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Introduction - Overview

Motivation

I Quarkonium production at the LHC provides a unique window on QCD

I Comparisons of measurements and theoretical predictions are often complicated by
feed-down from the spectrum of different states

I Production of J/ψ and Υ(nS) can only be understood if the production of the
other heavy states (e.g. χc , ψ(2S) and χb) is also understood!

Theoretical Status:

I Not clear that any single approach can simultaneously describe the world data on
cross sections and polarisation!

I Experimental input from the LHC experiments, in all channels, is necessary to
inform the future direction of theory!

ATLAS has contributed to this effort with several quarkonium production
measurements!

Today: I will give an overview of ATLAS studies on the χc , ψ(2S), Υ(nS) and χb states
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Introduction - The ATLAS Detector

General purpose detector, well suited to quarkonium studies
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ATLAS Preliminary

Dedicated di-muon triggers for quarkonium

Q → µ+µ− decays - huge gain in yields w.r.t.

single muon triggers

I Muon Spectrometer (MS): Triggering |η| < 2.4 and Precision Tracking |η| < 2.7

I Inner Detector (ID): Silicon Pixels and Strips (SCT) with Transition Radiation
Tracker (TRT) |η| < 2.5

I LAr EM Calorimeter: Highly granular + longitudinally segmented (3-4 layers)

I Resolution in mµ+µ− : Around 50 MeV at J/ψ and 150 MeV at Υ(nS)
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Introduction - Charmonium Production
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Complete set of inclusive charmonium production measurements:

I J/ψ: Prompt and non-prompt J/ψ → µ+µ− (Nucl. Phys. B850 (2011) 387)†

I χc : Prompt and non-prompt χc → J/ψ γ (JHEP 1407 (2014) 154)

I ψ(2S): Prompt and non-prompt ψ(2S)→ J/ψ π+π− (JHEP 1409 (2014) 79)

† Not discussed today, to concentrate on the more recent results...
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Charmonium - Common Analysis Techniques

Both ATLAS charmonium production analyses presented use a 2D mass +
pseudo-proper lifetime (τ = Lxy · mµ+µ−/pT ) fit to measure prompt and
non-prompt yields simultaneously:

Prompt: Produced through direct QCD process or from feed-down decays - decay
vertex displacement consistent with detector resolution
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Non-prompt: Produced in the decays of long lived b-hadrons - displaced decay vertex
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (arXiv:1404.7035)

Introduction

I The χcJ states (J = 0, 1, 2) are
the spin triplet P-wave
charmonium states

I Large branching fractions for
χc1,2 → J/ψ γ (34% and 19%)

I Small mass splitting between
states mJ=2 −mJ=1 = 46 MeV

I Large source of feed-down to
prompt J/ψ cross section!

Challenge: Photon Reconstruction

I Photon typically soft ∼ 1 GeV

I Reconstruct γ → e+e−

conversions in the ATLAS ID

I Provides mass resolution sufficient
to resolve individual χcJ states

Candidate χc1 → J/ψ γ → µ+µ−γ decay in ATLAS

In this case, the photon did NOT convert in the ID
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (1404.7035)

Measurement Strategy
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I Reconstruct J/ψ → µ+µ− decays with p µT > 4 GeV and conversions with
pγT > 1.5 GeV, focus on central |y J/ψ| < 0.75 with optimal mass resolution

I Candidate χcJ → J/ψ γ → µ+µ−γ decays are corrected for acceptance and
reconstruction efficiency with a per-candidate weight

Corrected prompt and non-prompt χcJ yields extracted from unbinned 2D fit to
mµ+µ−γ − mµ+µ− and τ distributions
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (1404.7035)

Prompt χc1 and χc2 differential cross sections
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I First measurement of absolute production cross sections at the LHC

I Measurements binned in both p
J/ψ
T and pχc

T are provided

I kT factorisation model overestimates χc production (correlated with corresponding
ψ(2S) prediction)

I Data are well described by NLO NRQCD predictions (Phys. Rev. D83 (2011) 111503)
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (1404.7035)

(←) Ratio of prompt χc2/χc1 cross sections

I More χc1 produced than χc2, contrary to spin counting expectation

I NLO NRQCD describes ratio well at low p
J/ψ
T , change in behavior at high p

J/ψ
T
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(→) Fraction of prompt J/ψ produced in feed-down from χc decays

I Between 20 – 30% of prompt J/ψ are produced in feed-down from the decays of
χc1 and χc2
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (1404.7035)

Non-prompt χc1 and χc2 differential cross sections
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(←) Absolute cross sections (→) Ratio of non-prompt χc2/χc1 cross sections

I χc2 are produced much less than χc1 in b-hadron decays

I Non-prompt cross sections described well by FONLL prediction (JHEP 1210 (2012) 137),
some hint of deterioration in agreement with increasing pT?
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Charmonium - χc → J/ψ γ production - JHEP 1407 (2014) 154 (1404.7035)

Measurement of B± → χc1K± branching fraction
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I Measured within same analysis using B± → J/ψK± decay used as control channel

I Precision not significantly different from B factories, prospects for improvement!

I Potentially useful for measurement of γ → e+e− efficiency with more data...

ATLAS Quarkonium Production Measurements 11 / 21



Charmonium - ψ(2S) → J/ψ π+π− production - JHEP 1409 (2014) 79 (1407.5532)

Introduction

I Prompt ψ(2S) production is unique in
that is not affected by significant
feed-down

I Makes for simpler comparison with
theoretical predictions - clean probe of
direct production!

ψ(2S)→ J/ψ π+π− channel

I Benefits from large branching fraction
(34%), factor 2.6× more raw signal
than di-muon channel

I Employ four-track vertex fit (with
J/ψ → µ+µ− mass constraint)

Mass resolution far superior to
ψ(2S)→ µ+µ− channel!
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Charmonium - ψ(2S) → J/ψ π+π− production - JHEP 1409 (2014) 79 (1407.5532)

ψ(2S) differential cross sections
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Prompt Non-prompt

I Measured in three |y | intervals, measurements binned in p
J/ψ
T are also provided

I Good agreement with measurements from CMS (JHEP 1407 (2014) 154)
and LHCb (EPJC 72 (2012) 2100)
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Charmonium - ψ(2S) → J/ψ π+π− production - JHEP 1409 (2014) 79 (1407.5532)

Prompt ψ(2S) differential cross sections
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I High precision measurements probe out to 100 GeV in pT !

I Same kT factorisation model now underestimates ψ(2S) production! (correlated
with too much χc)

I Predictions of NLO NRQCD provide best description of data across pT and y

ATLAS Quarkonium Production Measurements 14 / 21



Charmonium - ψ(2S) → J/ψ π+π− production - JHEP 1409 (2014) 79 (1407.5532)

Non-prompt ψ(2S) differential cross sections
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I All predictions shown provide good description of data, though agreement
deteriorates at very high pT

I Similar to behavior seen in high pT non-prompt χc measurement...

I Hint for some small scale discrepancy in FONLL model? (FONLL/Data ratio has
nearly constant non-zero gradient)
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Introduction - Bottomonium

 = PCJ − +0 − −1 + −1 + +0 + +1 + +2 − −2

(1S) 
b

η

(2S) 
b

η

(3S) 
b

η

(11020)ϒ

(10860)ϒ

(4S)ϒ

(3S)ϒ

(2S)ϒ

(1S)ϒ

 (2P)bh

 (1P)bh
(1P) 

b0
χ

(1P) 
b1

χ (1P) 
b2

χ

(3P) 
b

χ

(2P) 
b0

χ (2P) 
b1

χ (2P) 
b2

χ

)2D3(1 ϒ

BB

*B*B
sBsB

Thresholds:

η
ππ

ππ
ππ

ππ

KK
ππ

ππ

0π

ππ ππ

ππ
η

ππ ππω π π

9300

9500

9700

9900

10100

10300

10500

10700

10900

11100

Mass (MeV)

ATLAS bottomonium production measurements and studies:

I Υ(nS): Cross sections with Υ(nS)→ µ+µ− (Phys. Rev. D 87 (2013) 052004)

I χb(nP): Observation of the χb(3P) states (Phys. Rev. Lett. 108 (2012) 152001)

See talk from Cameron Cuthbert on ATLAS searches for exotics and limits on production
cross section of Υ(13DJ) and above threshold states in the Υ(1S)π+π− channel!
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Bottomonium - Υ(nS) → µ+µ− production - Phys. Rev. D 87 (2013) 052004

Υ(nS)→ µ+µ− Selection

I Use p µT > 4 GeV di-muon trigger +
simple offline di-muon selection

I Both muons reconstructed from track
in ID combined with MS track

I Perform full µ+µ− vertex fit

I p µT > 4 GeV and |η µ| < 2.3

Experimental Corrections

I Measure muon reconstruction and
trigger efficiency with J/ψ → µ+µ−

and Υ(nS)→ µ+µ− events in data

I Calculate acceptance with high
statistics MC simulation for various
Υ(nS) polarisation scenarios
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Measurement Procedure

I Weight each event to correct for experimental losses, extract Υ(nS) yields with a
weighted binned χ2 fit to the m(µ+µ−) distribution in bins of Υ |y | and pT
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Bottomonium - Υ(nS) → µ+µ− production - Phys. Rev. D 87 (2013) 052004

Acceptance Corrected Υ(1S) cross-section →

I Corrected cross sections also measured for Υ(2S) and Υ(3S)

I Acceptance sensitive to Υ polarisation - blue uncertainty band

I Colour Evaporation Model does not reproduce shape of data well

I NNLO* Colour Singlet Model generally underestimates data,
though doesn’t include (large) feed-down contributions
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← Fiducial Υ(nS) cross-sections

I No sensitivity to Υ polarisation

I More precise test for predictions calculated
within fiducial volume
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Bottomonium - Υ(nS) → µ+µ− production - Phys. Rev. D 87 (2013) 052004

Υ(3S) and Υ(2S) production relative to Υ(1S)
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I Evidence for beginning of plateau at high pT?

Summary

I Many precise measurements!

I Total cross sections and
differential measurements in
|y | also made!

I Can provide stringent
constrains on theoretical
predictions of bottomonium
production

I All measurements can be
found in HEPDATA:
hepdata.cedar.ac.uk
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Bottomonium - Observation of χb(3P) - Phys. Rev. Lett. 108 (2012) 152001 (1112.5154)
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Observation of the χb(3P) states in
√

s = 7 TeV data:

I Observation of the χb(3P) states furthers our understanding of Υ(nS) production

I χb(3P) states represent a “new” source of feed-down into Υ(nS)

I Now quantified by LHCb†, χb(3P)→ Υ(3S) feed-down is large, 30–40%!

I Υ(3S) can no longer be considered a “clean” probe of direct production...
† arXiv:1407.7734
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Conclusion

Summary - Charmonium Production

I Comprehensive set of ATLAS charmonium production measurements now available

I Prompt charmonium production cross sections well described by NLO NRQCD
prediction

Summary - Bottomonium Production

I Large set of precise Υ(nS) production data reaching out to very high pT

I Observation of “new” contribution (χb(3P)) to bottomonium production
phenomenology

Expect more results with Run I data soon!

Look forward to early Run II results with upgraded ATLAS detector!

See talks from James Catmore (V + J/ψ), Cameron Cuthbert (Xb) and Semen
Turchikhin (Bc(nS)) for further interesting ATLAS quarkonium results!
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