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Motivations
Open heavy-flavor measurements with ALICE
 pp



collisions, p-Pb collisions, Pb-Pb collisions

Summary

Due to the time limitation, quarkonia results are not covered in
this talk
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Heavy quarks as a probe of the QGP
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Goal: Obtain a microscopic description of the medium


Fragment into hadrons





Lose energy while traversing the medium





Pb

Collisional energy loss?
Radiative energy loss?

Heavy quarks are produced in initial
hard scattering processes


Pb

Same as vacuum fragmentation?
Recombination with surrounding light
quarks?

They will experience the whole system
evolution

pp and p-Pb collisions: an essential baseline for Pb-Pb collisions
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ALICE detector
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ALICE detector
5

Central Barrel (|h|<0.9)
2p tracking & PID
ITS
TPC
TOF
Muon arm (2.5 < h < 4)

Forward detectors
Trigger, centrality, timing

Charm hadrons in |y| < 0.5
D0→K-p+, D*+→D0p+, D+ →K-p+p+, Ds+ → f(K+K-)p+
Lc+ → pK-p+, pK0s, e+Lne, Xc0 →e+X-ne
Leptons from heavy-flavor hadron decay
Electrons in |y|<0.9
Muons in 2.5 < y < 4
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D mesons in pp
6

D0 pp √s = 5 TeV





D0 pp √s = 13 TeV

D-meson production cross section measured at several collision energies




D0 pp √s = 7 TeV

D0, D+, D*+

D0 is measured down to zero pT at 7 TeV
Consistent with pQCD calculations
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Theoretical uncertainties are much larger than those on data
Yosuke Watanabe

Heavy-flavor leptons in pp
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m pp √s = 8 TeV

e pp √s = 13 TeV





Beauty is main component from pT > ~5 GeV/c
Precise data to constrain charm and beauty production over a wide rapidity interval
Similar agreement with FONLL is found in the two rapidity intervals
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Production vs charged particle multiplicity
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m pp √s = 8 TeV, D pp √s = 7 TeV



Yield of D mesons (|y|<0.5) and HF-decay muons (2.5 < y < 4) increases with charged particle
multiplicity at central rapidity




Faster than linear increase at high multiplicity

Similar increase is also seen for J/y




J/y pp √s = 13 TeV

The trend is not significantly influenced by hadronization

Model calculations need to include multiple partonic interactions to qualitatively describe the trend
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Production vs spherocity
9

20 < Ntracklets < 30



Isolate soft and hard events using “spherocity”






D0 pp √s = 7 TeV

So = 0: pencil-like limit (hard event)
So = 1: isotropic limit (soft event)

D-meson pT distribution harder at small So
Described by PYTHIA 6 (Perugia-2011)
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30 < Ntracklets < 81

Charm jet in pp (and p-Pb)
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p-Pb √sNN = 5 TeV

pp √s = 7 TeV





Charm jets tagged by the presence of a fully reconstructed D meson
D-jet spectrum measured from pT = 5 GeV/c to 30 GeV/c
Described by POWHEG+PYTHIA6 (Perugia 2011 tune) simulation within uncertainty
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Data uncertainty smaller than theoretical ones
Yosuke Watanabe

Lc+ in pp (and p-Pb)
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pp √s = 7 TeV

p-Pb √sNN = 5 TeV

Measured using 3 decay channels
(hadronic + semileptonic) in pp
Measured using 2 decay channels
(hadronic) in p-Pb




Study charm hadronization mechanisms using baryons
Lc+ cross section underestimated by theory in pp and p-Pb collisions

x 2-3 higher than GM-VFNS
 Up to x 20 higher than POWHEG+PYTHIA6
MIAMI2017
Yosuke Watanabe


Baryon-to-meson ratio
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pp √s = 7 TeV

pp √s = 7 TeV, p-Pb √sNN = 5 TeV




Lc+/D0 in pp and p-Pb collisions compatible within uncertainties
Lc+/D0 ratio higher than expectation from MC




Enhanced color reconnection mode [1] in PYTHIA 8 closer to data

First Xc0 production measurement at LHC: Xc0 → e+X-ne
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Bands represent the range of the currently available theoretical prediction of the
branching ratio → Experimental values are awaited!
Yosuke Watanabe

[1] J. Christiansen, P. Skands JHEP 08 (2015) 003

Nuclear modification factor RAA
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Charm production in heavy-ion collisions is
expected to scale with Ncoll
RAA = 1: no medium effects
RAA ≠ 1:
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Cold-nuclear-matter effects
Energy loss of charm quark in the QGP
Change in hadronization
…
Yosuke Watanabe

D meson, Lc baryon (RpPb)
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D p-Pb √sNN = 5 TeV

Lc p-Pb √sNN = 5 TeV

ALICE-PUBLIC-2017-008



RpPb ~ 1

Consistent with models with
cold-nuclear-matter effects
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RpPb ~ 1



Consistent with D-meson RpPb

Yosuke Watanabe

D meson RAA
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D Pb-Pb √sNN = 5 TeV

D p-Pb √sNN = 5 TeV

ALICE-PUBLIC-2017-008



RpPb ~ 1

Consistent with models with
cold-nuclear-matter effects



Strong suppression of D mesons at high pT in Pb-Pb collisions
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In-medium energy loss of charm quarks

Similar suppression at 2.76 and 5.02 TeV




strong suppression due to final-state effects

Stronger suppression in central than in semi-central collisions




ALICE-PUBLIC-2017-003

Balancing between the higher medium T and harder pT distributions of
charm quarks at 5.02 TeV

Described by models with pQCD parton energy loss at high pT
Yosuke Watanabe

Leptons from heavy-flavor decays
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e and m Pb-Pb √sNN = 5 TeV



Strong suppression of heavy-flavor decay leptons at central and forward rapidity in
Pb-Pb collisions




Similar suppression at central and forward rapidity

Beauty is main component from pT > ~5 GeV/c




m Pb-Pb √sNN = 5 TeV

Indication of beauty suppression at high pT

Stronger suppression in central than in semicentral collisions
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Beauty electron RAA
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e Pb-Pb √sNN = 5 TeV





Beauty-hadron measurements are performed via semileptonic decay and
B→J/y +X (JHEP 1507, 051 (2015))
Semileptonic decay analysis
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Electrons from beauty can be identified via their large impact parameter
Hint of RAA < 1 for pT > 3 GeV/c
Yosuke Watanabe

D meson vs other hadrons
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p, D Pb-Pb √sNN = 2.76 TeV

B, D Pb-Pb √sNN = 2.76 TeV

D vs B→J/y

D vs p

JHEP 11 (2015) 205






Expected hierarchy in the energy loss: DEg > DEu,d,s > DEc > DEb
RAA integrated over high pT region, 8 < pT < 16 GeV/c
What we see: RAA(p) ~ RAA(D) < RAA(B)





Different shapes of the parton pT spectra + different parton fragmentation functions
Different energy loss for charm and beauty is confirmed

Described by models taking these effects into account
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JHEP 11 (2015) 205

Ds+ meson
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pp, p-Pb, Pb-Pb

Pb-Pb √sNN = 5.02 TeV



RAA of the Ds meson is expected to be higher with respect to non-strange D
mesons if coalescence plays a major role in charm hadronization from the QGP





Strangeness enhancement in the QGP
Hint for the RAA enhancement (although 1s effect)

Hint for smooth increase of Ds+/D+ as a function of charged particle multiplicity
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D production vs centrality in p-Pb
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p-Pb √sNN = 5 TeV
ALICE-PUBLIC-2017-008






Event centrality is determined with ZN calorimeters (least biased selection, PRC 91,
064905 (2015))
D-meson QpPb in 0-10% and 60-100% compatible with unity within uncertainty
Hint of deviation from one for QCP (1.5s in 2 < pT < 8 GeV/c)


Initial state effects or hot matter effects? We need comparisons with theoretical models
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Azimuthal anisotropy
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v2: elliptic flow



Low and intermediate pT

Rescattering of charm quarks with the surrounding medium
 Hadronization mechanisms




High pT
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Path-length dependence of charm-quark energy loss
Yosuke Watanabe

D-meson elliptic flow
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p Pb-Pb √sNN = 5.02 TeV
D Pb-Pb √sNN = 2.76 TeV, 5.02 TeV




arXiv: 1707.01005

D-meson v2 > 0
D meson and charged pion v2 compatible within uncertainties (hint for
smaller v2 of D mesons for pT < 4 GeV/c)




D Pb-Pb √sNN = 5.02 TeV

Significant interaction of charm quarks with the medium

Models with diffusion coefficient 2pDs(T) in the range 1.5-7 at Tc with the
corresponding thermalization time tcharm ~ 3-14 fm/c describe the data
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Heavy-flavor electron v2 in p-Pb
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e p-Pb √sNN = 5.02 TeV



Analysis of electron-hadron azimuthal correlation in 0-20% events
with highest multiplicity




Positive v2, almost comparable to charged particles


MIAMI2017

Jet contribution estimated and subtracted with peripheral events
Initial-state effects, collective effects?
Yosuke Watanabe

Summary
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pp





p-Pb






Production of D mesons, heavy-flavor decay leptons well described by
pQCD calculations
Charm baryon production underestimated by models
D-meson RpPb compatible with unity
Hint for a centrality dependence of D-meson production (QCP > 1)
Positive v2 of heavy-flavor decay electrons

Pb-Pb
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Significant suppression due to the in-medium energy loss of charm
quarks
Positive v2 due to the strong interaction of charm quarks with the
medium
Hint for RAA (Ds) > RAA(non-strange D)
Yosuke Watanabe

25

backup

Event shape engineering
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D Pb-Pb 5.02 TeV






q2 related to the initial geometry (eccentricity) of the collision
Study the charm-quark coupling to the light-hadron bulk, by measuring v2
at different q2 values
Significant separation of D-meson v2 in events with large and small q2
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Charm quarks sensitive to the light hadron bulk collectivity and event-by-event
initial condition fluctuations
Yosuke Watanabe

