
Review of LHC Results on Onia

SM@LHC - Durham (UK) - April 13, 2011

Andrea Coccaro
University of Genoa / INFN

on behalf of the ALICE, ATLAS,
CMS and LHCb collaborations

Andrea Coccaro 1

April 13, 2011



Outline

Introduction

J/Ψ measurements

Υ measurements

Conclusions

Andrea Coccaro 2

April 13, 2011



Introduction J/Ψ measurements Υ measurements Conclusions

Timeline

I
∫
L ∼ 10 nb−1: understand detector performance

I
∫
L ∼ 10 pb−1: first measurements of B hadrons, J/Ψ and Υ to test QCD

predictions at the TeV scale

I
∫
L ∼ 1 fb−1: limits on rare decay branching ratios and contribution to world

averages on several particle properties

I ....

Where we are?

I 45 pb−1 collected by LHC experiments
in 2010

I wonderful job by machine and
experiments

I excellent detector performance and
already lot of public results
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Di-muon resonances

I lot of information condensed: in this context a nice snapshot of onia production!
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Onia production at the LHC
Motivations

1. constrain QCD quarkonium production models
⇒ no theory can simultaneously explain experimental measurements of both cross
section and polarization

2. ingredient for exclusive decays studies, i.e. B → J/ΨX

3. suppression mechanism in heavy-ion collisions

4. perfect candidate for detector performance studies

With 2010 data

I J/Ψ inclusive production cross-section (ALICE, ATLAS, CMS and LHCb)

I J/Ψ non-prompt fraction (ATLAS, CMS and LHCb)

I J/Ψ production in Pb-Pb collisions (ATLAS)

I double J/Ψ inclusive production cross-section (LHCb)

I Υ inclusive production cross-section (CMS and LHCb)

Not possible to cover all analyses in detail here!
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Inclusive J/Ψ cross-section analysis (ATLAS)

I single muons and minimum bias triggers

I select events with at least 2 muons and at least one of which is MS-ID combined

I di-muon invariant mass using ID tracks associated to a vertex and to muons

I each J/Ψ candidate is weighted by a correction factor w

w−1 = A ·M · ε

A: acceptance which depends on spin alignment
M: factor to take into account bin migrations due to resolution effects
ε: global efficiency taking into account trigger, track and muon reconstruction

I number of J/Ψ is obtained using a binned minimum-χ2 fit to the di-muon mass
distribution

I measurement presented in momentum and rapidity bins

d2σ(J/Ψ)

dpTdy
· B(J/Ψ→ µ+µ−) =

N
J/Ψ
corr

L∆pT∆y
; NJ/Ψ

corr = NJ/Ψ · w
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Detector acceptance for J/Ψ analysis (ATLAS)
I A is the acceptance that muons from J/Ψ decays are produced in the fiducial

volume of the detector

I the muon angular distribution is correlated with the J/Ψ spin alignment, which is
not known at the LHC energies and depends on the production mechanism

I five spin-alignment cases are considered to study the different acceptance within the
ATLAS detector

I isotropic distribution is the baseline while the other scenarios are considered for
systematics studies

March 30, 2011 – 08 : 06 DRAFT 6
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Figure 1: Definitions of the J/ψ spin-alignment angles, in the J/ψ decay frame. θ# is the angle between
the direction of the positive muon in that frame and the direction of J/ψ in the laboratory frame, which
is directed along the z#-axis. φ# is the angle between the J/ψ production (x# − z#) plane and its decay
plane formed by the direction of the J/ψ and the lepton %+ (from [18]).
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(a) λθ = λφ = λθφ = 0
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(b) λθ = +1, λφ = λθφ = 0
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(c) λθ = −1, λφ = λθφ = 0
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(d) λθ = +1, λφ = +1, λθφ = 0
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Figure 2: Kinematic acceptance maps as a function of J/ψ transverse momentum and rapidity for spe-
cific spin-alignment scenarios considered, which are representative of the extrema of the variation of
the measured cross-section due to spin-alignment configurations. Differences in acceptance behaviour,
particularly at low pT , occur between scenarios and can significantly influence the cross-section mea-
surement in a given bin.
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Observed J/Ψ signal (ATLAS)March 30, 2011 – 08 : 06 DRAFT 9
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Figure 4: Invariant mass distributions of reconstructed J/ψ→ µ+µ− candidates used in the cross-section
analysis, corresponding to an integrated luminosity of 2.2 pb−1. The points are data, and the uncertainties
indicated are statistical only. The solid lines are the result of the fit described in the text.

2. Muon reconstruction: The single muon efficiency maps are obtained from the data using the tag272

and probe method, in bins of muon transverse momentum and pseudorapidity. Each efficiency has273

an uncertainty (predominantly statistical in nature, but with a systematic component from the tag274

and probe method) associated with it. In order to obtain an estimate on the effects of uncertainties275

within these bins, the relative uncertainties (due to systematic and statistical components) on all276

J/ψ candidates in a bin are averaged. Inner Detector tracks originating from muons and having the277

selection cuts used in this analysis have a reconstruction efficiency of 99.0%±0.5% per track. The278

results are corrected for this efficiency, and a systematic uncertainty on the efficiency is assigned279

for each track, propagated linearly into the cross-section systematic.280

3. Trigger: The uncertainty on the trigger efficiency has components from the data-derived efficiency281

determination method (again largely statistical in nature) and from the reweighting of MC maps to282

the data-driven (tag and probe) efficiency values. These errors are treated similarly to the recon-283

struction efficiency uncertainties.284

4. Luminosity: The uncertainty on the integrated luminosity used for this measurement is determined285

to be 3.4% [21], fully correlated between bins.286

5. Acceptance:287

• Monte Carlo statistics: The acceptance maps are obtained from dedicated Monte Carlo pro-288

duction, in bins of J/ψ transverse momentum and rapidity. The acceptance in each bin has289

0.0 ≤ |y | < 0.75 0.75 ≤ |y | < 1.5 1.5 ≤ |y | < 2.0 2.0 ≤ |y | < 2.4

Signal yield 6710± 90 10710± 120 9630± 130 4130± 90
Mass [GeV] 3.096± 0.001 3.097± 0.001 3.097± 0.001 3.109± 0.002

Resolution [MeV] 46± 1 64± 1 84± 1 111± 2

I gaussian fit for signal and quadratic polynomial for background

I irreducible background: c/b → µ+ X and π/K decays in flight
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Inclusive J/Ψ cross-section (ATLAS)
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Figure 7: Inclusive J/ψ production cross-section as a function of J/ψ transverse momentum in the four rapidity bins. Overlaid is a band representing
the variation of the result under various spin-alignment scenarios (see text) representing a theoretical uncertainty. The equivalent results from CMS [3]
are overlaid. The luminosity uncertainty (3.4%) is not shown.

I CMS result with higher statistics is shown later
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Inclusive J/Ψ cross-section (ATLAS)
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Figure 7: Inclusive J/ψ production cross-section as a function of J/ψ transverse momentum in the four rapidity bins. Overlaid is a band representing
the variation of the result under various spin-alignment scenarios (see text) representing a theoretical uncertainty. The equivalent results from CMS [3]
are overlaid. The luminosity uncertainty (3.4%) is not shown.

I main error systematic contribution from
muon reconstruction efficiency
measurement

I good agreement with CMS and good
complementarity in the pT spectrum
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Figure 6: Summary of the contributions from various sources to the systematic uncertainty on the inclu-
sive differential cross-section, in the J/ψ pT and rapidity bins of the analysis. The total systematic and
statistical uncertainties are also overlaid.

The total cross-section for inclusive J/ψ → µ+µ− production, multiplied by the branching fraction
into muons and under the FLAT production scenario for the central value, has been measured for J/ψ
produced within |y| < 2.4 and pT > 7.0 GeV to be:

Br(J/ψ→ µ+µ−)·σ(pp→ J/ψX; |yJ/ψ| < 2.4, pJ/ψT > 7.0 GeV)

= 81 ± 1 (stat.) ± 10(syst.) ±2520 (spin) ± 3 (lumi.) nb

and for J/ψ within 1.5 ≤ |y| < 2.0 and pT > 1.0 GeV to be:

Br(J/ψ→ µ+µ−)·σ(pp→ J/ψX; 1.5 ≤ |yJ/ψ| < 2.0, pJ/ψT > 1.0 GeV)

= 510 ± 70 (stat.) ±84123 (syst.) ±919134 (spin) ± 17 (lumi.) nb.
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Observed J/Ψ signal (CMS)
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Figure 1: Opposite-sign dimuon invariant mass distributions in three J/ψ rapidity ranges, fitted
with a Crystal Ball function plus an exponential (Section 5). The poorer dimuon mass resolution
at forward rapidity is caused by the smaller lever arm of the muon tracks.

4 Acceptance and Efficiency
4.1 Acceptance

The acceptance reflects the finite geometrical coverage of the CMS detector and the limited
kinematical reach of the muon trigger and reconstruction systems, constrained by the thickness
of the material in front of the muon detectors and by the track curvature in the magnetic field.

The J/ψ acceptance A is defined as the fraction of detectable J/ψ → µ+µ− decays, as a function
of the dimuon transverse momentum pT and rapidity y,

A(pT, y; λθ) =
Ndet(pT, y; λθ)

Ngen(pT, y; λθ)
, (2)

where Ndet is the number of detectable J/ψ events in a given (pT, y) bin, expressed in terms
of the dimuon variables after detector smearing, and Ngen is the corresponding total number
of generated J/ψ events in the Monte Carlo simulation. The parameter λθ reflects the fact that
the acceptance is computed for various polarization scenarios, as explained below. The large
number of simulated events available allows the use of a much smaller bin size for determining
A than what is used for the cross-section measurement.

The criteria for detecting the muons coming from the J/ψ decay is that both muons should be
within the geometrical acceptance of the muon detectors and have enough momentum to reach
the muon stations. The following kinematic cuts, defining the acceptance region, are chosen so
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Figure 1: Opposite-sign dimuon invariant mass distributions in three J/ψ rapidity ranges, fitted
with a Crystal Ball function plus an exponential (Section 5). The poorer dimuon mass resolution
at forward rapidity is caused by the smaller lever arm of the muon tracks.

4 Acceptance and Efficiency
4.1 Acceptance

The acceptance reflects the finite geometrical coverage of the CMS detector and the limited
kinematical reach of the muon trigger and reconstruction systems, constrained by the thickness
of the material in front of the muon detectors and by the track curvature in the magnetic field.

The J/ψ acceptance A is defined as the fraction of detectable J/ψ → µ+µ− decays, as a function
of the dimuon transverse momentum pT and rapidity y,

A(pT, y; λθ) =
Ndet(pT, y; λθ)

Ngen(pT, y; λθ)
, (2)

where Ndet is the number of detectable J/ψ events in a given (pT, y) bin, expressed in terms
of the dimuon variables after detector smearing, and Ngen is the corresponding total number
of generated J/ψ events in the Monte Carlo simulation. The parameter λθ reflects the fact that
the acceptance is computed for various polarization scenarios, as explained below. The large
number of simulated events available allows the use of a much smaller bin size for determining
A than what is used for the cross-section measurement.

The criteria for detecting the muons coming from the J/ψ decay is that both muons should be
within the geometrical acceptance of the muon detectors and have enough momentum to reach
the muon stations. The following kinematic cuts, defining the acceptance region, are chosen so

I similar analysis

I Crystal Ball function plus exponential fit
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Detector acceptance for J/Ψ analysis (CMS)

I isotropic distribution corresponding to unpolarized J/Ψ production taken as
reference

I other polarization scenarios are considered for systematic studies

4.1 Acceptance 5

as to guarantee a single-muon detection probability exceeding about 10%:

pµ
T > 3.3 GeV/c for |ηµ| < 1.3 ;

pµ > 2.9 GeV/c for 1.3 < |ηµ| < 2.2 ;
pµ

T > 2.4 GeV/c for 2.2 < |ηµ| < 2.4 .

To compute the acceptance, J/ψ events are generated with no cut on pT and within a rapidity
region extending beyond the muon detector’s coverage.

The acceptance as a function of pT and |y| is shown in the left plot of Fig. 2 for the combined
prompt and non-prompt J/ψ mesons, with the prompt component decaying isotropically, cor-
responding to unpolarized production. The right plot of Fig. 2 displays the pT and |y| distri-
bution of muon pairs measured with an invariant mass within ± 100 MeV/c2 of the known
J/ψ mass [27].

0

0.1

0.2

0.3
0.4

0.5

0.6

0.7

0.8

0.9
1

|!J/|y
0 0.6 1.2 1.8 2.4

 (G
eV

/c)
!J/ Tp

0

5

10

15

20

25

30

|!J/|y
0 0.6 1.2 1.8 2.4

 (G
eV

/c)
!J/ Tp

0

5

10

15

20

25

30

0

50

100

150

200

250

300

350

400

450
-1 = 7 TeV - L = 314 nbsCMS - 

Figure 2: Left: Acceptance as a function of the J/ψ pT and rapidity. Right: Number of muon
pairs within ± 100 MeV/c2 of the nominal J/ψ mass, in bins of pT and |y|.

Systematic uncertainties on the acceptance have been investigated, as described in the follow-
ing paragraphs.

• Final-state radiation. At the generator level, the dimuon momentum may differ
from the J/ψ momentum, due to final-state radiation (FSR). The difference between
the acceptance computed using the dimuon system or the J/ψ variables in Eq. 2 is
taken as a systematic uncertainty.

• Kinematical distributions. Different spectra of the generated J/ψ might produce
different acceptances. The difference between using the Pythia spectra and other
theoretical calculations (mentioned in Section 7) is taken as a systematic uncertainty.

• b-hadron fraction and polarization. The J/ψ mesons produced in b-hadron decays
can, in principle, have a different acceptance with respect to the prompt ones, due
to their different momentum spectra, leading to an uncertainty coming from the un-
known proportion of b hadrons in the inclusive sample. This fraction has been var-
ied in the Monte Carlo simulation by 20%, the average accuracy of the measurement
performed here (presented in Section 6); the difference between the two acceptances
is taken as an estimate of this uncertainty. For non-prompt J/ψ mesons the b-hadron
events are generated with the J/ψ polarization as measured by the BaBar experi-
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Inclusive J/Ψ cross-section (CMS)10 6 Fraction of J/ψ from b-hadron decays
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Figure 3: Differential inclusive J/ψ cross section as a function of pT for the three different ra-
pidity intervals and in the unpolarized production scenario. The errors on the ordinate values
are the statistical and systematic errors added in quadrature. The 11% uncertainty due to the
luminosity determination is not shown and is common to all bins.

pothesis, gives

σ(pp → J/ψ + X) · BR(J/ψ → µ+µ−) = 97.5 ± 1.5(stat) ± 3.4(syst) ± 10.7(luminosity) nb. (6)

6 Fraction of J/ψ from b-hadron decays
The measurement of the fraction of J/ψ yield coming from b-hadron decays relies on the dis-
crimination of the J/ψ mesons produced away from the pp collision vertex, determined by the
distance between the dimuon vertex and the primary vertex in the plane orthogonal to the
beam line.

The primary vertices in the event are found by performing a common fit to tracks for which the
points of closest approach to the beam axis are clustered in z, excluding the two muons forming
the J/ψ candidate and using adaptive weights to avoid biases from displaced secondary ver-
tices. Given the presence of pile-up, the primary vertex in the event is not unique. According
to Monte Carlo simulation studies, the best assignment of the primary vertex is achieved by
selecting the one closest in the z coordinate to the dimuon vertex.

I three different rapidity intervals

I unpolarized production scenario
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Observed J/Ψ signal (ALICE)
Mass plots!

Hard Probes 2010, Eilat, Israel, 15.10.10                             Andrea Dainese! 1!

ee, mid-y                               mum, forward y 
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Inclusive J/Ψ cross-section (ALICE)
ALICE Inclusive J/! Preliminary Results!

"

(ICHEP 2010) 

!  J/psi"µµ in 2.5<y<4 and pt>0 
!  J/psi"ee in |y|<0.9 and pt>0 

 
 
Final results coming soon: including d"/dpt at y=0 down to pt=0 
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J/Ψ prompt to non-prompt ratio analysis (LHCb)

I J/Ψ from B-decays can be separated due to the typical lifetime of B hadrons
(τ ∼ 1.6 ps and < l >= βγcτ ∼ 3 mm)

I the J/Ψ pseudo-proper time is a good discriminator:

t =
(zJ/Ψ − zPV ) ·MJ/Ψ

pz

zJ/Ψ, zPV : coordinate along the beam axis of the J/Ψ and primary vertex positions
pz : J/Ψ momentum along the beam axis

I differential measurement

d2σ

dydpT
=

N(J/Ψ→ µ+µ−)

L · εtot · B(J/Ψ→ µ+µ−) ·∆y ·∆pT

I in each bin the fraction of signal J/Ψ from all sources is estimated from an
extended unbinned maximum likelihood fit to the invariant mass distribution of the
reconstructed J/Ψ in the invariant mass interval 2.95 < Mjj < 3.30 GeV
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J/Ψ prompt to non-prompt ratio (LHCb)

I delta function to describe the proper-time distribution at tz = 0 for the prompt J/Ψ
signal

I exponential decay function for the J/Ψ from the b component

I long tail from events with a wrongly associated primary vertex
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J/Ψ prompt to non-prompt ratio (LHCb)
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J/Ψ prompt to non-prompt ratio (LHCb)
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Figure 7: Fraction of J/ψ from b as a function of pT, in bins of y.

of inclusive b-hadron decays to J/ψ measured at LEP [27]. The result is

σ(pp → bbX) = 288±4±48µb , (12)

where the first uncertainty is statistical and the second systematic. The systematic uncertainty
includes the uncertainties on the b fractions (2%) and on B(b → J/ψ X). No additional uncer-
tainty has been included for the extrapolation factor α4π estimated from the simulation. The
above result is in excellent agreement with σ(pp → bbX) = 284±20±49µb obtained from b
decays into D0µνX [26]. The extrapolation factor α4π has also been estimated using predic-
tions made in the framework of fixed-order next-to-leading log (FONLL) computations [30],
and found to be equal to αFONLL

4π = 5.21.

7 Comparison with theoretical models
Figure 8 compares the LHCb measurement of the differential prompt J/ψ production with sev-
eral recent theory predictions in the LHCb acceptance region:

• top, left: direct J/ψ production as calculated from NRQCD at leading-order in αs (LO,
filled orange uncertainty band) [31] and next-to-leading order (NLO), with colour-octet
long distance matrix elements determined from HERA and Tevatron data (hatched green
uncertainty band) [32], summing the colour- singlet and colour-octet contributions.

• top, right: direct production as calculated from a NNLO� colour-singlet model (CSM,
filled red uncertainty band) [11, 33]. The notation NNLO� denotes an evaluation that
is not a complete next-to-next leading order computation and that can be affected by

14

I assuming unpolarized prompt J/Ψ production

I fraction of J/Ψ from b increases (decreases) as a function of pT (y)

I using the average B(b → J/ΨX ) = (1.16± 0.10)% from LEP a total cross section
σ(pp → bbX ) = 288± 4± 48 µb is estimated
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Total J/Ψ cross-section at 7 TeV proton collisions
I ALICE
⇒ 2.5 < |y | < 4, pT > 0 GeV and assuming unpolarized scenario

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 7.25± 0.29(stat)± 0.98(syst)±0.87
1.50 (spin)µb

⇒ |y | < 0.88, pT > 0 GeV and assuming unpolarized scenario

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 7.36± 1.22(stat)± 1.32(syst)±0.88
1.84 (spin)µb

I ATLAS
⇒ |y | < 2.4, pT > 7 GeV and assuming unpolarized scenario

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 81± 1(stat)± 10(syst)±25
20 (spin)± 3(lumi)nb

⇒ 1.5 < |y | < 2.0, pT > 1 GeV and assuming unpolarized scenario

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 510± 70(stat)±84
123 (syst)±919

134 (spin)± 17(lumi)nb

I CMS
⇒ |y | < 2.4, 6.5 < pT < 30 GeV and assuming unpolarized scenario

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 97.5± 1.5(stat)± 3.4(syst)± 10.7(lumi)nb

I LHCb
⇒ 2 < |y | < 4.5, pT < 14 GeV and assuming unpolarized scenario (prompt)

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 10.52± 0.04± 1.40+1.64
−2.20µb

⇒ 2 < |y | < 4.5, pT < 14 GeV and assuming unpolarized scenario (from b)

σ(pp → J/ΨX ) · B(J/Ψ→ µ+µ−) = 1.14± 0.01± 0.16µb

Andrea Coccaro 20

April 13, 2011



Introduction J/Ψ measurements Υ measurements Conclusions

J/Ψ yields in lead collisions (ATLAS)
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Figure 2: Oppositely-charged di–muon invariant mass spectra in the four considered
centrality bins from most peripheral (40-80%) to most central (0-10%). The J/ψ yields in
each centrality bin are obtained using a sideband technique. The fits shown here are used
as a cross check.

Centrality-dependent efficiency corrections, derived from Monte Carlo events,
are applied to the resulting signal yields. The number of J/ψ decays after
background subtraction, but before any other correction, are listed in Table 1.
With the chosen transverse momentum cuts on the decay muons, 80% of the
reconstructed J/ψ have pT > 6.5 GeV.

The measured J/ψ yields at different centralities are corrected by the
reconstruction efficiency �c for J/ψ → µ+µ−, derived from MC and parame-
terized in each centrality bin, and the width of the centrality bin, Wc, which
represents a well-defined fraction of the minimum bias events. The corrected
yield of J/ψ mesons is given by:

N corr
c (J/ψ → µ+µ−) =

Nmeas(J/ψ → µ+µ−)c

�(J/ψ)c · Wc

. (1)

The “relative yield” is defined by normalizing to the yield found in the most

6

I from most peripheral (40− 80%) to most central (0− 10%)
lead-lead collision events
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J/Ψ centrality dependent suppression (ATLAS)
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Figure 3: (left) Relative J/ψ yield as a function of centrality normalized to the most pe-
ripheral bin (black dots with errors). The expected relative yields from the (normalized)
number of binary collisions (Rcoll) are also shown (boxes, reflecting 1σ systematic uncer-
tainties). (right) Value of Rcp, as described in the text, as a function of centrality. The
statistical errors are shown as vertical bars while the grey boxes also include the combined
systematic errors. The darker box indicates that the 40-80% bin is used to set the scale for
all bins, but the uncertainties in this bin are not propagated into the more central ones.

systematic uncertainties in quadrature. A clear difference is observed as a
function of centrality between the measured relative J/ψ yield and the pre-
diction based on Rcoll, indicating a deviation from the simplest expectation
based on QCD factorization. The ratio of these two values, Rcp, is shown as
a function of centrality in the right panel of Figure 3. The data points are
not consistent with their average, giving a P (χ2, NDOF) value of 0.11% with
three degrees of freedom, computed conservatively ignoring any correlations
among the systematic uncertainties. Instead, a significant decrease of Rcp as
a function of centrality is observed.

4. Z production as a function of centrality

Z candidates are selected by requiring a pair of oppositely charged muons
with pT > 20 GeV and |η| < 2.5 [21]. An additional cosmic ray rejection cut
on the sum of the pseudorapidities of the two muons, |η1 + η2| > 0.01, is also
applied. The invariant mass distribution of the selected pairs is shown in the

11

Centrality Yield ε/ε40−80 Syst error

0− 10% 190± 20 0.93± 0.01 8.6%
10− 20% 152± 16 0.91± 0.02 8.4%
20− 40% 180± 16 0.97± 0.01 7.5%
40− 80% 91± 10 1 6.1%

I significant decrease from peripheral to
central collisions

I same trend highlighted in the jet quenching
ATLAS paper
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Double J/Ψ cross section (LHCb)

achieved by performing a global refit of the four-prong combination with a primary vertex
constraint [9], and χ2

DTF/ndf < 5 is required, where χ2
DTF is the χ2 from this global fit.

To extract the number of events with two J/ψ mesons, a double background subtrac-
tion procedure is applied. The invariant mass distributions of the first dimuon pair are
obtained in bins of the invariant mass of the second dimuon pair2. These distributions
are described by a double Crystal Ball function for the signal and an exponential function
for the background component. The position of the J/ψ peak, the effective mass resolu-
tion and the tail parameters of the double Crystal Ball function are fixed to the values
determined from analysis of the J/ψ signal shape for an inclusive J/ψ sample. The fitted
yields of J/ψ → (µ+µ−)1 in bins of the (µ+µ−)2 invariant mass are presented in Fig. 1.
The distribution in Fig. 1 is fit with a double Crystal Ball function for the signal and
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Figure 1: The fitted yields of J/ψ → (µ+µ−)1 in bins of (µ+µ−)2 invariant mass. The
line represents a fit with a double Crystal Ball function for the signal and an exponential
function for the background.

an exponential function for the background component, in the same way as previosuly
described.

The obtained number of events with double J/ψ production is NJ/ψJ/ψ = 139.6 ± 17.8,
the statistical significance of this signal is determined to be ∆χ2/ndf = 61.3/8 and exceeds
6σ. The fit with free mass and resolution gives the consistent results NJ/ψJ/ψ = 140.1 ±
21.4, mJ/ψ = 3094.9 ± 2.4 MeV/c2 and σJ/ψ = 14.6 ± 2.1 MeV/c2.

2The transverse momentum of the µ+µ− combination has been used as an ordering criterion.

2

I integrated cross section σJ/ΨJ/Ψ = 5.6± 1.1± 1.2nb

I theoretical prediction σJ/ΨJ/Ψ ∼ 4.34nb
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Inclusive Υ cross-section analysis (CMS)
I di-muon event selection with invariant mass between 8 and 12 GeV

I fit with a vertex constraint requiring a χ2 probability larger than 0.1%

I muons are required to have pT > 3.5 GeV if |η| < 1.6 and pT > 2.5 GeV if
|η| < 2.4 to ensure high acceptance in the phase space used by the analysis

I each Υ candidate is weighted by a correction factor w

w−1 = A · ε

A: acceptance which again depends on spin alignment
ε: global efficiency taking into account trigger, track and muon reconstruction

I acceptance is studied with a dedicated MC Υ sample using the unpolarized scenario:

A(∆pT ,∆y) =
NY

rec(∆pT ,∆y)

NY
gen(∆pT ,∆y)

I measurement presented in momentum bins and |y | < 2

dσ(pp → Y (nS))

dpT
· B(Y (nS)→ µ+µ−) =

NΥ
corr

L∆pT
; NΥ

corr = NΥ · w
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Detector acceptance for Υ analysis (CMS)

I A is the acceptance that muons from Υ decays are produced in the fiducial volume
of the detector

I same arguments described for the J/Ψ analysis apply here

I isotropic distribution consequence of the unpolarized scenario is the baseline while
the other scenarios are considered for systematics studies
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Figure 2: (Left) Unpolarized Υ(1S) acceptance as a function of pT and y; (Right) the unpolarized
Υ(1S), Υ(2S), and Υ(3S) acceptances integrated over rapidity as a function of pT.

5 Efficiency
We factor the total muon efficiency into three conditional terms,

ε(total) = ε(trig|id) · ε(id|track) · ε(track|accepted) ≡ εtrig · εid · εtrack . (3)

The tracking efficiency, εtrack, combines the efficiency that the accepted track of a muon from
the Υ(nS) decay is reconstructed in the presence of other activity in the silicon tracker, as deter-
mined with a track-embedding technique [23], and the efficiency for the track to satisfy qual-
ity criteria, as determined with the tag-and-probe (T&P) technique [23] described below. The
muon identification efficiency, εid, is the probability that the track in the silicon tracker is iden-
tified as a muon. It has been computed as described in Ref. [16] and is also based on the T&P
method. The efficiency that an identified muon satisfies the trigger, εtrig, is again measured
with the same technique.

The tag and probe technique is a data-based method used in this analysis to determine the
track quality, muon trigger, and muon identification efficiencies. It utilizes dimuons from J/ψ
decays to provide a sample of probe objects. A well-identified muon, the tag, is combined with
a second object in the event, the probe, and the invariant mass is computed. The tag-probe pairs
are divided into two samples, depending on whether the probe satisfies or not the criteria for
the efficiency being evaluated. The two tag-probe mass distributions contain a J/ψ peak. The
integral of the peak is the number of probes that satisfy or fail to satisfy the imposed criteria.
The efficiency parameter is extracted from a simultaneous unbinned maximum-likelihood fit
to both mass distributions.

The J/ψ resonance is utilized for T&P efficiency measurements as it provides a large-yield and
statistically-independent dimuon sample [24]. To avoid trigger bias, events containing a tag
and probe pair have been collected with triggers that do not impose requirements on the probe
from the detector subsystem related to the efficiency measurement. For the track-quality effi-
ciency measurement, the trigger requires two muons at L1 in the muon system without using
the silicon tracker. For the muon-identification and trigger efficiencies, the trigger requires a
muon at the HLT, that is matched to the tag, paired with a silicon track of opposite sign and the
invariant mass of the pair is required to be in the vicinity of the J/ψ mass.

The component of the tracking efficiency measured with the track-embedding technique is well
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Observed Υ signal and cross section (CMS)4 4 Acceptance

Figure 1: The dimuon invariant-mass distribution in the vicinity of the Υ(nS) resonances for
the full rapidity covered by the analysis (left) and for the subset of events where the pseudo-
rapidity of each muon satisfies |ηµ| < 1 (right). The solid line shows the result of a fit to the
invariant-mass distribution before accounting for acceptance and efficiency, with the dashed
line denoting the background component. Details of the fit are described in Section 6.

generated, variables. In addition, the numerator requires that the two muons reconstructed in
the silicon tracker satisfy Eq. (1).

The acceptance is evaluated with a signal MC sample in which the Υ decay to two muons is
generated with the EVTGEN [20] package including the effects of final-state radiation. There
are no particles in the event besides the Υ, its daughter muons, and final-state radiation. The
upsilons are generated uniformly in pT and rapidity. This sample is then fully simulated and
reconstructed with the CMS detector simulation software to assess the effects of multiple scat-
tering and finite resolution of the detector. The acceptance is calculated for two-dimensional
(2-D) bins of size (1 GeV/c · 0.1) in the reconstructed pT and y of the Υ and used in candidate-
by-candidate yield corrections.

The 2-D acceptance map for unpolarized Υ(1S) is shown in the left plot of Fig. 2. The accep-
tance varies with the resonance mass. This is shown in the right plot of Fig. 2, which displays
the acceptance integrated over the rapidity range as a function of pT for each upsilon resonance.
The transverse-momentum threshold for muon detection, especially in the forward region, is
small compared to the upsilon mass. Therefore, when the Υ decays at rest, both muons are
likely to reach the muon detector. When the Υ has a modest boost, the probability is greater
that one muon will be below the muon detection threshold and the acceptance decreases until
the Υ transverse momentum reaches about 5 GeV/c, after which the acceptance rises slowly.
The production polarization of the Υ strongly influences the muon angular distributions and
is expected to change as a function of pT. In order to account for this, the acceptance is calcu-
lated for five extreme polarization scenarios [21]: unpolarized and polarized longitudinally and
transversely with respect to two different reference frames. The first is the helicity frame (HX),
defined by the flight direction of the Υ in the center-of-mass system of the colliding beams. The
second is the Collins-Soper (CS) frame [22], defined by the bisection of the incoming proton
directions in the Υ rest frame.

venerdì 8 aprile 2011
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The Υ(nS) integrated cross sections are expected to increase with
√

s. We compare our mea-
surement of the Υ(1S) integrated cross section in the central rapidity region |y| < 1 to previous
measurements from the DØ and CDF experiments [4, 5] in Table 11. Previous measurements
are restricted to the range pT < 20 GeV/c and |y| < 0.4 for CDF and |y| < 1.8 for DØ. Under the
assumption that the cross section is uniform in rapidity for the measurement range of each ex-
periment, the cross section we measure at

√
s = 7 TeV is about three times larger than the cross

section measured at the Tevatron. Although our measurement extends to higher pT than the
Tevatron measurements, the fraction of the cross section satisfying pT > 20 GeV/c is less than
1% and so can be neglected for this comparison. We compare the normalized pT-differential
cross sections at the Tevatron to our measurements in Fig. 9.

Figure 9: Comparison of the CMS differential Υ(nS) cross sections as a function of pT, normal-
ized by σTOT = ∑(dσ/dpT)∆pT, to previous measurements; Υ(1S) (left), Υ(2S) (middle), and
Υ(3S) (right).

9 Summary
The study of the Υ(nS) resonances provides important information on the process of hadropro-
duction of heavy quarks. In this paper we have presented the first measurement of the Υ(nS)
differential production cross section for proton-proton collisions at

√
s = 7 TeV. Integrated

over the range pT < 30 GeV/c and |y| < 2, we find the product of the Υ(1S) production
cross section and dimuon branching fraction to be σ(pp → Υ(1S)X) · B(Υ(1S) → µ+µ−) =
7.37 ± 0.13+0.61

−0.42 ± 0.81 nb, where the first uncertainty is statistical, the second is systematic, and
the third is associated with the estimation of the integrated luminosity of the data sample. Un-
der the assumption that the cross section is uniform in rapidity for the measurement range of
each experiment, the cross section we measure at

√
s = 7 TeV is about three times larger than

the cross section measured at the Tevatron. The Υ(2S) and Υ(3S) integrated cross sections and
the Υ(1S), Υ(2S), and Υ(3S) differential cross sections in transverse momentum in two regions
of rapidity have also been determined. The differential cross-section measurements have been
compared to previous measurements and PYTHIA. Finally, the cross section ratios of the three
Υ(nS) have been measured.

The dominant sources of systematic uncertainty on the cross-section measurement arise from
the tag-and-probe determination of the efficiencies and from the integrated luminosity nor-
malization. Both will be reduced with additional data. The cross sections obtained in this work
assume unpolarized Υ(nS) production. Assuming fully-transverse or fully-longitudinal po-
larization changes the cross section by about 20%. With a larger accumulated data sample, it
will become possible to perform a simultaneous measurement of the polarization and the cross
section. This work provides new experimental results which will serve as input to ongoing

venerdì 8 aprile 2011
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Observed Υ signal (ATLAS)
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I similar selection described in J/Ψ analysis

I different mass resolution depending on η regions
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Inclusive Υ cross section (LHCb)
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Figure 7: Differential Υ(1S ) production cross-section as a function of pT integrated over y, compared with the
predictions from the LO NRQCD model [8] (top left) and the NNLO* CSM (top right) for direct production, and
with the predictions from NLO NRQCD (bottom left) and CEM (bottom right) for prompt Υ(1S ) production.
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Figure 8: Differential Υ(1S ) production cross-section as a function of pT integrated over y (left), and as a function
of y integrated over pT (right), as measured by the CMS [7] and LHCb experiments.

9

I complementarity in CMS and LHCb in terms of explored phase space

Andrea Coccaro 28

April 13, 2011



Introduction J/Ψ measurements Υ measurements Conclusions

Total Υ cross-section at 7 TeV proton collisions

I CMS
⇒ |y | < 2, pT < 30 GeV and assuming unpolarized scenario

σ(pp → Υ(1S)X ) · B(Υ(1S)→ µ+µ−) = 7.37± 0.13(stat)±0.61
0.42 (syst)± 0.81(lumi)nb

σ(pp → Υ(2S)X ) · B(Υ(2S)→ µ+µ−) = 1.90± 0.09(stat)±0.20
0.14 (syst)± 0.24(lumi)nb

σ(pp → Υ(3S)X ) · B(Υ(3S)→ µ+µ−) = 1.02± 0.07(stat)±0.11
0.08 (syst)± 0.11(lumi)nb

I LHCb
⇒ 2 < |y | < 4.5, 0 < pT < 15 GeV and assuming unpolarized scenario

σ(pp → Υ(1S)X ) · B(Υ(1S)→ µ+µ−) = 108.3± 0.7±30.9
25.8 nb

I all results for the unpolarized scenario

I extreme scenario yield variations by 20% in the final cross section
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Conclusions

I mechanism for quarkonia production and spin alignment to be understood.
LHC data is crucial for deeper understanding

I more than ∼ 106 J/Ψ and ∼ 105 Υ in the data analyzed by LHC experiments so far
and more precise cross-section and polarization measurements are expected in 2011

I nice agreement between various experiments but also different phase-space analyzed
by the different collaborations

I quarkonia production also actively explored in heavy ion collisions
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