow
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Same jet

Back-to-back jets

Bose-Einstein Photon 
conversion

Momentum 
conservation

Resonances
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Properties of quark jets

 

The story starts with Richard Feynman... Field-Feynman hadronization model

from R.D. Field, International Journal of Modern 
Physics A, Vol. 30, No. 1 (2015) 1530005 



 

38/338/01/2016, Epiphany 2016 Łukasz Graczykowski – Warsaw University of Technology

Properties of quark jets

Two primary hadrons with the same
● baryon number
● (or) charge 
● (or) strangeness 

are separated by at least two steps is rank.

 ..s ss sd ds sa

     ..ss    ss dd ss

Rank:   4 3 2 1

Strangeness:   0    -1     1    -1

The same strangeness:
3 – 1 = 2 steps in rank

a

Example

*) Provided that the order of particles in rapidity closely reflects their order in rank

We are not likely to find two 
baryons/strange particles or two 
antibaryons/anti-strange particles 
at the same rapidity*.

Modern models (like Lund string mode used 
in PYTHIA) are derived from FF model. 
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Femtoscopy technique

from J. Pluta

from A. Kisiel

C=1+λ exp(−Ro
2 qo

2
−Rs

2 qs
2
−Rl

2 ql
2
)

with Coulomb – Bowler-Sinyukov formula:

●  The size R is a variance of single-particle 
emission function (emission probabilit distribution).

●  The width of the correlation function is inversely 
proportional to R.

C=(1−λ)+λ K (1+exp(−Ro
2 qo

2
−Rs

2 qs
2
−Rl

2 ql
2
))



Quark Matter 14.08.2012
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● For protons, cross-sections known, only radius can change.

● For others (pΛ, ΛΛ, ΛΛ), the radius and the cross-section not known (or known 
with large uncertainties) → only one can be a free parameter; cross-sections can be 
obtained with constraints from pp analysis.

● Test of CPT symmetry (precise measurements of bb pairs wrt. to bb)

increase of (anti)correlationincrease of (anti)correlation
==

decrease of the radiusdecrease of the radius
oror

increase of the interaction increase of the interaction 
cross-sectioncross-section

expected shape 
of the signal (MC)

measured correlation
two-particle emission function 
(radius – width of the function)

cross-section

C ( q⃗)=∫S ( r⃗ )∣Ψ( q⃗ , r⃗ )∣2d 4 r

Baryon femtoscopy
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A. Kisiel
Quark Matter 2015
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