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Big Picture

• Soft sector signatures that were once (uniquely) associated with a 
QGP have been measured in pp collisions
• Most prominently “flow” which persists to low multiplicity pp & even photo-

nuclear interactions 
• Strangeness enhancement 

• It’s more difficult to tell this story with hard sector observables 
• Looking at Upsilon mesons and trying to bridge soft-hard gap
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What Do We Know about Upsilon Production 
and the QGP?

• From a heavy-ion perspective 
Υ(nS) states could  be a 
“thermometer” for a QGP
• Behaves differently than 

charmonium in medium
• Little recombination
• Little path length dependence

• Default approach: measure in 
Pb+Pb and comparing to pp
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Fig. 3. The v2 coefficients for Υ(1S) mesons as a function of pT in three centrality classes: 10–30% (left panel), 30–50% (middle panel) and 50–90% (right panel). The rapidity 
range is |y| < 2.4. The vertical lines indicate the statistical uncertainties and the rectangular boxes show the total systematic uncertainties.

Fig. 4. The v2 for Υ(1S) mesons as a function of pT in the rapidity range |y| < 2.4
compared with the ALICE results for Υ(1S) (open circles) and J/ψ (full squares) 
mesons measured in 2.5 < y < 4 [24]. All results are obtained in the range 0 <
pT < 15 GeV/c and centrality interval 5–60%. The vertical bars denote statistical 
uncertainties, and the rectangular boxes show the total systematic uncertainties.

ing the mass ordering of v2 (pT) by lighter particles used for the 
fit [47].

The pT differential results for Υ(1S) mesons in each centrality 
interval are shown in Fig. 3 and the v2 values are found to be con-
sistent with zero within uncertainties. A similar result has been 
obtained by the ALICE Collaboration [24], where the measurement 
was done in a complementary rapidity region (2.5 < y < 4), as 
shown in Fig. 4. The CMS data points in this figure were analyzed 
using the same pT range as the ALICE result to allow for a com-
parison where only the rapidity ranges of the two measurements 
differ. The ALICE Collaboration also measured inclusive J/ψ v2 val-
ues (also shown in Fig. 4) with the same kinematic conditions as 
their Υ(1S) results and there find a significant and finite v2 value. 
Together, the CMS and ALICE results indicate that the geometry of 
the medium has little influence on the Υ(1S) yields [22,49] and 
that recombination is not a dominant process in the production of 

this meson. The results also indicate that the path-length depen-
dence of Υ(1S) suppression is small.

The current results support the assumption of a high melting 
temperature of the Υ(1S) meson. Consequently, the dissociation 
can only take place in the earliest stages of the collision. This 
makes the Υ(1S) meson less sensitive to the path length than other 
quarkonia states.

7. Summary

The v2 coefficients for Υ(1S) and Υ(2S) mesons are measured 
in PbPb collisions at a nucleon-nucleon center-of-mass energy of 
5.02 TeV. Results are reported for the rapidity range |y| < 2.4, 
in the transverse momentum interval 0 < pT < 50 GeV/c, and in 
three centrality classes of 10–30%, 30–50%, and 50–90% for the 
Υ(1S) meson, while the centrality interval 10–90% is used for the 
Υ(2S) meson. The v2 values are observed to be compatible with 
zero for the Υ(1S) meson in the measured kinematic and central-
ity intervals. The observation contrasts with the positive v2 values 
reported for J/ψ mesons, suggesting different medium effects for 
charmonia and bottomonia. This confirms, with higher statistical 
precision and with an extended pT range, the result from the AL-
ICE experiment measured in a complementary rapidity region. The 
measured values of v2 for pT < 10 GeV/c are consistent with the 
theoretical predictions based on the kinetic model, the hydrody-
namics framework, and the blast-wave model. For the high pT
region, the Υ(1S) result provides an important constraint for mod-
els. The v2 value found for Υ(2S) mesons, which is being reported 
for the first time, is also consistent with zero. As there are ex-
pected to be differences in the various processes through which 
the QGP affects Υ(1S) and Υ(2S) mesons, these measurements pro-
vide new inputs for the study of bottomonia production in heavy 
ion collisions.
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1. Introduction

The primary motivation for studying high-energy heavy ion col-
lisions is to better understand the hot and dense matter produced 
in these interactions [1]. Lattice quantum chromodynamics (LQCD) 
calculations indicate that at sufficiently high temperatures an en-
vironment is created for a crossover to occur from hadronic matter 
to a strongly interacting system of deconfined quarks and glu-
ons [2]. This deconfined medium is called the “quark-gluon plas-
ma” (QGP) [3]. One of the most prominent signatures of QGP for-
mation is that the production of quarkonia, the bound states of a 
heavy quark and its antiquark, is suppressed with respect to expec-
tations from scaling the yields in proton-proton collisions by the 
number of binary nucleon-nucleon (NN) collisions. This suppres-
sion arises because the quarkonia binding is weakened by color 
screening caused by the surrounding partons in the medium [4], 
and therefore the extent of the quarkonia suppression is expected 
to be sequentially ordered by the binding energies of the quarko-
nia states. In heavy ion collisions, the majority of heavy quarks 
are produced from hard scattering processes at an early stage and 
therefore can interact with the QGP throughout its entire evolu-
tion.

Because of the binding energy dependence of the screening, 
the bottomonium states (Υ(1S), Υ(2S), Υ(3S), χb, etc.) are par-
ticularly useful probes to understand the space-time evolution of 
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the QGP. The sequential suppression of the yield of Υ(nS) states 
was first observed by CMS [5,6] at a NN center-of-mass energy √

sNN = 2.76 TeV. More recently, results with improved statistical 
precision have been reported by both the ALICE Collaboration [7]
and CMS Collaboration [8,9] at 

√
sNN = 5.02 TeV. The suppression 

of the Υ(1S) meson has also been studied at 
√

sNN = 200 GeV at 
RHIC [10]. The available experimental data, spanning from 0.20 to 
5.02 TeV, have provided new insight into the thermal properties of 
the QGP [11].

The screening due to the QGP can also result in an azimuthal 
asymmetry in the observed yields of quarkonia. In non-central 
heavy ion collisions, the produced QGP has a lenticular shape in 
the transverse plane. Consequently, the average path length for 
quarkonia traveling through the medium depends on the direction 
taken with respect to this shape, with a larger suppression in the 
direction of the longer axis [12–15]. The anisotropic distribution of 
particles can be characterized by the magnitudes of the Fourier co-
efficients (vn) of the azimuthal correlation of particles, through the 
relation
dN
dφ

∝ 1 + 2
∑

n

vn cos[n(φ − %n)]. (1)

Here φ is the angle of the particles and %n is the angle characteriz-
ing the symmetry plane of the nth harmonic based on the charged 
particle density distribution [16]. By studying the azimuthal distri-
bution of the quarkonia, it is possible to develop a more compre-
hensive understanding of the dynamics of their production.

https://doi.org/10.1016/j.physletb.2021.136385
0370-2693/ 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 3. The v2 coefficients for Υ(1S) mesons as a function of pT in three centrality classes: 10–30% (left panel), 30–50% (middle panel) and 50–90% (right panel). The rapidity 
range is |y| < 2.4. The vertical lines indicate the statistical uncertainties and the rectangular boxes show the total systematic uncertainties.

Fig. 4. The v2 for Υ(1S) mesons as a function of pT in the rapidity range |y| < 2.4
compared with the ALICE results for Υ(1S) (open circles) and J/ψ (full squares) 
mesons measured in 2.5 < y < 4 [24]. All results are obtained in the range 0 <
pT < 15 GeV/c and centrality interval 5–60%. The vertical bars denote statistical 
uncertainties, and the rectangular boxes show the total systematic uncertainties.

ing the mass ordering of v2 (pT) by lighter particles used for the 
fit [47].

The pT differential results for Υ(1S) mesons in each centrality 
interval are shown in Fig. 3 and the v2 values are found to be con-
sistent with zero within uncertainties. A similar result has been 
obtained by the ALICE Collaboration [24], where the measurement 
was done in a complementary rapidity region (2.5 < y < 4), as 
shown in Fig. 4. The CMS data points in this figure were analyzed 
using the same pT range as the ALICE result to allow for a com-
parison where only the rapidity ranges of the two measurements 
differ. The ALICE Collaboration also measured inclusive J/ψ v2 val-
ues (also shown in Fig. 4) with the same kinematic conditions as 
their Υ(1S) results and there find a significant and finite v2 value. 
Together, the CMS and ALICE results indicate that the geometry of 
the medium has little influence on the Υ(1S) yields [22,49] and 
that recombination is not a dominant process in the production of 

this meson. The results also indicate that the path-length depen-
dence of Υ(1S) suppression is small.

The current results support the assumption of a high melting 
temperature of the Υ(1S) meson. Consequently, the dissociation 
can only take place in the earliest stages of the collision. This 
makes the Υ(1S) meson less sensitive to the path length than other 
quarkonia states.

7. Summary

The v2 coefficients for Υ(1S) and Υ(2S) mesons are measured 
in PbPb collisions at a nucleon-nucleon center-of-mass energy of 
5.02 TeV. Results are reported for the rapidity range |y| < 2.4, 
in the transverse momentum interval 0 < pT < 50 GeV/c, and in 
three centrality classes of 10–30%, 30–50%, and 50–90% for the 
Υ(1S) meson, while the centrality interval 10–90% is used for the 
Υ(2S) meson. The v2 values are observed to be compatible with 
zero for the Υ(1S) meson in the measured kinematic and central-
ity intervals. The observation contrasts with the positive v2 values 
reported for J/ψ mesons, suggesting different medium effects for 
charmonia and bottomonia. This confirms, with higher statistical 
precision and with an extended pT range, the result from the AL-
ICE experiment measured in a complementary rapidity region. The 
measured values of v2 for pT < 10 GeV/c are consistent with the 
theoretical predictions based on the kinetic model, the hydrody-
namics framework, and the blast-wave model. For the high pT
region, the Υ(1S) result provides an important constraint for mod-
els. The v2 value found for Υ(2S) mesons, which is being reported 
for the first time, is also consistent with zero. As there are ex-
pected to be differences in the various processes through which 
the QGP affects Υ(1S) and Υ(2S) mesons, these measurements pro-
vide new inputs for the study of bottomonia production in heavy 
ion collisions.
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1. Introduction

The primary motivation for studying high-energy heavy ion col-
lisions is to better understand the hot and dense matter produced 
in these interactions [1]. Lattice quantum chromodynamics (LQCD) 
calculations indicate that at sufficiently high temperatures an en-
vironment is created for a crossover to occur from hadronic matter 
to a strongly interacting system of deconfined quarks and glu-
ons [2]. This deconfined medium is called the “quark-gluon plas-
ma” (QGP) [3]. One of the most prominent signatures of QGP for-
mation is that the production of quarkonia, the bound states of a 
heavy quark and its antiquark, is suppressed with respect to expec-
tations from scaling the yields in proton-proton collisions by the 
number of binary nucleon-nucleon (NN) collisions. This suppres-
sion arises because the quarkonia binding is weakened by color 
screening caused by the surrounding partons in the medium [4], 
and therefore the extent of the quarkonia suppression is expected 
to be sequentially ordered by the binding energies of the quarko-
nia states. In heavy ion collisions, the majority of heavy quarks 
are produced from hard scattering processes at an early stage and 
therefore can interact with the QGP throughout its entire evolu-
tion.

Because of the binding energy dependence of the screening, 
the bottomonium states (Υ(1S), Υ(2S), Υ(3S), χb, etc.) are par-
ticularly useful probes to understand the space-time evolution of 
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the QGP. The sequential suppression of the yield of Υ(nS) states 
was first observed by CMS [5,6] at a NN center-of-mass energy √

sNN = 2.76 TeV. More recently, results with improved statistical 
precision have been reported by both the ALICE Collaboration [7]
and CMS Collaboration [8,9] at 

√
sNN = 5.02 TeV. The suppression 

of the Υ(1S) meson has also been studied at 
√

sNN = 200 GeV at 
RHIC [10]. The available experimental data, spanning from 0.20 to 
5.02 TeV, have provided new insight into the thermal properties of 
the QGP [11].

The screening due to the QGP can also result in an azimuthal 
asymmetry in the observed yields of quarkonia. In non-central 
heavy ion collisions, the produced QGP has a lenticular shape in 
the transverse plane. Consequently, the average path length for 
quarkonia traveling through the medium depends on the direction 
taken with respect to this shape, with a larger suppression in the 
direction of the longer axis [12–15]. The anisotropic distribution of 
particles can be characterized by the magnitudes of the Fourier co-
efficients (vn) of the azimuthal correlation of particles, through the 
relation
dN
dφ

∝ 1 + 2
∑

n

vn cos[n(φ − %n)]. (1)

Here φ is the angle of the particles and %n is the angle characteriz-
ing the symmetry plane of the nth harmonic based on the charged 
particle density distribution [16]. By studying the azimuthal distri-
bution of the quarkonia, it is possible to develop a more compre-
hensive understanding of the dynamics of their production.

https://doi.org/10.1016/j.physletb.2021.136385
0370-2693/ 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Upsilon Mesons in 5.02 TeV Pb+Pb & pp

• Nuclear Modification

• Centrality and species 
dependent trends as 
expected from in-medium
disassociation
• Looks like early (high T) 

disassociation à 
suppression compared to 
pp

arXiv:2205.03042
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CMS Measurement of Υ(nS) and pp 
Multiplicity

• CMS results all the way back in 
2014 challenge this picture by 
showing a decrease in excited 
Υ states compared to the 
ground state vs pp multiplicity 
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CMS Measurement of Υ(nS) and pp 
Multiplicity

• CMS results all the way back in 
2014 challenge this picture by 
showing a decrease in excited 
Υ states compared to the 
ground state vs pp multiplicity 
• More detailed measurements 

in 2020

7
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ATLAS Measurement of Υ(nS) and UE

• Measure the total 
multiplicity in the event 
(and particle kinematics) 
for each Upsilon state
• Precise control of 

background and pile-up
• Use differential particle 

kinematics to reach for 
the UE
• Compare excited to 

ground states 

ATLAS-CONF-2022-023
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• Full Run 2 high luminosity 
dataset, sampled with di-muon 
triggers

• Reconstruct Υ(nS) à μμ
• Reconstruct inclusive charged 

particles 

https://cds.cern.ch/record/2806464
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• Precise control of 

background and pile-up
• Use differential particle 

kinematics to reach for 
the UE
• Compare excited to 

ground states 

Y(1S)-Y(2S)

Y(1S)-Y(3S)

ATLAS-CONF-2022-023
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• Measure the total 
multiplicity in the event 
(and particle kinematics) 
for each Upsilon state
• Precise control of 

background and pile-up
• Use differential particle 

kinematics to reach for 
the UE
• Compare excited to 

ground states 

ATLAS-CONF-2022-023

• Shift in UE 
multiplicity across 
different excitation 
states  can be 
understood as 
suppression of 
excited states at 
higher multiplicity
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Is there Υ(nS) Suppression in pp Collisions?

• As event multiplicity (should be UE) grows larger, excited Υ states are, 
compared to the ground state, relatively less likely to be found 
• Do the CMS and ATLAS results show some “QGP-like” quarkonium 

“melting”?
• Is it even a suppression? Maybe it’s a lower state enhancement? 
àIn any case seems to be a hard – UE correlated phenomenon 
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Quarkonia Ratios Expected From mT Scaling
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• Transverse mass scaling lets one define an 
expectation for the excited states relative 
to the ground states

• Works well ~universally for light mesons at 
LHC energies

• Looking at Upsilon meson cross-sections 
shows missing excited states at low pT

for Υ 2𝑆  factor of 1.6 are missing 
for	Υ 3𝑆  factor of 2.4! 
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LHC Data 
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• Transverse mass scaling lets one define an 

expectation for the excited states relative 
to the ground states

• Works well ~universally for light mesons at 
LHC energies

• Looking at Upsilon meson cross-sections 
shows missing excited states at low pT

for Υ 2𝑆  factor of 1.6 are missing 
for	Υ 3𝑆  factor of 2.4! 
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‘Reminiscent’ 
pT shape 

Quarkonia Ratios Expected From mT Scaling
LHC Data PRD 107, 014012

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014012


Co-mover Interaction Model (CIM)

EPJC 81, 669 (2021) 

• Within CIM, quarkonia are broken by 
collisions with comovers – i.e. final state 
particles with similar rapidities.

• CIM is typically used to explain p+A and 
A+A systems, matches CMS Upsilon pp 
data.

• Could it reproduce ATLAS data? Cross-
sections?
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Summary

• Comparing Pb+Pb and pp Upsilon production seems to fit some QGP 
expectations
• But pp “baseline” is not trivial
• Evidence from Upsilon mesons that there is some non-trivial 

interaction between the “UE” and a hard scattering in pp collisions
• Appears to be a suppression of excited states
• Effect is large and significant
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Extra Slides
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Does Anything I Said Today Contradict the Recent 
ATLAS Results in arXiv:2303.17357 ?

• Easy to summarize as ‘UE doesn’t 
know about jets (i.e. hard scatter)’
• Easy summaries notwithstanding

I don’t think there is real tension
• Jet/non-jet flow measurement tells

us that the ridge is not sensitive to
hard contribution
• Excited upsilon suppression

is still correlated with UE/bulk
particles
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In conclusion, this Letter studies long-range 2PCs in ?? collisions when rejecting tracks in the vicinity of
jets, and the correlations between jet constituent tracks and tracks from the UE. The 2PCs are analyzed
using a template-fit procedure, previously developed by ATLAS [15], which extracts second-order Fourier
coe�cients (E2) of the anisotropy. These results demonstrate that the magnitude of the E2 is not a�ected
when removing tracks associated with jets, or by the presence or absence of jets in the event. The E2

measured with correlations between jet constituents with ?T < 8 GeV and UE tracks are consistent with
zero within uncertainties. These features are observed both in the E2 multiplicity and ?T dependence.
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The observation that fragments of high-?T jets in ?? collisions do not have measurable long-range
azimuthal correlations with the UE, and that the production of / bosons [21] or jets does not significantly
influence the long-range correlations between UE particles, suggest a complete “factorization” between
hard-scattering processes and the physics responsible for the ridge. Further studies are needed to extend
this measurement to higher ?T to compare with previous measurements in ?+Pb collisions [22] where
such factorization is broken. This Letter provides important insights into the origin of the long-range
correlations observed in ?? collisions and o�ers new fundamental input to theoretical models.
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Is it all just binding energy? What About 
Charmonium?
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• Logical to assume that the effect is related to the 𝑞'𝑞 
binding energy, but then 𝜓(2𝑆) must show a lot more 
suppression.  

• Would be great to measure UE- J/𝜓	 and UE- 𝜓 2𝑆  
correlations …

5 vector quarkonia states

40

• First observation of  in AA collisions 
• Stronger suppression at low binding energies
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A Previous Hard-Soft Study: Two-particle 
correlations in Z Boson Tagged pp Collisions

• In a previous study we asked: Does 
the presence of a hard scattering in 
the collision change “something-like-
geometry” and consequently the 
observed “flow”?
• To answer we studied v2 via 2-

particle correlations in pp collisions 
‘tagged’ by a Z boson 
• The answer to above question is not 

really
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A Previous Hard-Soft Study: Two-particle 
correlations in Z Boson Tagged pp Collisions

• Developed techniques for HI-style 
analysis in high-luminosity pp collisions
• We learned how to look at all tracks in the 

event even with high pile-up conditions
• Starting thinking about where else this could 

be used … Upsilon mesons!
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3.5 Random selection procedure329

Random selection procedure used to construct Mixed (sub)event is schematically explained in Fig. 17.330

All events in sample are divided into classes according to their dnint/dz. Events that do not belong to

events 

Direct event 

à to buffer 

à to buffer 

à reject 

vertex veto cut 

track acceptance cut 

Figure 17: Schematic explanation of the random selection procedure. See text for details

331

the same dnint/dz class as the direct event are shown in figure with grey color and are not considered.332

For each i-th event in the sample with the PV at zi
vtx another event (or events) with index j are selected333

that belong to the same dnint/dz class. The PV coordinate z j
vtx in those events is required to satisfy334

condition |z j
vtx � zi

vtx| > 15 mm. This condition is shown with red band. Tracks belong to Mixed event335

if |(z j
0 � zi

vtx)sin(✓)| < 0.75 mm, shown with the blue band. No other selection is applied on the tracks.336

For example, an information about what vertices those tracks belong in the event is ignored. The mixing337

procedure is done on the run-by-run basis, i.e. a mixed event j corresponding to a direct event i is338

constructed from events within the same run. Use of dnint/dz and reduced zvtx or absolute (nint, zvtx)339

makes no di↵erence, however they are important when di↵erent runs are combined. Table 2 summarizes340

conditions used to build Mixed events.

Condition Value
Run from the same run as Direct
nint the same integer value as in Direct (before reduction)
zvtx identical to Direct
|�zvtx| > 15 mm between zvtx in both events
|w|  0.75 mm from the zvtx of the PV in Direct

Table 2: Conditions applied to construct Mixed events
341

Distributions of ntrk in di↵erent event categories is shown in Fig. 18 together with the mean values of342

those distributions. Black markers show the total number of tracks in event. Red marker show number343

tracks in Direct event and blue markers are tracks in Mixed events. Magenta markers are distribution of344

ntrk in non-PV vertices, Pileup events.345

August 24, 2017 – 22:43 19
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Technical Fit Things

30

high-mass background intervals. This is given by Eq. (5).

©≠≠≠≠≠
´

%(<``
0 )

%(<``
1 )

%(<``
2 )

%(<``
3 )

%(<``
4 )

™ÆÆÆÆÆ
¨
=

©≠≠≠≠≠
´

1 � 501 501 0 0 0
:1 (1 � B1) B1 0 0 (1 � :1) (1 � B1)

:2 (1 � B2 � 521 � 523) 521 B2 523 (1 � :2) (1 � B2 � 521 � 523)
:3 (1 � B3 � 532) 0 532 B3 (1 � :3) (1 � B3 � 532)

0 0 0 0 1

™ÆÆÆÆÆ
¨

©≠≠≠≠≠
´

%0

%(P(1S))
%(P(2S))
%(P(3S))

%4

™ÆÆÆÆÆ
¨

(5)

There are matrix elements that are explicitly set to zero, reflecting the fact that the contribution of some
physics processes to certain mass intervals are minimal and neglected. This matrix can be inverted to
determine %(P(=S)) from %(<``

= ) measured in the data.

Examples of the background-dominated distributions for =ch in mass intervals <``
0 and <

``
4 that are shown

with triangles in the right panel of Figure 1 are seen to be close to each other, in spite of the fact that %(<``
0 )

has a small admixture 501 of the contribution %(P(1S)). This supports using the side-band subtraction
method to reliably determine the shape of the background =ch distributions at any <

``. Transformation by
the matrix given by Eq 5 can be seen as the transition between the curves with open and closed markers of
the same shape. These are shown for <``

1 and <
``
3 intervals as having the largest and the smallest signal

contributions, respectively. =ch distributions for the three P(=S) states are shown with full markers. These
distributions have visibly di�erent mean values. All =ch distributions have contributions coming from the
PU that is shown only forP(3S) with hatched markers because all PU contributions have the same shape.

The accuracy of the procedure is checked using pseudo-experiments. High-statistics MC samples are
produced for all signal =ch distributions and for the background. Shapes of the simulated distributions in
the pseudo-experiment are matched to be close to the data. Those distributions are then used to produce
distributions %(<``

= ) that are then used as an input to the procedure described above. This is done for all
?
``
T measured in the analysis. At most, 1% deviations are observed for the three P(=S) states from the

simulated signal distributions. The di�erence between reconstructed and actual values is included in the
systematic uncertainties.

Fits and the background removal procedure are performed in each ?
``
T interval and for each trigger. The

PU contribution varies with ?
``
T due to the changing mixture of triggers, but is otherwise constant in <

``.
Kinematic distributions for P(=S) and for the PU contribution measured with di�erent triggers in each
?
``
T interval are summed up and subtracted from each other. For measuring h=chi distributions, they are

first averaged and then subtracted.

There are three primary sources of systematic uncertainties that a�ect the charged particle multiplicity
and kinematic distributions measured in the analysis. The first includes factors related to the performance
of the ID tracking system - material uncertainties and the physics model used in simulation [36]. The
second source of systematic uncertainties, which is the dominant contribution in the total uncertainty
at low ?

``
T , includes factors coming from the uncertainties and assumptions made in the P(=S) signal

extraction. They are evaluated by varying the parameters of the fitting function, by changing the limits of
invariant mass intervals shown in the left panel of Figure 1, where the charged distributions are extracted,
and by performing the analysis in |H`` | < 1.05 where the detector momentum resolution for the muons is
higher. In addition, the signal extraction procedure is tested using MC-based pseudo-experiments, which
have distributions closely matched to the data. The last source of systematic uncertainties includes PU
subtraction, detector stability and misreconstructed track production. Since the PU conditions varied
significantly over the time of the data taking, these are considered together and assigned a common
uncertainty. This uncertainty is studied by examining collisions with di�erent PU conditions and evaluating
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The factors which determine whether the ATLAS detector reconstructs the P meson are the fiducial
acceptance, muon reconstruction e�ciency, and di-muon trigger e�ciency. The muon reconstruction
e�ciencies and di-muon trigger e�ciencies are obtained using simulated events. The muon reconstruction
e�ciency is defined as the product of the probability of a muon reconstructed as an ID track to also be
reconstructed in the MS and the probability that a muon is reconstructed as an ID track [33]. The latter
cannot be measured directly and is replaced by the conditional probability that a muon reconstructed by
the MS is also reconstructed by the ID independently. To cover possible di�erences between data and
simulation, the e�ciency values calculated in simulation are corrected by scale factors which are the ratios
of measured and simulated e�ciencies obtained using the tag-and-probe method [30, 33].

The trigger ine�ciency for a di-muon pair factorizes as the product of the two single muon trigger
e�ciencies, a term which depends on the distance between two muons, and a term that accounts for the
loss due to online cuts applied to a pair, such as on the invariant mass, vertex fit quality, etc. [31]. The
e�ciencies are obtained from MC simulation and are corrected by the corresponding scale factors.

The fiducial acceptance for P ! `` decays is defined as the probability that the decay products fall within
the fiducial volume, characterized by ?

`
T and [

` thresholds, for a given transverse momentum and rapidity
of an P(=S) state. The fiducial acceptance correction is evaluated from a fast MC simulation of P(=S)
decays and applied as a weight to a dimuon pair with the corresponding reconstructed values of ?``

T and
H
`` in 0.1 GeV-wide slices of <``. Triggers are corrected to a fiducial acceptance corresponding to the

nominal values of the trigger thresholds.

Only primary charged particles, with ?T between 0.5 and 10 GeV, and |[ | < 2.5, are considered in the
analysis. These are defined as particles with average lifetime g > 0.3 ⇥ 10�10s and produced directly in the
interaction or those from decays of particles with a shorter lifetime. Charged particles are identified as
tracks reconstructed in the ID. Tracks are required to pass a set of quality requirements in the ID according
to the track reconstruction model [34], and to have ?T and [ in the same range defined as the charged
particle acceptance. Muon tracks coming from P decays are used only to reconstruct the P state and
not counted as charged particles. Correction weights applied to the tracks account for two factors, the
probability of the track to be lost and the probability of the track to be produced by a non-primary particle.
The weights are derived from simulated events, and their dependence on track ?T, [, and the di-muon
vertex position is taken into account. The vertex position is considered because PU conditions are sensitive
to it. Only tracks which fall within 0.5 mm from the averaged vertex position in the transverse direction
and within 0.75 mm from the position of the vertex associated with muons in longitudinal directions are
considered. The latter conditions significantly reduce the number of PU tracks selected for the analysis, but
do not eliminate them completely. Following the analysis detailed in Ref. [16], an additional event sample
is created which contains events identical to the PU component present in the data. These events are used
to correct PU contributions to the analysis.

An example of the invariant mass distribution of the muon pair is shown in the left panel of Figure 1. It
is fitted to a function that contains contributions for signal and background; the latter is predominantly
composed of di-jets and Drell-Yan.

fit (<) =
’
=S

#P (=S)�= (<) + #bkg�bkg(<) (1)

�= (<) = (1 � l=)⇠⌫= (<) + l=⌧= (<)

�bkg(<) =
3’
8=0

08 (< � <0)8; 00 = 1
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two additional variables commonly denoted ? and U, are responsible for the degree of the power-law tail
and the point at which the function flips from the Gaussian to a power law. Term # and its components ⇠
and ⇡ are responsible for the normalization of the ⇠⌫ function.

Signal functions are first fit to the MC simulations of three P(=S) states and the parameters of the fits are
studied as a function of ?``

T . Fits with constraints determined from the MC simulations are then applied to
the data. Parameters that cannot be precisely extracted from the data, namely ?, U, and l, are fixed to the
values obtained from simulations. For other parameters, the ?

``
T dependencies found in the simulated

events are replaced with ?
``
T dependencies found in the data. Overall good agreement for fit parameters

is found between the data and MC simulation. Finally, in the fits that are further used in the analysis
only mass positions of the P(=S) peaks, their yields #P (=S) , and #bkg are left as free parameters. All
others are parametrized as smooth functions of ?``

T and are fixed in the fits to the invariant mass. Peak
positions are left free because they are fully consistent with weak dependencies observed in the MC without
being constrained. This procedure significantly reduced statistical uncertainties in the fits and correlations
between the fit parameters that are left free.

An example of the fit is shown in the left panel of Figure 1 which presents the breakdown of di�erent
contributions, determined from the fit to the data.

The charged particle multiplicity and kinematic distributions, generally denoted as %, are measured in
the data in 5 di-muon invariant mass intervals [8.2, 9.0], [9.1, 9.7], [9.8, 10.1], [10.2, 10.6], [11.0, 11.5]
given in units of GeV and denoted in the left panel of Figure 1 as <``

= , where = = 0 – 4. Distributions in
the lower and upper intervals %(<``

0 ) and %(<``
4 ) are dominated by background and the three middle

intervals have significant contributions coming from one of the P(=S) states. Several examples of %(<``
= )

measured for =ch are shown in the right panel of Figure 1 with open markers.

Fits shown in the left panel allow determining signal and background contributions in the intervals = = 0 –
4 to disentangle distributions associated with di�erent P(=S) states. Charged particle distributions coming
from collisions withP(=S) in the mass intervals <``

: with = = : are denoted as B= and contributions in the
intervals = < : as 5=: , they are calculated according to Eq. (3).

B= =

Ø
<``

=
#⌥(=S)�= (<) 3<Ø
<``

=
fit (<) 3<

5=: =

Ø
<``

=
#⌥(:S)�: (<) 3<Ø
<``

=
fit (<) 3<

(3)

To assess the background contribution underneath the P(=S) peaks, the side-band subtraction method [35]
is used. The contribution of the background in the =-th mass interval is taken as a weighted sum
:=%0 + (1 � :=)%4 of the background distributions in mass intervals <

``
0 and <

``
4 . Coe�cient := is

calculated according to Eq. 4.

:= =
h�bkg (<)i |<``

4
� h�bkg (<)i |<``

=

h�bkg (<)i |<``
4

� h�bkg (<)i |<``
0

(4)

Thus %(<``
= ) distributions measured in 5 mass intervals can be presented in the form of a matrix that links

them to the contributions coming from P(=S) collisions as well as from the background in the low- and
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CMS Measurement of Υ(nS) and pp 
Multiplicity

• CMS results all the way back in 
2014 challenge this picture by 
showing a decrease in excited 
Υ states compared to the 
ground state vs pp multiplicity 
• More detailed measurements 

in 2020
• Including analysis of event 

geometry via spherocity, which 
suggests effect is connected 
with UE not jets

31

JHEP 11 (2020) 001

J
H
E
P
1
1
(
2
0
2
0
)
0
0
1

trackN

0 20 40 60 80 100 120 140

(1
S

)
Υ / 

(n
S

)
Υ

0.0

0.1

0.2

0.3

0.4

0.5

(1S)Υ / (2S)Υ

 = 0R∆
trackN

 = 1R∆
trackN

 = 2R∆
trackN

 > 2R∆
trackN

(1S)Υ / (3S)Υ

 = 0R∆
trackN

 = 1R∆
trackN

 = 2R∆
trackN

 > 2R∆
trackN

 (7 TeV)-14.8 fbCMS

| < 1.2µµy > 7 GeV, |µµ

T
p

trackN

0 20 40 60 80 100 120 140

(1
S

)
Υ / 

(n
S

)
Υ

0.0

0.1

0.2

0.3

0.4

0.5
(1S)Υ / (2S)Υ

 <  0.55T S≤0.00 
 <  0.70T S≤0.55 

 <  0.85T S≤0.70 
  1.00≤ T S≤0.85 

(1S)Υ / (3S)Υ

 <  0.55T S≤0.00 

 <  0.70T S≤0.55 

 <  0.85T S≤0.70 

  1.00≤ T S≤0.85 

 (7 TeV)-14.8 fbCMS

1.2 < |µµ
y| 7 GeV, > µµ

T
p

Figure 6. The ratios Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S) are shown as a function of the track multi-
plicity Ntrack: in four categories based on the number of charged particles produced in a ∆R < 0.5
cone around the Υ direction (left), and in different intervals of charged particle transverse sphericity,
ST (right). The outer vertical bars represent the combined statistical and systematic uncertainties
in the ratios, while the horizontal bars give the uncertainty in

〈
Ntrack

〉
in each bin. Inner tick marks

show only the statistical uncertainty, both in the ratio and in
〈
Ntrack

〉
.

for the production of accompanying particles. On the other hand, it is also true that, if we

expect a suppression of the excited states at high multiplicity, it would also appear as a

shift in the mean number of particles for that state (because events at higher multiplicities

would be missing). Furthermore, if we consider only the events with 0 < ST < 0.55, where

none or little dependence on multiplicity is present, the mean number of charged particles

per event is exactly the same for the three Υ states (
〈
Ntrack

〉
= 22.4± 0.1). This suggests

that the different number of associated particles is not directly linked to the difference in

mass between the three states.

5 Summary

The measurement of ratios of the Υ(nS) → µ+µ− yields in proton-proton collisions at√
s = 7TeV, corresponding to an integrated luminosity of 4.8 fb−1, collected with the

CMS detector at the LHC, are reported as a function of the number of charged particles

produced with pseudorapidity |ηtrack| < 2.4 and transverse momentum ptrackT > 0.4GeV. A

significant reduction of the Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S) production ratios is observed

with increasing multiplicity. This result confirms the observation made in proton-proton

and proton-lead collisions at lower centre-of-mass energy [7], with increased precision. The

effect is present in different ranges of pµµT , but decreases with increasing pµµT . For pµµT >

7GeV, different observables are studied in order to obtain a better description of the

phenomenon in connection with the underlying event. No variation in the decrease of the

ratios is found by changing the azimuthal angle separation of the charged particles with

respect to the Υ momentum direction. The same applies when varying the number of
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in the four different categories, after this correction, are shown in figure 6 (left). The

dependence on the charged particle multiplicity is similar in all the categories and also

shows a flattening in the N∆R
track > 2 category, which is opposite to what would be expected

in the comover picture.

4.5 Transverse sphericity dependence

The transverse sphericity is a momentum-space variable, useful in distinguishing the dom-

inant physics process in the interaction. It is defined as:

ST ≡ 2λ2
λ1 + λ2

,

where λ1 > λ2 are the eigenvalues of the matrix constructed from the transverse momenta

components of the charged particles (labelled with the index i), linearised by the additional

term 1/pTi (following ref. [49]):

ST
xy =

1∑
i pTi

∑

i

1

pTi

(
p2xi pxipyi

pxipyi p2yi

)
.

By construction, an isotropic event has sphericity close to 1 (”high” sphericity), while

“jet-like” events have ST close to zero. For very low multiplicity, ST tends to take low

values, so its definition is inherently multiplicity dependent. The cross section ratio between

the Υ(nS) states is evaluated as a function of multiplicity in four transverse sphericity

intervals, 0–0.55, 0.55–0.70, 0.70–0.85, and 0.85–1.00. The resulting trends are shown in

figure 6 (right). In the low-sphericity region, the ratios remain nearly independent of

multiplicity, while the three bins with ST > 0.55 show a similar decrease as a function

of multiplicity. This observation suggests that the decrease in the ratios is an UE effect.

When the high multiplicity is due to the presence of jets or other localised objects and ST

is small, the decrease is absent. It can also help to explain why the multiplicity dependence

is almost flat at higher pµµT , as shown in figure 4. This is because low-sphericity events

have a higher pµµT on average.

4.6 Discussion

The impact of additional UE particles on the trend of the Υ cross section ratios to decrease

with multiplicity in pp and pPb collisions was pointed out in ref. [7]. In particular, it

was noted that the events containing the ground state had about two more tracks on

average than the ones containing the excited states. It was concluded that the feed-down

contributions cannot solely account for this feature. This is also seen in the present analysis,

where the Υ(1S) meson is accompanied by about one more track on average (
〈
Ntrack

〉
=

33.9 ± 0.1) than the Υ(2S) (
〈
Ntrack

〉
= 33.0 ± 0.1), and about two more than the Υ(3S)

(
〈
Ntrack

〉
= 32.0 ± 0.1). However, as seen in figure 6 (left), no significant change is seen

when keeping only events with no tracks within a cone along the Υ(nS) direction.

One could argue that, given the same energy of a parton collision, the lower mass of

the upsilon ground state compared to the excited states would leave more energy available
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Systematics Summary
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residual discrepancies between the expectation based on the PU track estimator [37] and the mean number
of measured tracks. Since the sources of all uncertainties are independent, the resulting uncertainty is
obtained by adding their values in quadrature. The resulting total systematic uncertainty depends on the
state of the P(=S) and ?

``
T . Uncertainties are propagated on all measured variables and are presented for

h=chi in Table 1.

?
``
T  4 GeV 4 < ?

``
T  12 GeV 12 < ?

``
T  30 GeV ?

``
T > 30 GeV

P(1S) 0.5 – 0.6 0.5 – 0.7 0.7 – 0.8 0.8 – 0.9
P(2S) 0.6 – 0.6 0.5 – 0.7 0.7 – 0.8 0.8 – 1.0
P(3S) 0.9 – 1.3 0.5 – 0.8 0.7 – 0.8 0.8 – 0.9
P(1S) �P(2S) 0.11 – 0.15 0.06 – 0.10 0.12 – 0.21 0.2 – 0.5
P(1S) �P(3S) 0.6 – 0.9 0.14 – 0.36 0.14 – 0.15 0.16 – 0.19

Table 1: Systematic uncertainties for measurements of h=chi and their di�erences for di�erent P(=S) states and for
the di�erence between h=chi measured for P(1S) �P(=S). The values are the number of charged particles with
0.5  ?T < 10 GeV and |[ | < 2.5.

4 Results

Figure 2 shows kinematic distributions of charged particles measured in collisions with P(=S) states. The
left panel shows the ?T distributions and the right panel distributions of the azimuthal angle between the
directions of the particles and the P-meson (�q). Cross-shaped markers show distributions measured in
collisions with P(1S) meson, whereas other markers show the subtracted distributions, i.e., the di�erences
between the results measured in collisions with P(1S) and higher P(=S) states, P(1S) �P(2S) with open
markers andP(1S) �P(3S) with full markers. The distributions are shown for several intervals of ?``

T .

Predictions from P����� 8 MC simulations of the same quantities are also shown as lines. Simulated
results for the subtracted distributions are first scaled to have the integral as in the data with the sameP(=S)
state and then subtracted from each other. Solid lines are P����� 8 predictions that include feed-down
decays [38], which are decays of a higher mass particle to a lower-mass particle, between di�erent P(=S)
states, and dashed lines are the same predictions but excluding these feed-down events.

The charged particle ?T distributions in P(1S) collisions get significantly harder with increasing P

momentum. Also the �q distributions develop a "near-side” peak around �q = 0, and an "away-side” peak
around �q = c. These features which reflect the presence of a jet are qualitatively expected and the P�����
8 prediction generally reproduces them well. However, the simulations have less activity than data at lower
P(1S) ?``

T , and underestimate the near-side region of the �q distribution. A similar mismatch between
data and Pythia8 was reported in Ref. [39]. The transverse momentum distributions of charged particles
are softer than in the data, which may be related to the deficit of particles in the near-side region.

In all measured ?
``
T intervals, the subtracted distributions are above zero. Up to the highest measured

?
``
T interval, the subtracted ?T distributions are more consistent in shape with distributions measured in

the lowest ?``
T interval of P(1S), rather than to the distributions in their ?``

T interval. Above 30 GeV the
P(1S) �P(3S) subtracted ?T-distribution gets harder, and peaks appear around �q = 0 and �q = c. The
P����� 8 predictions, if feed-down decays from excited P states to lower-level P states are included, show
similar features to the data.
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Shown here in “units” of nch but propagated to all 
quantities
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ALICE result on forward (normalized) Υ 2𝑆 /Υ 1𝑆  vs (normalized) tracks at midrapidity 

Looks flat unlike CMS, but must be careful about sensitivity of observables

A direct answer should come from Δ𝜂 – analysis

Does the rapidity matter?
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