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Probing trillion degree 
QCD matter 

2

Heavy ions (HI) collisions produce deconfined medium: quark gluon 

plasma (QGP)

What are the properties of medium created in HI collisions?

study of QCD phase diagram.

understanding of the QCD in the limit of high densities and 

temperatures. 

How can we study details of properties of the medium?
by using (hard) probes of different scales... 
by studying global properties of collisions...   

 

 



  

Probing trillion degree 
QCD matter 

3

Heavy ions (HI) collisions produce deconfined medium: quark gluon 

plasma (QGP)

What are the properties of medium created in HI collisions?

study of QCD phase diagram.

understanding of the QCD in the limit of high densities and 

temperatures. 

How can we study details of properties of the medium?
by using (hard) probes of different scales...
by studying global properties of collisions.. 

How these properties emerge from QCD?  

 

 



  

Hard probes 

4

QCD is complex even in pp collisions.

But we can factorize it.... 

     

 

 



  

Hard probes 
in quark-gluon plasma

5

QCD is complex even in pp collisions.

But we can factorize it.... 

     

 

 

HI collision:
Hard probes (HP) are produced early in the collision.
Initial cross-section unchanged by presence of medium.
pQCD calculable.

     

 

 

Modified!



  

Centrality

6

Yields of hard processes in HI collisions are expected to scale with 
number of binary nucleon-nucleon collisions, N

coll
.

The N
coll

 depends on centrality of collision.
Centrality is typically characterized by activity in forward detectors. 

   

     

 

 

arXiv:nucl-ex/0701025
Peripheral collisions

“90-100% bin”

Central collisions

“0-10% bin”

Low number of N
coll

High number of N
coll

Low number of 
participating 

nucleons N
part

High number of 
participating 

nucleons N
part



  

Nuclear modification factor

7

pp reference

Yields in A+A

Typical observable: nuclear modification factor.

QCD in vacuum

QCD in medium

Compares HI and pp collisions and remove the geometrical scaling.



  

Hard probes gallery

8

Different hard probes interact with medium differently.

     

 

 

Vector bosons

Measurements of photons, Z and W bosons.
Do not interact strongly.
No medium effect is expected.
Provide information about the initial state → nuclear PDFs. 

     

 

 



  

EW bosons production 

9

Do not interact with QGP.

No deviation from N
coll

 scaling.

Z bosons:

More forward

ATLAS-CONF-2017-10



  

EW bosons production 

10

More sensitivity to nPDF effects in p+Pb collisions 

Small forward-backward asymmetry consistent with nPDF effects.

Z bosons:

ATLAS-CONF-2016-117



  

Hard probes gallery

11

Different hard probes interact with medium differently. 

     

 

 

Vector bosons Jets

Interactions of medium and colored probe.
elastic scattering.
induced radiation.

Partons are supposed to lose energy      jet quenching

    
     

 

 



  

Single jet spectra 
in pp and Pb+Pb collisions

12
PRL114 (2015) 072302

2.76 TeV: 5.02 TeV:

ATLAS-CONF-2017-009



  

Single jet spectra 
in pp and Pb+Pb collisions

13

PRL114 (2015) 072302

2.76 TeV: 5.02 TeV:

Increasing suppression  w.r.t. pp reference with increasing centrality.

   

R
AA

@5.02 TeV:

ATLAS-CONF-2017-009



  

Suppression of single jet spectra

14

RAA exhibits very weak pT dependence.
Same magnitude of RAA seen at the two different center-of-mass 
energies.
Access to jet pt up to 1TeV at 5.02TeV.

   

ATLAS-CONF-2017-009



  

What about pseudorapidity 
dependence?

15

PRL114 (2015) 072302

Increasing rapidity → steeper spectrum → decrease of RAA

   

2.76 TeV:



  

What about pseudorapidity 
dependence?

16

PRL114 (2015) 072302

Increasing rapidity → steeper spectrum → decrease of RAA

Increasing rapidity → higher quark fraction → increase of RAA

   

2.76 TeV:



  

What about pseudorapidity 
dependence?

17

PRL114 (2015) 072302

Increasing rapidity → steeper spectrum → decrease of RAA

Increasing rapidity → higher quark fraction → increase of RAA

RAA is completely flat with rapidity!      Cancellation?
How about the rapidity dependence at 5 TeV with different 
shape of spectra. 

   

2.76 TeV:



  

Pseudorapidity dependence of jet 
suppresion at 5.02 TeV

18

5 TeV:

Smaller RAA for high pT 
jets in forward region.

je
t  
p

T

ATLAS-CONF-2017-009



  

Vector boson-jet correlations

19

Photons and Z's calibrate the parton energy.
Flavor fraction differs compared to di-jets. 
Low cross section → limitation in Run1.

    

   

Photon-jet correlations@5TeV:

ATLAS-CONF-2016-110



  

Vector boson-jet correlations

20

Photons and Z's calibrate the parton energy.
Flavor fraction differs compared to di-jets. 
Low cross section → limitation in Run1.

    

   

Photon-jet correlations@5TeV:

ATLAS-CONF-2016-110



  

How much is the jet structure 
modified in Pb+Pb?

21

   

   

arXiv:1702.00674

   

Final 2.76 TeV result:

Measurement of 
fragmentation functions:

   



  

How much is the jet structure 
modified in Pb+Pb?

22

Increasing modification 
to FF with increasing 
centrality.

   

Centrality dependence:

   

arXiv:1702.00674

   

Final 2.76 TeV result:

Measurement of 
fragmentation functions:

   
Ratios between Pb+Pb and 
pp see potential modification:
                                    



  

How much is the jet structure 
modified in Pb+Pb?

23

Enhancement at low 
and high z.

Suppression at 
intermediate z.

Similar observation for 
D(pT) distributions

High z bin limited by 
uncertainties.  

   

Central collisions:

   

   

Final 2.76 TeV result:

arXiv:1702.00674



  

How about jet p
T
 dependence?

24
No dependence on jet pT observed for jets up to 400 GeV.

ATLAS-CONF-2017-005

We can use the high statistic samples of 5.02 TeV Pb+Pb data... 



  

How about collision energy 
dependence?

25
No dependence on collision energy observed in the comparable 
kinematic region. ATLAS-CONF-2017-005

We can use the high statistic samples of 5.02 TeV Pb+Pb data... 



  

Do we see some modifications of 
jet structure in p+Pb collisions?

26

No modification of jet internal structure is observed in p+Pb system.

ATLAS-CONF-2017-004



  

Hard probes gallery

27

Different hard probes interact with medium differently .

     

 

 

Vector bosons Quarkonia

Dissociation in the medium due to the color screening.
Differences in the quarkonium binding energy.
Sequential melting with increasing temperature

 
    

     

 

 

Open heavy flavor/
jets



  

Hard probes gallery

28

Different hard probes interact with medium differently 

     

 

 

Vector bosons

Dissociation in the medium due to the color screening.
Differences in the quarkonium binding energy.
Sequential melting with increasing temperature
Quarkonia serve as thermometer of the medium.

 
    

     

 

 

Υ

χb

J/ψ

Y'
χb'

χc
Y''

ψ'

Open heavy flavor/
jets
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J/ψ and ψ(2s) production

29

Comparison of suppression of J/ψ and ψ(2s).

     

 

 

Non-Promt

Non-promt: similar suppression as both are coming from b decays 

outside the QGP.

     

 

 

ATLAS-CONF-2016-109



  

J/ψ and ψ(2s) production

30

Comparison of suppression of J/ψ and ψ(2s).

     

 

 

Promt Non-Promt

Promt: sensitive to QGP effects and difference in binding energy.
Sequential melting:   R

AA
 (J/ψ) > R

AA
(ψ(2s))

     

 

 

ATLAS-CONF-2016-109



  

Global properties
of HI collisions

31

Initial spatial anisotropy → flow: the azimuthal momentum space 
anisotropy of particle emission.

 

QGP collective behavior, thermalisation, space-time evolution....

     

 

 



  

How about collectivity 
in small systems?

32

Collective behavior is observed also in pp and p+Pb collisions
No dependence on collisions energy.
Difference in collisions system. 

     

 

 

Novel analysis techniques to remove “non-flow” contributions.



  

Light-by-light scattering 
in Ultra Peripheral Collisions

33

First direct measurement of elastic scattering of two photons.
The cross-section scales with ∼Z4

enhanced for ion beam.
Proposed as a possible channel to study BSM

 
    

     

 

 



  

Light-by-light scattering 
in Ultra Peripheral Collisions

34

Measured cross-section:

Prediction (arxiv1601.07001):
arXiv:1702.01625

24



  

Summary

35

EW processes serve as standard candles. 

Medium created in HI collisions is opaque to energetic colored particles.

High p
T
 partons lose energy in the deconfined medium.

Jet internal structure is modified.

The formation of quarkonium bound states is affected by the medium.

Anisotropic flow

Differential measurements of collective effects in Pb+Pb collisions.

Collective behavior in small systems.

 

 

 

Era of precise measurements.

Many new exciting results from Run2 data! 

Comprehensive HI measurements from ATLAS experiment



  

Backup

36



  

Prompt photons production

37

Promtp photons are sensitive only to initial state effects.

Phys. Rev. C 93, 034914

CMS: comparison to pp collisions.
ATLAS: comparison to NLO pQCD (JETPHOX MC)
No medium effects, yields consistent with N

coll
 scaling.

PLB 710 (2012) 256



  

EW bosons production 

38

Similarly to prompt photons do not interact with QGP
Produced in qq annihilation     sensitive to nPDFs effects

Observables sensitive to initial state and spin conservation
Not enough sensitivity to nPDFs effects (isospin and shadowing).

EPJC75 (2015) 23



  

Charged hadrons

39

The easiest way how to study jet quenching.

However does not sample the full parton energy.

   

JHEP 09 (2015) 050

Final Run 1 results.
Very good agreement between experiments.
Sign of flattening of RAA  at very high pT.

   

Run 1
2.76 TeV



  

Charged hadrons high-p
T 
spectra

40

The easiest way how to study jet quenching.

However does not sample the full parton energy.

   JHEP 09 (2015) 050

No significant increase of the suppression from 2.76 to 5.02 TeV.

   

Run 1
2.76 TeV Run 2

5.02 TeV



  

Integrals of D(p
T
) distributions

41

To quantify the trends in the ratios we evaluated 
differences between integrals of pp and Pb+Pb 
D(pT) distributions  

   



  

Integrals of D(p
T
) distributions
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To quantify the trends in the ratios we evaluated 
differences between integrals of pp and Pb+Pb 
D(pT) distributions  

   



  

Integrals of D(p
T
) distributions

43

To quantify the trends in the ratios we evaluated 
differences between integrals of pp and Pb+Pb 
D(pT) distributions  

   

centrality



  

Integrals of D(p
T
) distributions

44

To quantify the trends in the ratios we evaluated 
differences between integrals of pp and Pb+Pb 
D(pT) distributions  

   

balance
d

positive positive



  

Do we see rapidity dependence?

45

Hint of rapidity dependence at high z, statistically limited...

Expected from change of flavor composition.

 

   

Rapidity dependence:

   

arXiv:1702.006
74

more forward



  

Do we see rapidity dependence?

46

Hint of rapidity dependence at high z, statistically limited...

Expected from change of flavor composition.

Do we need to increase jet pT to see more rapidity dependence? 

 

   

Rapidity dependence:

   

arXiv:1702.006
74

more forward



Fragmentation in pp

47

pp results provided by ATLASfor three center of mass energies:
2.76 TeV (arXiv:1702.00674)
5.02 TeV (ATLAS-CONF-2017-004)
7 TeV (arXiv:1109.5816) 

Can be used as reference for HI collisions.

2.76 
TeV



Fragmentation in pp

48

pp results provided by ATLASfor three center of mass energies:
2.76 TeV (arXiv:1702.00674), 5.02 TeV (ATLAS-CONF-2017-004), 7 
TeV (arXiv:1109.5816) 

Can be used as reference for HI collisions, to tune MC simulations and 
compare to theoretical calculations.

M
C

T
h

eo
ry



R
D(z)

 in different jet p
T
 intervals

No modification of jet internal structure is observed in p+Pb system.
49

Shaded bands:  uncorrelated or partially correlated systematic errors.

p
 +

 P
b

 /  
p

p

p+Pb measurement is compared to new pp reference @5.02TeV 

ATLAS-CONF-2017-004



R
D(pT)

 in different jet p
T
 intervals

No modification of jet internal structure is observed in p+Pb system.
50

Shaded bands:  uncorrelated or partially correlated systematic errors.

p
 +

 P
b

 /  
p

p

p+Pb measurement is compared to new pp reference @5.02TeV 

ATLAS-CONF-2017-004



  

Do we see some modifications of 
jet structure in p+Pb collisions?

51

No modification of jet internal structure is observed in p+Pb system.



  

Do we see some modifications of 
jet structure in p+Pb collisions?

52

No modification of jet internal structure is observed in p+Pb system.

Jets: Charged hadrons:

Self-consistent picture in p+Pb collisions....

ATLAS-CONF-2016-108



  

Update on di-jet asymmetry

53

ATLAS fully unfolded di-jet asymmetry distributions

   

ATLAS-CONF-2015-01

Significant shift toward large di-jet asymmetry in central HI 
collisions w.r.t. pp reference.

   



  

Update on di-jet asymmetry

54

ATLAS fully unfolded di-jet asymmetry distributions

   

Much less modification at high pT.
per jet fluctuations of quenching?

Change in the flavor compositions?

   

ATLAS-CONF-2015-01

jet p
T



  

Production of neighbouring jets

55

Neighbouring jet

ΔR
min

ΔR
max

Annulus 
around the test 

jet

η

φ

First multi-jet measurement in HI: rate of neighbouring jets.

Study of relative 
quenching in 
neighbouring jet pair.

Hint of  a decrease 
of suppression when 
energy of two jets is 
similar.

  

 



  

Open heavy flavor

56

ATLAS-CONF-2015-053

Lepton production suppressed in the p
T
 region dominated by 

decays of B and C hadrons.
Higher R

AA
 than inclusive charged hadrons at the same p

T
.

Radial flow affects the low p
T
 part.

     

 

 

ALI-PREL-101085



Jet response

57

Mean jet 

Average responses 
within 1% close to 
unity



  

Flow in Pb+Pb collisions

58

Quantified by harmonic coefficient of the Fourier decomposition of the 
momentum distribution.

     

 

 

ATLAS-CONF-2016-105



  

Heavy flavor correlations

59

Smaller flow for hadron-muon correlations.

Can this tell us something about heavy quark thermalization?  

     

 

 

ATLAS-CONF-2017-006


