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2Heavy flavors in heavy ion collisions

• Open heavy flavors (HF) quarks — c, b — are produced 
early in the collision; masses above QGP temperature


• HF in heavy ion collisions are sensitive probes to energy 
loss mechanisms and QGP transport properties


• HF pair angular correlations have additional sensitivity to 
QGP-induced angular deflection

• Mass dependence expected due to “dead-cone effect”
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3Heavy flavors in heavy ion collisions

4 5 6 7 8 910 20 30 40
 [GeV]

T
p

0

0.2

0.4

0.6

0.8

1
AA

R  ATLAS
-1bµPb+Pb, 5.02 TeV, 246 

-1, 5.02 TeV, 1.17 pbpp
0-10%

,  ATLAS µ→b
, ALICE0D→b

, CMSψJ/→b
, ATLASψJ/→b

µ→0B→bDREENA-B 
0B→bDREENA-B 

ATLAS muon: arXiv:2109.00411

ATLAS J/𝜓: EPJC 78 (2018) 762

ATLAS b-jet: HION-2018-24

ALICE D0: arXiv:2202.00815

CMS J/𝜓: EPJC 78 (2018) 509
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• Good agreement from several measurements of different 
collaborations, using muons, D’s, J/Ψ as a proxy for HF


• Sensitive to only part of the HF momentum —> need of 
fragmentation function and decay kinematics to get HF scale 
( model dependent )

https://arxiv.org/abs/2109.00411
https://link.springer.com/article/10.1140/epjc/s10052-018-6219-9
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2018-24/
https://arxiv.org/abs/2202.00815
https://link.springer.com/article/10.1140/epjc/s10052-018-5950-6


4b-jets from semi-leptonic decays
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b-fraction estimated using template fit method on muon pT-rel distribution

Muon selection:

• Muon pT > 4 GeV

• ΔR(jet,muon) < R

prel
T = | | ⃗pμ × ⃗u | | , where ⃗u =

⃗pjet+μ

| | ⃗pjet+μ | |
is the jet + μ axis

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2018-24/

Raw b-jet spectra obtained 
from fit is unfolded to 
correct detector effects and 
missing neutrino energy 



5b-jets vs inclusive jets in pp collisions https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2018-24/

b-jet to inclusive R=0.2 cross-section ratio:


• Good agreement found between data and simulation in the ratio 

• Comparison to CMS results consistent within errors

• Ratio consistent with flat within uncertainties, relevant for RAA modification interpretation 



6b-jets vs inclusive jets in Pb+Pb collisions

Nuclear modification factor, RAA, measured for b-jets and inclusive jets:


• Similar suppression in peripheral collisions 
• b-jet found to be less suppressed than inclusive jets in central collisions

• Both calculations capture the RAA difference

• LIDO calculations reproduce well the measured RAA

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



7b-jets vs inclusive jets in Pb+Pb collisions

Nuclear modification factor, RAA, measured for b-jets and inclusive jets:


• Similar suppression in peripheral collisions

• b-jet found to be less suppressed than inclusive jets in central collisions 
• Both calculations capture the RAA difference

• LIDO calculations reproduce the measured RAA better

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



8b-jets vs inclusive jets in Pb+Pb collisions

Ratio of nuclear modification factor, RAA, between b-jets and inclusive jets:


• Smaller systematic uncertainties than RAA, systematic uncertainties which are shared cancel in ratio

• Ratio consistent with unity in peripheral and ~20% above unity in central collisions

• Dai et al, calculations reproduce well RAA ratio

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



9b-jets vs inclusive jets in Pb+Pb collisions

Ratio of nuclear modification factor, RAA, between b-jets and inclusive jets:


• Smaller systematic uncertainties than RAA, systematic uncertainties which are shared cancel in ratio

• Ratio consistent with unity in peripheral and ~20% above unity in central collisions

• Dai et al, calculations are able to reproduce RAA ratio better than LIDO

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/
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b-jets vs inclusive jets

• Large contribution from gluon-splitting

b-jets are sensitive to quark mass but also flavor

different fragmentation than direct b production

But interpretation is not so direct

Pythia8

• ɣ-tagged jets (dominated by quarks) can 
help in isolating the mass effect


Caveat: different R and centrality, spectra

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-009/



11HF muon pair selection

Pair production

Flavor excitation

Gluon splitting

Pair production

Flavor excitation

Gluon splitting

Rapidity Correlation

Azimuthal Correlation

 correlation at 2 TeV from pQCDb − b̄

back-to-back muon pairs from LO pair production 
processes sensitive to induced angular broadening: 


Rapidity gap between two muons: 

• Suppress HF-bkg contribution from jets

• Suppress gluon splitting contribution


Azimuthal correlation at :

• Enhanced Back-to-back pair production contribution

• Smaller contribution of flavor excitation

• Small non-HF bkg contamination

|Δη | > 0.8

Δϕ ∼ π

E. Norrbin & T. Sjöstrand:  EPJC 17 (2000) 137

https://link.springer.com/article/10.1007/s100520000460


12Back-to-back yield extraction
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• Correlated yields (Ncorr) and its width (𝜏) are extracted


• Separately for same-sign ( ) and opposite-sign ( ) HF pairsbb̄ cc̄ + bb̄

Pb+Pb 0-10%

pp

ATLAS DRAFT

3 Datasets and muon selections95

The Pb+Pb data used in this measurement were recorded in 2015 and 2018 with integrated luminosities96

of 0.49 nb�1 and 1.44 nb�1, respectively. The Pb+Pb data were recorded with a dimuon trigger that97

required two muons with pT > 4 GeV at L1 and also at the HLT. The pp data at
p

s =5.02 TeV were98

recorded in 2017 and correspond to a total integrated luminosity of 0.26 fb�1. The average interaction per99

bunch-crossing (hµi) for this period varied between 0.4 and 4. The pp data used here were recorded by an100

identical trigger as the Pb+Pb data. The Pb+Pb collision centrality is characterized by the total transverse101

energy,
P

EFCal
T , measured in the FCal [66, 67]. The relationship between

P
EFCal

T and the geometry of the102

Pb+Pb collisions is evaluated [67] using a Glauber model analysis [68, 69] that allows the nuclear overlap103

parameter, TAA, to be determined.104

Charged-particle tracks and collision vertices are reconstructed using standard methods [70] tuned for the105

conditions of Pb+Pb collisions and assuming a single collision vertex per event. Events used in the analysis106

are required to be recorded during stable running conditions of the LHC, to have no detector hardware107

or readout error, and to have a reconstructed collision vertex. Muons are reconstructed by combining ID108

tracks with tracks reconstructed in the muon spectrometer. For the Pb+Pb and pp analyses, the muons109

are required to pass the tight and medium muon selection requirements [71], respectively. The tight muon110

selection in used in the Pb+Pb analysis, as its significantly reduces background muons from pion and111

kaon decays. Both opposite-sign and same-sign muon pairs are used in the analysis. Muon pairs passing112

the following selections are used2 in the analysis: each muon has pT > 4 GeV and |⌘| < 2.4, and the ⌘113

separation between the two muons (�⌘) is required to be greater than 0.8. The reason to implement the114

|�⌘| > 0.8 requirement is to remove the large number of pairs that are present at (|�⌘|,��) ⇠ (0, 0). While115

the analysis aims to study the correlation on the away-side (�� = ⇡) that arise from decays of back-to-back116

HF particles, the pair-distribution on the near-side is used to estimate and correct for combinatorial pairs117

on the away-sideand for this reason the |�⌘| > 0.8 requirement is imposed. Muon-pairs from decays of118

mesons such as !, ⇢, J/ , ⌥ etc. are excluded by applying constraints on the invariant mass (Mµµ) of the119

muon pair, for oppositely-charged muons.120

4 Analysis121

The objective of this analysis is to study the �� distribution between muon pairs, and quantify how the122

width of the distribution and number of pairs on the away-side (�� = ⇡) varies with centrality. Figure 1123

shows �� distributions for the 0–10% and 60–80% central Pb+Pb events, and for the pp events. Apart124

from muon pairs generated from correlated cc̄ and bb̄ decays, pairs can arise from independently produced125

HF quarks. These independently produced HF pairs can develop azimuthal correlations due to collective126

flow [34, 49]. In order to obtain the yield and widths of the distributions under the away-side peak, the ��127

distributions are fit with the following functional form:128

dN/d�� = N0 + Nflow cos(2��) + Ycorr(��), (1)129

with:130

Ycorr(��) =
Ncorr

(�� � ⇡)2 + ⌧2 � Npedestal, (2)131

2 For events with more than two muons, all possible muon pairs that pass these criteria are used. No requirement that a muon is
used only in one pair is imposed.

20th March 2022 – 02:22 4

Yields with no azimuthal 
correlation

Collective flow 
modulation

Back-to-back 
correlation yields

ATLAS-CONF-2022-022

Lorentzian

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-022/


13HF pair azimuthal correlation — yields

• Larger suppression on back-to-back HF pair production in central wrt. peripheral

• Same-sign and Opposite-sign pairs have a similar trend

Same-sign ( )bb̄ Opposite-sign ( )cc̄ + bb̄ All pairs

ATLAS-CONF-2022-022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-022/


14HF pair azimuthal correlation — width
Same-sign ( )bb̄ Opposite-sign ( )cc̄ + bb̄ All pairs

• Comparable width between different centralities and between Pb+Pb and pp
• Centrality-independent width indicates small angular deflection.  

In weakly interacting picture: important role of radiative energy loss

ATLAS-CONF-2022-022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-022/


15Summary
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b-jet RAA measured by tagging semi-leptonic decays


• b-jet in central collisions were found to be less suppressed than inclusive jets 
HF pair azimuthal correlation measured with muon pairs

• No significant broadening observed in the azimuthal correlation
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New and more precise results coming for RUN3 data!

Thank you! more results at: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
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Additional slides



18b-jets muon fragmentation

pT-rel is sensitive to muon 
momentum modeling


Independent test on muon 
fragmentation function, “z”, 
using measured flavor-fractions

z = pμ
Tcos(θ)/pjet+μ

T

The muon momentum distribution 
is well reproduced by PYTHIA8

PYTHIA8 setting:

• A14 (ATLAS-PHYS-PUB-2014-021) 

• NNPDF23LO (arXiv:1207.1303)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



19b-jets pp cross-section

• b-jet cross-section measured for Jet R = 0.2, 
and 0.4 in pp collisions


• Fully unfolded results include neutrino 
energy, b-jet pT range: 80-250 GeV 

• Results are compared against generators and 
theoretical calculations

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



20b-jets RAA CMS comparison https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/



21b-jets systematics https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
PAPERS/HION-2018-24/
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