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Overview of results
¥ J/!, !(2S), ! (nS) [n=1,2,3] production in 5.02 TeV p+Pb and pp 

collisions 

! Phys. Rev. C 92 (2015) 034904 

! hep-ex/1709.03089, submitted to EPJC 

¥ J/!, ! (2S) production in 5.02 TeV Pb+Pb collisions 

! ATLAS-CONF-2016-109, paper in preparation for early spring 

! poster at this conference by Sebastian Tapia (UTFSM) 

! study of azimuthal modulation for J/! ongoing by Jorge Lopez 
(UTFSM) 

¥ IdentiÞed D0/D* meson production & long-range D-h and ! -h 
correlations in 8.16 TeV p+Pb 

! ATLAS-CONF-2017-006, ATLAS-CONF-2017-073

2 <z https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults  !

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults
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Why Quarkonia?

J/!

! (2S)

! (1S)

T/TC

CNM effects           
¥ Nuclear PDFs 
¥ Gluon Saturation 
¥ Parton Energy loss 
¥ Nuclear Absorption 
¥ Comover Breakup

Quarkonia 
¥ Bound states of quark and anti-quark 
¥ Interact strongly with the environment 
¥ Sensitive to hot and cold matter effects 

QGP effects 
¥ Debye screening 

Sequential melting 
¥ Regeneration 
¥ Energy loss ?

J/! , "  É

Q

øQg

g ÒQuarkonia as QGP thermometerÓ, 
T. Matsui and H. Satz PLB 178 (1986) 416

slide by S. Tapia, PANIC 2017
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Figure 1: Dimuon invariant mass of the full charmonia mass range 2.6 < mµµ < 4.2 GeV (left) and dimuon pseudo-
proper lifetime (right). The data shown are for the range 13< pT < 17 GeV and|y| < 1.5 in Pb+Pb collisions.
Superimposed on the data are the projections of the Þt results.
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Figure 2: Dimuon invariant mass of the full charmonia mass range 2.6 < mµµ < 4.2 GeV (left) and dimuon
pseudo-proper lifetime (right). The data shown are for the range 12.5 < pT < 16 GeV and|y| < 1.5 in ppcollisions.
Superimposed on the data are the projections of the Þt results.

5 Systematic uncertainties

5.1 pp Luminosity uncertainty

The integrated luminosity determined for the 2015pp data has been calibrated based on data from
dedicated beam-separation scans, also known as van der Meer scans. Similar systematic uncertainties to
those examined in the 2012pp luminosity calibration [24] were studied in order to assess the systematic
uncertainties for the 2015 data. The combination of these systematic uncertainties results in a Þnal
uncertainty on the ATLAS luminosity duringppcollisions at

!
s = 5.02 TeV of! L / L = ±5.4%.
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Inner Detector

(ID) |! |<2.5

Muon Spectrometer

(MS) |! |<2.7

25

J/! "  !!  in ATLAS



p+Pb
!

sNN = 8.16 TeV

mµ +µ !
= 3.09 GeV, pµ +µ !

T = 50.9 GeV
pjet1

T = 48.5 GeV, pjet2
T = 31.4 GeV

pjet3
T = 28.3 GeV, pjet4

T = 23.3 GeV!
EPb

T = 57 GeV

5



Charmonia in p+Pb



J/! production in p+Pb

Will Brooks - ATLAS Quarkonia Measurements

J/!  non-prompt fraction vs pT
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~No rapidity dependence, pp and p+Pb are compatible

pp p+Pb

Non-Prompt Fraction =
N Non-Prompt J/ ! (pT , y)

N Total J/ ! (pT , y)

https://arxiv.org/abs/1709.03089

¥ Prompt & Non-Prompt J/! "  "", with   
pT = 8-40 GeV, -2.0 < y < +1.5 
! probing x A ~10-2 to ~ 10-1 
! separately, baseline measurement in 

2015 pp compared to NLO NRQCD 
! non-prompt fraction in p+Pb broadly 

consistent with global pp data
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Figure 6: The di! erential production cross section times dimuon branching fraction of! (2S) (left) and! (3S)
(right) as a function of transverse momentumpT for three intervals of rapidityy in pp collisions at 5.02 TeV. For
each increasing rapidity slice, an additional scaling factor of 10 is applied to the plotted points for visual clarity.
The horizontal position of each data point indicates the mean of the weightedpT distribution. The horizontal
bars represent the range ofpT for the bin, and the vertical error bars correspond to the combined statistical and
systematic uncertainties. The NRQCD theory predictions (see text) are also shown, and the error bands in the
prediction correspond to the combined scale, quark mass and LDMEs uncertainties.
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Figure 7: The di! erential cross section times dimuon branching fraction of prompt and non-promptJ/ " (left) and
" (2S) (right) as a function of transverse momentumpT in p+Pb collisions at

!
sNN = 5.02 TeV. The horizontal po-

sition of each data point indicates the mean of the weightedpT distribution. The horizontal bars represent the range
of pT for the bin, and the vertical error bars correspond to the combined statistical and systematic uncertainties.
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Figure 4: The di! erential prompt production cross section times dimuon branching fraction ofJ/ ! (left) and! (2S)
(right) as a function of transverse momentumpT for three intervals of rapidityy in pp collisions at 5.02 TeV. For
each increasing rapidity slice, an additional scaling factor of 10 is applied to the plotted points for visual clarity.
The horizontal position of each data point indicates the mean of the weightedpT distribution. The horizontal
bars represent the range ofpT for the bin, and the vertical error bars correspond to the combined statistical and
systematic uncertainties. The NRQCD theory predictions (see text) are also shown, and the error bands in the
prediction correspond to the combined scale, quark mass and LDMEs uncertainties.
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Will Brooks - ATLAS Quarkonia Measurements

J/!  non-prompt fraction vs pT

8

 [GeV]
T

p

10 15 20 25 30

 N
on

pr
om

pt
 fr

ac
tio

n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
ATLAS

-12013 p+Pb, 28.1 nb
= 5.02 TeVNNs 

  0 < y* < 1.94
-1.94 < y* < 0

Phys. Rev. C 92, 034904

~No rapidity dependence, pp and p+Pb are compatible

pp p+Pb

Non-Prompt Fraction =
N Non-Prompt J/ ! (pT , y)

N Total J/ ! (pT , y)

https://arxiv.org/abs/1709.03089
7
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PRC 92 (2015) 034904



Nuclear modiÞcation factor RpPb 

7.2 Nuclear modiÞcation factor

The pT dependence ofRpPb for the prompt and non-promptJ/ ! is shown in Figure10. Taking into
account the correlated and uncorrelated uncertainties, both the prompt and non-promptJ/ ! RpPb are
consistent with unity across thepT range from 8 to 40 GeV. The rapidity dependence of prompt and
non-promptJ/ ! RpPb is shown in Figure11. No signiÞcant rapidity dependence is observed. ThepT

and rapidity dependence of" (1S)RpPb is shown in Figure12. The" (1S) production inp+Pb collisions
is found to be suppressed compared topp collisions at lowpT (pT < 15 GeV), and increases with
pT. The observed suppression of" (1S) production at lowpT indicates a modiÞcation of nuclear parton
distribution functions relative to those of the nucleon. No signiÞcant rapidity dependence is observed,
which qualitatively agrees with a prediction of weak rapidity dependence for central rapidities.
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Figure 10: The nuclear modiÞcation factor,RpPb, as a function of transverse momentumpT for promptJ/ ! (left)
and non-promptJ/ ! (right). The horizontal position of each data point indicates the mean of the weightedpT

distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent thepT bin sizes. The vertical sizes of the leftmost grey boxes aroundRpPb = 1 represent the correlated
systematic uncertainty.

The Z boson does not interact with the nuclear medium via the strong interaction, so it is considered a
good reference process inp+Pb collisions for studying the centrality dependence of quarkonium produc-
tion in a model-independent way. The quarkonium yield is compared to theZ boson yield from Ref. [55]
in intervals of centrality. The ratio of quarkonium to theZ boson yield is deÞned as:

RZ
pPb(O(nS)) =

Ncent
O(nS)/N

cent
Z

N0! 90%
O(nS) /N0! 90%

Z

whereNcent
O(nS) (Ncent

Z ) is the corrected quarkonium (Z boson) yield for one centrality class. The resulting

RZ
pPb(O(nS)) is shown in Figure13 for the di! erent quarkonium states in intervals of centrality. In each

centrality interval,RZ
pPb(O(nS)) is normalised to the ratio integrated in the centrality range 0Ð90% such

that the normalised yield ratio is independent of production cross sections of the di! erent quarkonium
states. The prompt and non-promptJ/ ! are found to behave in a way very similar to theZ boson. TheZ
boson production is found to scale with the number of binary collisions inp+Pb collisions after applying
the centrality bias correction factor [55, 56]. The centrality bias correction factor proposed in Ref. [56]
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Figure 11: The nuclear modiÞcation factor,RpPb, as a function of centre-of-mass rapidityy! for promptJ/ ! (left)
and non-promptJ/ ! (right). The horizontal position of each data point indicates the mean of the weightedy!

distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent they! bin sizes. The vertical sizes of the leftmost grey boxes aroundRpPb = 1 represent the correlated
systematic uncertainty.
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does not depend on the physics process, so the measuredRZ
pPb(J/ ! ) suggests that centrality-bias-corrected

J/ ! production also scales with the number of binary collisions. The measuredRZ
pPb(" (1S)) is consistent

with being a constant except for the measurement in the most peripheral (60Ð90%)p+Pb collisions, which
is about two to three standard deviations away from the value observed in more central collisions. The
current precision ofRZ

pPb(! (2S)) does not allow conclusions to be drawn about the centrality dependence
of prompt! (2S) production with respect toZ bosons.
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! No obvious modiÞcation in p+Pb (no/small net CNM effect) 

! p+Pb results consistent with EPS09 calculation
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!(2S) production in p+Pb
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of the! EBackwards

T distribution in minimum-bias data sample. The error bar represents statistical uncertainties, and
the vertical size of box underneath the data point represents the systematic uncertainties. The dotted line is a linear
function with a slope equal to unity.

(n = 2,3) are shown in Figure16. Both the integrated#" (2S)/" (1S)
pPb and#" (3S)/" (1S)

pPb are found to be less
than unity by two standard deviations, and they are consistent with each other within the uncertainties.
The double ratio as a function of centrality is shown in Figure17. Both #! (2S)/J/!

pPb and#" (2S)/" (1S)
pPb are

found to decrease slightly with increasing centrality at the signiÞcance level of one-standard-deviation,
while conclusions about#" (3S)/" (1S)

pPb are precluded by the size of the statistical uncertainties.
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Figure 6: The di! erential production cross section times dimuon branching fraction of! (2S) (left) and! (3S)
(right) as a function of transverse momentumpT for three intervals of rapidityy in pp collisions at 5.02 TeV. For
each increasing rapidity slice, an additional scaling factor of 10 is applied to the plotted points for visual clarity.
The horizontal position of each data point indicates the mean of the weightedpT distribution. The horizontal
bars represent the range ofpT for the bin, and the vertical error bars correspond to the combined statistical and
systematic uncertainties. The NRQCD theory predictions (see text) are also shown, and the error bands in the
prediction correspond to the combined scale, quark mass and LDMEs uncertainties.
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Figure 7: The di! erential cross section times dimuon branching fraction of prompt and non-promptJ/ " (left) and
" (2S) (right) as a function of transverse momentumpT in p+Pb collisions at

!
sNN = 5.02 TeV. The horizontal po-

sition of each data point indicates the mean of the weightedpT distribution. The horizontal bars represent the range
of pT for the bin, and the vertical error bars correspond to the combined statistical and systematic uncertainties.
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Figure 8: The di! erential cross section times dimuon branching fraction of prompt and non-promptJ/ ! (left) and
! (2S) (right) as a function of centre-of-mass rapidityy! in p+Pb collisions at

"
sNN = 5.02 TeV. The horizontal

position of each data point indicates the mean of the weightedy! distribution. The vertical error bars correspond
to statistical uncertainties. The vertical sizes of coloured boxes around the data points represent the systematic
uncertainties, and the horizontal sizes of coloured boxes represent the range ofy! for the bin.
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momentumpT in p+Pb collisions at

"
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bars correspond to the combined statistical and systematic uncertainties. Right: the di! erential cross section times
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¥ Double-ratio of RpPb(!(2S))  / 
RpPb(J/!)  

! [#(!(2S)) / #(J/!)] pPb / 
[#(!(2S)) / #(J/!)] pp 

! systematic suppression but in 
proton-going  (y>0) directionÉ 

! contrary to picture of breakup 
in cold nuclear medium proton-going9

Double 
differential 

cross-section for 
!(2S)  in similar 
kinematic range

hep-ex/1709.03089

hep-ex/1709.03089



Centrality-dependent rates

¥ Can also study ÒRpPbZÓ, deÞned 
as ratio of RpPb(J/!) to RpPb(Z) 
! prompt  and non-prompt  J/

!Õs (and ! (1S) ) generally 
scale with Z yields 

! but excited onia states do 
notÉ
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Figure 13: Prompt and non-promptJ/ ! , prompt! (2S) and" (1S) toZ boson yield ratio,RZ
pPb, as a function of event

centrality in p+Pb collisions. The ratio is normalised to the ratio integrated in the centrality range 0Ð90%. The
error bars represent statistical uncertainties. The vertical sizes of coloured boxes around the data points represent
the uncorrelated systematic uncertainties, and the vertical size of the leftmost grey box aroundRZ

pPb = 1 represents
the correlated systematic uncertainty.

Quarkonium self-normalised yields,O(nS)/ !O(nS)", are deÞned as the per-event yields of quarkonium
in each centrality class normalised by the yield in the 0Ð90% centrality interval. The correlation of
quarkonium production with the underlying event is traced by comparing the self-normalised quarkonium
yields with the respective self-normalised event activity. The event activity is characterised by the total
transverse energy deposition in the backward FCal (3.1 < |#| < 4.9), ! EBackwards

T , on the Pb-going side,
and it is determined in a minimum-bias data sample as used in Ref. [29]. The self-normalised quantities
O(nS)/ !O(nS)" and! EBackwards

T / !! EBackwards
T " are deÞned as:

O(nS)
!O(nS)"

#
Ncent

O(nS)/N
cent
evt

N 0$90%
O(nS) /N 0$90%

evt

,

! EBackwards
T

!! EBackwards
T "

=
!! EBackwards

T " cent

!! EBackwards
T " 0$90%

,

whereNcent
evt is the number of events in the minimum-bias sample for one centrality class. The measured

self-normalised yields for promptJ/ ! , non-promptJ/ ! and" (1S) in p+Pb collisions are shown in Fig-
ure14in comparison with the same observable for" (1S) in a previous CMS measurement [25]. The event
activity is determined in the range 4.0 < |#| < 5.2 in CMS. The" (1S) self-normalised yields from ATLAS
and CMS show a consistent trend. In the events with the highest event activity, a two-standard-deviation
departure from the linear trend is observed.

7.3 Double ratio

The prompt! (2S) toJ/ ! production double ratio,$! (2S)/ J/ !
pPb , is shown in Figure15 in intervals ofy%. A

decreasing trend with one-standard-deviation signiÞcance of the double ratio is observed from backward
to forward centre-of-mass rapidity. ThepT and y%integrated bottomonium double ratios,$" (nS)/ " (1S)

pPb
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vertical error bars correspond to the statistical uncertainties. The vertical sizes of boxes around the data points
represent the systematic uncertainties.
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¥ !(2S) / J/! ratio vs. centrality  

! suppression increasing with 
event activity (QGP-like?) 

! nPDF / shadowing effects 
should be very similarÉ 

! similar !(2S) / J/! results 
observed by PHENIX in d+Au

hep-ex/1709.03089
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Charmonia in Pb+Pb



Production 
spectra in Pb+Pb

¥ Prompt & Non-Prompt J/! 
and !(2S) "  "",               
with pT = 9-40 GeV, |y| < 2.0  

! differential with Pb+Pb 
collision geometry
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Figure 5: Non-prompt fraction ofJ/ ! production in 5.02 TeVpp collision data for di! erent rapidity regions (left)
and a comparison with the ATLAS 13 TeVppcollisions data and CDFp øp collision data at 1.96 TeV at lower dimuon
transverse momentum (right). The vertical error bars are the combined systematic and statistical uncertainties.

6.2 Prompt and non-prompt J/ ! per-event yields for Pb+Pb collisions

The per-event yields are deÞned as the number ofJ/ ! produced per bin ofpT and y, normalised by the
number of events measured in minimum bias data for each centrality class,Nevt. The resulting per-event
yields and non-prompt fraction forJ/ ! production are shown in Figures6 and7 respectively, as a function
of transverse momentum, for di! erent centrality slices and rapidity range|y| < 2. The J/ ! per-event
yields shown in Figure6 have correlated and uncorrelated systematic uncertainties shown separately.
These distributions form the ingredients for the observables discussed in the following sections. The
non-prompt fraction appears to be essentially centrality-independent and is comparable in magnitude to
the values found for proton-proton collisions.
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Figure 6: Pb+Pb per-event yields of promptJ/ ! (left) and non-promptJ/ ! (right) as a function ofpT for di! erent
centrality slices in the rapidity range|y| < 2. The wide error bar plotted with each point represents the point-to-point
systematic uncertainty, while the error band connecting the points represents correlated scale uncertainties and the
error bar indicates statistical error.
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Figure 7: Non-prompt fraction ofJ/ ! production in 5.02 TeV Pb+Pb collision data as a function ofpT for di! erent
centrality slices in the rapidity range|y| < 2.

6.3 RJ/ !
AA

As discussed earlier, the inßuence of the hot dense medium on the production of theJ/ ! and ! (2S)
mesons is quantiÞed by the nuclear modiÞcation factor, given in Eq.1, which compares these processes
in the ion-ion collisions to the same processes in proton-proton scattering, taking geometric factors into
account. The results from the ATLAS measurement of this observable are presented as a function ofpT,
rapidity y, and centrality quantiÞed using the mean number of participants in each interval,Npart.

In Figure8 the nuclear modiÞcation factor is presented as a function ofpT for production of prompt and
non-promptJ/ ! mesons for|y| < 2.0 and for the centrality interval from 0 to 80%. The data are shown in
the solid circles. The shaded band connecting the points indicates the correlated systematic uncertainty
of the measurement, while the error box represents the uncorrelated systematic uncertainty, and the error
bar indicates the statistical uncertainty. In this Þgure it can be seen that the production ofJ/ ! mesons is
strongly suppressed in Pb+Pb collisions. In the kinematic range plotted, as a function ofpT, the nuclear
modiÞcation factor for both prompt and non-prompt meson production is seen to be in the range 0.2 <RAA

< 0.6. A small increase inRAA with increasingpT is observed for the promptJ/ ! production, while the
non-promptJ/ ! are seen to be constant inpT within the uncertainties. In Figure9 the nuclear modiÞcation
factor is presented as a function of rapidityy for production of prompt and non-promptJ/ ! mesons for
transverse momentum 9< pT < 40 GeV and for centrality from 0 to 80%. The data are shown in the solid
circles. Statistical uncertainties are shown by error bars. However, they are generally smaller than the size
of the data points. The error band connecting the points indicates the correlated systematic uncertainty
of the measurement, while the error box represents the uncorrelated systematic uncertainty, and the error
bar indicates the statistical uncertainty. In this Þgure it can be seen that the nuclear modiÞcation factor
RAA is essentially constant as a function of rapidity within the systematic uncertainties. These patterns
are seen to be similar for both prompt and non-promptJ/ ! meson production.

In Figure10the nuclear modiÞcation factor is presented as a function of centrality expressed as the number
of participantsNpart for production of prompt and non-promptJ/ ! mesons for rapidity|y| < 2.0 and for
9 < pT < 40 GeV. The data are shown in the solid circles. Statistical uncertainties are shown by error
bars. Systematic uncertainties are indicated by the shaded band. In this Þgure it can be seen that the
production ofJ/ ! mesons is most strongly suppressed in central collisions, as expected. In the kinematic
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¥ Non-Prompt J/!  fraction 

! test of how quarkonia vs. b-
quark suppression changes 
with centrality 

! fraction broadly consistent 
with pp except at lowest 
and highest pT (see next 
slideÉ)

ATLAS-CONF-2016-109
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Nuclear modiÞcation factor RAA

¥ SigniÞcant pT dependence for Prompt J/!  (melting vs. Òjet-
likeÓ energy loss regimes?) 

! note: 0-80% Pb+Pb collisions 

¥ No pT dependence for Non-Prompt J/! Õs within sensitivity 

! no visible rapidity dependence for either (not shown)
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Figure 8: The nuclear modiÞcation factor as a function ofpT for the promptJ/ ! (left) and non-promptJ/ ! (right)
for |y| < 2 and with centrality from 0 to 80%. The statistical uncertainty on each point is indicated by a narrow
error bar which is smaller than the plotting symbol for most points. The wide error bar plotted with each point
represents the point-to-point systematic uncertainty, while the error band connecting the points represents correlated
scale uncertainties.
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Figure 9: The nuclear modiÞcation factor as a function of rapidityy for the promptJ/ ! (left) and non-promptJ/ !
(right) for 9 < pT < 40 GeV and with centrality from 0 to 80%. The statistical uncertainty on each point is indicated
by a narrow error bar which is smaller than the plotting symbol for most points. The wide error bar plotted with
each point represents the point-to-point systematic uncertainty, while the error band connecting the points represents
correlated scale uncertainties.
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Prompt J/ ! Non-Prompt J/!
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RAA = NAA / TAA " pp
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range plotted, as a function of centrality, the nuclear modiÞcation factor for both prompt and non-prompt
meson production is seen to be in the range 0.2 <RAA < 1.0, with the smallest value at approximately
RAA = 0.2 for the most central collisions for both prompt and non-promptJ/ ! mesons. Suppression by a
factor of around Þve for both prompt and non-promptJ/ ! mesons in central collisions is a very striking
signature of a strong inßuence of the hot dense medium on the particle production processes. While the
production of promptJ/ ! mesons is found to be suppressed slightly more in the mid-centrality region,
the two classes of meson production have essentially the same pattern. This may not be expected, because
the two classes are believed to have quite di! erent physical origins: the non-prompt production should
be dominated byb-quark processes that extend far outside the deconÞned medium, whereas the prompt
production happens predominantly within the medium.
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Figure 10: The nuclear modiÞcation factor as a function of centrality expressed as the number of participantsNpart
for the promptJ/ ! (left) and non-promptJ/ ! (right) for 9 < pT < 40 GeV and for rapidity|y| < 2. The statistical
uncertainty on each point is indicated by a narrow error bar which is smaller than the plotting symbol for most
points. The wide error bar plotted with each point represents the point-to-point systematic uncertainty, while the
error band connecting the points represents correlated scale uncertainties.

6.4 The ratio R! (2S)
AA

/ RJ/ !
AA

A last observable discussed in this note is the ratio of! (2S) production toJ/ ! meson production which
is shown in Figure11. This ratio, which compares the production of the two mesons, can in principle
be interpreted, for example, in models in which the binding energy of the two mesons is estimated, or
in which the formation mechanisms di! er. In the simplest interpretation, it can also o! er an important
cross-check: if the non-promptJ/ ! and the non-prompt! (2S) both identically originate fromb-quarks
in the medium, then their production ratio should be unity within the experimental uncertainties, since the
mesons were essentially always formed outside the medium. This statement should be true for the ratio
expressed as a function of any kinematic variable, whether centrality,pT, or rapidity. By contrast, prompt
J/ ! and! (2S) will both have traversed the hot dense medium. Considering both mesons as composite
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RAA vs. system size

¥ RAA for total J/! production in Þxed ( pT, y) acceptance 

! systematic suppression of yield at large Npart 

! Npart-dependence broadly similar for both species 

¥ Upcoming paper explores (centrality, pT) dependence in more 
detail, with smaller uncertainties and model comparisons

Prompt J/ !
Non-Prompt 

J/!
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¥ Prompt !(2S) more 
suppressed than Prompt J/!  

! sequential melting

!(2S)-to-J/! RAA ratio
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Figure 11: RAA ratio for ! (2S) to J/ ! , as a function of centrality expressed asNPart, for prompt meson production
(left) and non-prompt meson production (right). This ratio has the advantage that corrections are similar for the
numerator and denominator, and thus systematic uncertainties are reduced. The narrow error bar represents the
statistical uncertainties while the wider error bar represents the total systematic uncertainty.

systems, with potentially di! erent formation mechanisms and di! erent binding energies, it is anticipated
that they may respond di! erently to the hot dense medium.

This interpretation is supported by our analysis as can be seen in Figure11which shows the ratio of! (2S)
production toJ/ ! production as a function of centrality expressed as the number of collision participants,
Npart, for prompt (left) and non-prompt (right) mesons. In this Þgure it can be seen that the ratio is broadly
consistent with unity within the experimental uncertainties for non-prompt mesons, as can be expected
if they both identically originate fromb-quarks in the medium, while for the prompt mesons it can be
seen that the ratio is di! erent from unity. These data support the suppression of prompt! (2S) relative to
J/ ! . This observation is consistent with the simple interpretation that the more tightly bound quarkonium
system, theJ/ ! , survives the temperature of the hot dense medium with a higher probability than the
more loosely bound quarkonium, the! (2S). Because the kinematic region of our measurement is forp!

T
> 9 GeV, we expect to have less ambiguity in this interpretation due to the e! ect of quark recombination
processes. These are expected to be quite important forp! (nS)

T ~ 0, an expectation that is supported by
measurements in this kinematic domain [5, 6, 28].

7 Conclusion

ATLAS measurements are presented of prompt and non-prompt di! erential production cross sections and
nuclear modiÞcation factors,RAA , of theJ/ ! and! (2S) mesons. The measurements are performed in the
dimuon decay channel in Pb+Pb collisions at

!
sNN = 5.02 TeV, with an integrated luminosity of 0.42 nb" 1,

and inpp collisions at
!

s = 5.02 TeV, with an integrated luminosity of 25 pb" 1. The measurements are
presented for 9< pT < 40 GeV in transverse momentum, and|y| < 2.0 in rapidity.
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Prompt !(2S) / J/ !

Non-Prompt 
!(2S) / J/!

¥ Non-Prompt !(2S) as 
suppressed as Non-Prompt J/!  

! i.e. b-hadrons fragment 
outside nuclear medium
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! " (1S) is found to be suppressed at low pT 

! Difference between " (1S) and J/"  RpPb at 10 < pT < 15 GeV 

! Co-mover interaction gives a rough interpretation of the observables. 
So does EPS09
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¥ ! (nS) "  "", with pT = 0-40 
GeV, |y| < 2.0 
! probing x A ~10-3 to ~ 10-1

Upsilon production, RpPb

 [GeV]
T

p

0 5 10 15 20 25 30 35 40

  [
nb

/G
eV

]
yd

T
pd

!2 d
) -

µ+
µ

"
(1

S
)

#(
B 4$10

3$10

2$10

1$10

1

10

210
ATLAS

-1 = 5.02 TeV, L = 25 pbs pp
(1S) Production#

NLO NRQCD

 < 2.00y, 1.50 < 2 10%Data 

 < 1.50y, 0.75 < 1 10%Data 

 < 0.75y, 0.00 < 0 10%Data 

0 5 10 15 20 25 30 35 40

D
at

a 
/ T

ho
er

y

0.5
1

1.5
2

 < 0.75y0.00 < 

0 5 10 15 20 25 30 35 40

D
at

a 
/ T

ho
er

y

0.5
1

1.5
2

 < 1.50y0.75 < 

 [GeV]
T

p

0 5 10 15 20 25 30 35 40

D
at

a 
/ T

he
or

y

0
0.5

1
1.5

2
 < 2.00y1.50 < 

Figure 5: The di! erential production cross section times dimuon branching fraction of! (1S) as a function of
transverse momentumpT for three intervals of rapidityy in pp collisions at 5.02 TeV. For each increasing rapidity
slice, an additional scaling factor of 10 is applied to the plotted points for visual clarity. The horizontal position of
each data point indicates the mean of the weightedpT distribution. The horizontal bars represent the range ofpT for
the bin, and the vertical error bars correspond to the combined statistical and systematic uncertainties. The NRQCD
theory predictions (see text) are also shown, and the error bands in the prediction correspond to the combined scale,
quark mass and LDMEs uncertainties.
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¥ RpPb for ! (1S) signiÞcantly 
suppressed for pT < 15 GeV 

! modiÞcation of nPDFÕs 
(shadowing region?) 

! mostly at low-pT (not shown) 
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Excited Upsilon states
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¥ Double ratio of ! (2,3S) to ! (1S) 

! [#(! (nS)) / #(! (1S))]pPb / 
[#(! (nS)) / #(! (1S))]pp 

! sequential suppression in 
minimum bias p+Pb 
collisions

¥ Differential with p+Pb centrality  

! larger ! (2S) suppression in 
higher-activity events 

! similar trend as for !(2S)  

! another ÒQGP-likeÓ signature in a 
small systemÉ18
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¥ D0" K" , D*->(K" )" s 

! start of HF program in ATLAS HI! 
! benchmark in p+Pb, incorporate 

into future Pb+Pb analyses 

¥ Doubly-differential production cross-
sections, compared to FONLL

D 
0/D* meson 

production in p+Pb
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Figure 1: Left: The invariant mass,m(K! ), Þts forD0 candidates with5 < pT < 6 GeV and! 0.5 < y" < 0.5.
Right: The! m = m(K!! s) ! m(K! ) Þts forD" candidates with5 < pT < 6 GeV and! 0.5 < y" < 0.5. In both
plots, the signal candidates include particles and anti-particles. In the legend, the goodness of the Þt is presented as
a " 2 divided by the number of degrees of freedom.

model is Þxed at value obtained from MC simulation. The combinatorial background contribution is
described by a third order Chebychev polynomial. The contribution of signal events with wrongK! mass
assignments is described by another Gaussian function constrained using simulations. TheD" signal! m
distribution is described by a Novosibirsk function [21], and background events are described using a
similar generic function, as used in previous ATLAS measurement [22]. The mean and width parameters
in the Novosibirsk function are free, while the parameter controlling the tail of the signal! m distribution
is Þxed to the value obtained from MC simulation. The parameters in the generic background function are
Þxed to values obtained from Þtting a control sample in which theK! secondary vertex associated with
the D" candidate has an invariant mass with1.70 < m(K! ) < 1.75 GeV or1.96 < m(K! ) < 2.00 GeV.
About 31k raw D0 signal candidates and3k raw D" signal candidates are collected in total for the yield
analysis. Selected Þts ofD0 and D" candidates inp+Pb collisions at

#
sNN = 8.16 TeV are shown in

Fig. 1.

The sources of systematic uncertainties in theD meson yields incorporate uncertainties related to lumin-
osity, acceptance, track reconstruction e! ciency corrections, selection cut e! ciency corrections, trigger
e! ciency, promptD meson fraction estimation, decay branching fraction, and the Þt model parametriz-
ation. For the relative measurementsRFB, the systematic uncertainties are assessed in the same manner
as for the yields, except that in ratios the correlated systematic uncertainties, such as the luminosity
uncertainty, cancel out.

The luminosity systematic uncertainties are obtained with a method similar to that for the 2012pp
collisions [23]. The uncertainty in the acceptance correction is dominated by the statistical uncertainty
associated with the MC correction, and it is propagated to the observables using the pseudo-experiments
similar to those used in Refs. [24, 25]. The systematic uncertainty in the track reconstruction e! ciency is
dominated by the uncertainties associated with the ID material distributions as described in Ref. [26], and
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Figure 3: The di! erential cross sections of promptD0 (left) andD! (right) productions as a function ofy! for D0

pT range of3 < pT < 30 GeV andD! pT range of5 < pT < 30 GeV in p+Pb collisions at
"

sNN = 8.16 TeV. The
horizontal position of each data point indicates the mean of the weightedpT distribution. The vertical error bars
correspond to the combination of the statistical and systematic uncertainties, and the horizontal bars represent the
size of thepT interval.

of promptD0 andD! as a function ofy! for the D0 pT range3 < pT < 30 GeV, and for theD! pT range
5 < pT < 30 GeV in p+Pb collisions at

"
sNN = 8.16 TeV. The measured charmed meson cross sections

in p+Pb are compared to FONLL predictions [19] with CTEQ6.6 parton distribution function [29] for pp
collisions, scaled by the mass number of the Pb nucleus,A = 208 , with c-to-charmed-meson fraction
adapted from Ref. [30]. The FONLL predictions at8.16TeV are obtained by multiplying the calculations
at 8 TeV by a factor of1.02, determined using linear extrapolation of the predictions from7 to 8.16 TeV.
The FONLL uncertainties include renormalisation and factorization scale variations, charm quark mass
and parton distribution function uncertainties as detailed in Ref. [19] for pp collisions. The measured
charm meson production cross sections are compatible with the FONLL predictions within uncertainties
over the measured kinematic ranges.

Figure5 shows the promptD mesonRFB as a function ofD mesonpT. The measuredRFB, for both prompt
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Figure 1: Left: The invariant mass,m(K! ), Þts forD0 candidates with5 < pT < 6 GeV and! 0.5 < y" < 0.5.
Right: The! m = m(K!! s) ! m(K! ) Þts forD" candidates with5 < pT < 6 GeV and! 0.5 < y" < 0.5. In both
plots, the signal candidates include particles and anti-particles. In the legend, the goodness of the Þt is presented as
a " 2 divided by the number of degrees of freedom.

model is Þxed at value obtained from MC simulation. The combinatorial background contribution is
described by a third order Chebychev polynomial. The contribution of signal events with wrongK! mass
assignments is described by another Gaussian function constrained using simulations. TheD" signal! m
distribution is described by a Novosibirsk function [21], and background events are described using a
similar generic function, as used in previous ATLAS measurement [22]. The mean and width parameters
in the Novosibirsk function are free, while the parameter controlling the tail of the signal! m distribution
is Þxed to the value obtained from MC simulation. The parameters in the generic background function are
Þxed to values obtained from Þtting a control sample in which theK! secondary vertex associated with
the D" candidate has an invariant mass with1.70 < m(K! ) < 1.75 GeV or1.96 < m(K! ) < 2.00 GeV.
About 31k raw D0 signal candidates and3k raw D" signal candidates are collected in total for the yield
analysis. Selected Þts ofD0 and D" candidates inp+Pb collisions at

#
sNN = 8.16 TeV are shown in

Fig. 1.

The sources of systematic uncertainties in theD meson yields incorporate uncertainties related to lumin-
osity, acceptance, track reconstruction e! ciency corrections, selection cut e! ciency corrections, trigger
e! ciency, promptD meson fraction estimation, decay branching fraction, and the Þt model parametriz-
ation. For the relative measurementsRFB, the systematic uncertainties are assessed in the same manner
as for the yields, except that in ratios the correlated systematic uncertainties, such as the luminosity
uncertainty, cancel out.

The luminosity systematic uncertainties are obtained with a method similar to that for the 2012pp
collisions [23]. The uncertainty in the acceptance correction is dominated by the statistical uncertainty
associated with the MC correction, and it is propagated to the observables using the pseudo-experiments
similar to those used in Refs. [24, 25]. The systematic uncertainty in the track reconstruction e! ciency is
dominated by the uncertainties associated with the ID material distributions as described in Ref. [26], and
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Long-range correlations w/ HF
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Figure 6: Template Þts to theD! -h correlation function for di! erent multiplicity intervals. The low multiplicity Þt is
performed to the low multiplicity correlation function, while the other represent the Þt results for multiplicity events
from simultaneous Þts to the low multiplicity and higher multiplicity correlation functions. The resultingv2,2 value
and its uncertainty are presented.

coe" cient forcos(2! ! ) modulation,v2,2, for theD! -h correlation are measured to be

v2,2(80 < Nch < 120) = (15.4 ± 8.5(stat) ± 0.9(syst)) " 10#3,

v2,2(120< Nch < 160) = (8.5 ± 3.3(stat) ± 0.4(syst)) " 10#3,

v2,2(160< Nch < 240) = (3.1 ± 2.6(stat) ± 0.3(syst)) " 10#3.
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Syst Uncertainty Value

25-15%:Nrec
ch ! (60,100)

Peripheral bin 15Ð10%:Nrec
ch ! (100,150)

10Ð6%:Nrec
ch ! (150,300)

Background Muons 16%
Trigger & Tracking

5%
E! ciency

Muon Selections 2%

Pileup
1%<: Nrec

ch <250
1-5%: Nrec

ch ! (250,300)
Pair Acceptance 1%

Table 2: List of systematic uncertainties on thehÐµ v2,2 for 0.5<pa
T<5 GeV and 4<pµ

T<6 GeV.
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Figure 6: Left panel: thev2,2 obtained from the template Þts tohÐh correlations with 0.5<pa,b
T <5 GeV(circles) and

to hÐµ correlations with 0.5<pa
T<5 GeVand 4<pµ

T<6 GeV(squares). Right panel: the correspondingv2 values for the
associated particle. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
For thehÐh correlations, the statistical errors are too small to be seen.

the muons. For the muons, over thispT range the measurements are consistent with noNrec
ch dependence

down toNrec
ch =60.

Figure 7 shows a comparison of thev2,2 values measured inhÐh correlations in the present study at
"

sNN=8.16 TeV to those measured at
"

sNN=5.02 TeV recorded by ATLAS during Run 1 [7]. The mea-
suredv2 values at the two collision energies are quite similar and the di" erence between them is covered
by the systematic uncertainties. This independence of thev2,2 from the collision energy was also observed
in pp [6, 7] and Pb+Pb collisions [40].

Figure8 shows thepT dependence of the muon-v2 for 4<pµ
T<8 GeV measured in a broad multiplicity in-

terval ofNrec
ch >100. SigniÞcantv2 values are observed over thispT range, which decrease with increasing

muon-pT.

A systematic study of the#! dependence of thevn,n can also help in determining the origin of the long-
range correlation. If it arises from mechanisms that only correlate a few particles in an event, such as jets
and dijets, then a strong dependence of the correlation on the#! gap between particle pairs is expected.
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at 5.02 TeV, as a function ofNrec

ch . Plots are for charged tracks with 0.5<pb
T <5 GeV. The error bars and shaded

bands indicate statistical and systematic uncertainties, respectively.
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Figure 8: The pT dependence of the muon-v2 integrated over a broad multiplicity range ofNrec
ch >100. The error

bars and shaded bands indicate statistical and systematic uncertainties, respectively.
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¥ Muon+hadron correlations at large |$%| 

! use low-Nch events to subtract jet-like 
correlation and reveal cos(2$ # ) modulation 

! Þnite v2 for pT(") = 4-8 GeV(!) 

! appreciable heavy ßavor ÒßowÓ in small 
systems? 

¥ Preliminary analysis of D+h correlations shows 
compatible Òlong rangeÓ $#  modulation

ATLAS-CONF- 
2017-073

ATLAS-CONF-2017-006



Outlook
¥ J/!, !(2S), ! (nS) [n=1,2,3] in 5.02 TeV p+Pb and pp 

! Phys. Rev. C 92 (2015) 034904 

! hep-ex/1709.03089, submitted to EPJC 

¥ J/!, ! (2S) production in 5.02 TeV Pb+Pb collisions 

! ATLAS-CONF-2016-109, paper in preparation 

! study of azimuthal modulation for J/! ongoing 

¥ HF production & correlations in 8.16 TeV p+Pb 

! ATLAS-CONF-2017-006, ATLAS-CONF-2017-073 

Large sample of 8.16 TeV p+Pb data in Nov. 2016 

! 5x lumi of existing 5.02 TeV p+Pb data collected in 2013 

Very successful 5.02 TeV pp reference run in Nov. 2017  

!  expect  larger sample of 5.02 TeV Pb+Pb data in Nov. 2018

 <z https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults  !

p+Pb
!

sNN = 8.16 TeV

mµ +µ !
= 3.09 GeV, pµ +µ !

T = 50.9 GeV
pjet1

T = 48.5 GeV, pjet2
T = 31.4 GeV

pjet3
T = 28.3 GeV, pjet4

T = 23.3 GeV!
EPb

T = 57 GeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults

