
splittings, were compatible with expectations based on charmonium potential models [26]. The subsequent pro-127

duction and measurement of the Υ resonances in e+e− annihilation at threshold is described in an early review by128

Berkelman [10].129

The Υ cross section has been measured at the Tevatron at 1.8 and 1.96 TeV center-of-mass energies by the CDF [4],130

and D0 [3] experiments. The production mechanism of the Υ in hadronic collisions is not yet understood [12]. The131

current theoretical approach is based on non-relativistic QCD (NRQCD) factorization, a recent paper is Ref. [5].132

In the first step a bb̄ quark pair is produced (see Table 1) in a bound state with specific quantum numbers. This133

amplitude is calculated with perturbative QCD. In the second step, the bb̄ state may evolve directly to an Υ(nS)134

state or to a higher mass bottomium state which subsequently decays to an Υ(nS). The possible decay sequences135

are shown in Fig. 1.2. In all cases Υ(nS) production is prompt.136

Table 1: Stages in the hadroproduction of Υ(nS) resonances.

1st step 2nd step 3rd step production type
bb̄ → Υ(nS) – prompt, direct

pp̄ → bb̄+X bb̄ → χb χb → Υ(nS) + γ prompt, indirect
bb̄ → Υ(n�S) Υ(n�S) → Υ(nS) +X prompt, indirect
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Figure 1: Bottomonium states.

The leading order (LO) NRQCD calculation [14, 6, 9] is unable to predict the yield or pT dependence of the137

measured cross section. With the inclusion of higher order corrections the yield and the pT dependence can138

be reproduced, but at the price of introducing unknown long-distance-matrix NRQCD matrix elements that are139

determined from fits to the data [11]. However, the polarization predicted disagrees with both the published140

CDF [4] and D0 measurements [3]. Ref. [5] contains a recent update to the NRQCD calculations which succeed141

in reproducing the data, and contain predictions for Υ(nS) production at the LHC.142

2 Analysis Strategy143

The measurement of the Υ(1S), Υ(2S) and Υ(3S) differential production cross sections, dσ (Υ(nS))/dpT , is per-
formed in this analysis in the di-muon decay channel which has a branching fraction of approximately 2%. At
hadron colliders one expects the Υ(nS) production cross section to be uniform in rapidity, y, therefore we measure
the differential production cross section integrated in the rapidity range |y| < 2. The strategy can be summarized
in the following expression:

dσ (pp → Υ(nS))

dpT

����
|y|<2

B
�
Υ(nS) → µ+µ−� =

Nfit
Υ(nS)(pT ;A, εtrack, εid, εtrig)�

Ldt ·∆pT ·∆y
,

where144

• Nfit
Υ(nS) – is the yield of Υ(nS) obtained from a fit to the dimuon invariant mass in a given pT bin.145

• A(pΥT , y
Υ) – is the geometric and kinematic acceptance of Upsilon candidates as obtained from MC simu-146

lations.147

6

13

20%. The pT-differential Υ(nS) cross sections for the rapidity intervals |y| < 1, 1 < |y| < 2, and

|y| < 2 are shown in Fig. 6. The pT dependence of the cross section in the two exclusive rapid-

ity intervals is the same within the uncertainties. The Υ(1S) pT-integrated, rapidity-differential

cross sections are shown in the left plot of Fig. 7. The cross section shows a slight decline to-

wards |y| = 2, consistent with the expectation from PYTHIA. The ratios of Υ(nS) cross sections

differential in pT are reported in Table 10 and shown in the right plot of Fig. 7. The uncertainty

associated with the luminosity determination cancels in the computation of the ratios. Both

ratios increase with pT. In Fig. 8 the differential cross sections for the Υ(1S), Υ(2S), and Υ(3S)
are compared to PYTHIA. The normalized pT-spectrum prediction from PYTHIA is consistent

with the measurements, while the integrated cross section is overestimated by about a factor

of two. We have not included parameter uncertainties in the PYTHIA calculation. We do not

compare our measurements to other models as no published predictions exist at
√

s = 7 TeV

for Υ production.
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Figure 6: Υ(nS) differential cross sections in the rapidity interval |y| < 2 (top left), and in

the rapidity intervals |y| < 1 and 1 < |y| < 2 for the Υ(1S) (top right), Υ(2S) (botttom left)

and Υ(3S) (bottom right). The uncertainties on the points represent the sum of the statistical

and systematic uncertainties added in quadrature, excluding the uncertainty on the integrated

luminosity (11%).
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Introduction 

Analysis Strategy 

Cross Section Measurement with ∫Ldt = 3/pb at 7 TeV  
Dimuon Mass  

Cross Section Definition 

Measurements of the Υ resonances are particularly important since the theoretical calculations 
are more robust than for the charmonium family due to the heavy bottom quark and the absence 
of b-hadron feed-down. Measurements of quarkonium hadroproduction cross sections will 
allow important tests of several alternative theoretical approaches. 

Muon Efficiencies 

Systematic Uncertainties 

The hadroproduction of quarkonia is not 
understood. None of the existing theories 
successfully reproduces both the differential 
cross section and the polarization measurements 
of charmonium and bottomonium states. 

Acceptance 

•         - detector acceptance 
•    ε  -  identification, trigger  and  tracking efficiencies 
•                          -  corrected yield of Upsilon candidates  
•          -  integrated luminosity 
•              -  Upsilon transverse momentum bin size 
•          -  Upsilon rapidity bin size 

Event Selection 
•  Events passing a trigger requiring two muons at the 
hardware trigger level without any explicit pT cuts 
•  Two muons with opposite charge in the mass window 
(8,14) GeV/c2 

• Vertex χ2 probability > 0.001 
•  Longitudinal separation between two muons < 2 cm 
•  Each muon satisfies: 
      - pT > 3.5 GeV/c if |η| < 1.6,  
      - pT > 2.5 GeV/c if 1.6 < |η| < 2.4,  
      - passing track quality cuts 

•                                           
      number of generated Upsilons  

•                                                    
   number of Upsilons reconstructed in the same 
(pT, y) cell using the reconstructed variables rather 
than the generated ones 

 The unpolarized Upsilon acceptance 
integrated over rapidity as a function of pT  

•   Muon identification efficiency (εid) and trigger 
efficiency (εtrig) : measured with the Tag and Probe
(T&P) data-driven method utilizing the large-yield 
Jpsi data sample 
•   Muon tracking efficiency (εtrack) : determined in 
part with a track-embedding technique, and in part 
with T&P to measure track quality criteria 

•  Upsilon candidates are weighted to account for 
acceptance, identification and trigger efficiencies 
•  Extended unbinned maximum likelihood fit  
•  Three crystal ball Upsilon resonances with a 
polynomial background 
•  Same resolution function for the three Upsilons 
•  Relative mass differences between Upsilon peaks fixed 
to PDG values 

•  The determination of the luminosity normalization 
is made with an uncertainty of 11% 
•  Unknown production polarization  
•  Statistical uncertainty in acceptance and efficiencies 
measurements  
•  Tag and Probe bias  
•  Electromagnetic Final State Radiation 
•  Choice of probability distribution functions for the 
signals and background   

Muon Identification Efficiency 

The ϒ(nS) production cross section at  7 TeV integrated 
over the rapidity range |y| < 2: 

Zhen Hu and Yu Zheng on behalf of the CMS Collaboration  
Purdue University 
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Results 

3.4 Υ event selection 3

The momentum measurement of charged tracks in the CMS detector is affected by system-

atic uncertainties caused by imperfect knowledge of the magnetic field, the amount of ma-

terial, and sub-detector misalignments, as well as by biases in the algorithms which fit the

track trajectory. A mismeasurement of the track momentum results in a shift and broadening

of the reconstructed peaks of dimuon resonances. An improved understanding of the CMS

magnetic field, detector alignment, and material budget was obtained from cosmic-ray muon

and LHC collision data [10, 17, 18], and the residual effects are determined by studying the

dependence of the reconstructed J/ψ dimuon invariant-mass distribution on the muon kine-

matics [19]. The transverse momentum corrected for the residual scale distortion is parame-

terized as pT = (1 + a1 + a2η2) · p�
T
, where p�

T
is the measured muon transverse momentum,

a1 = (3.8 ± 1.9) · 10
−4

, and a2 = (3.0 ± 0.7) · 10
−4

. The coefficients for terms linear in η and

quadratic in p�T and p�T · η are consistent with zero and are not included.

3.4 Υ event selection

To identify events containing an Υ decay, muons with opposite charges are paired, and the

invariant mass of the muon pair is required to be between 8 and 14 GeV/c2
. The longitudinal

separation between the two muons at their points of closest approach to the beam axis is re-

quired to be less than 2 cm. The two muon helices are fit with a common vertex constraint,

and events are retained if the fit χ2
probability is larger than 0.1%. The dimuon candidate is

confirmed offline to have passed the trigger requirements. If multiple dimuon candidates are

found in the same event, the candidate with the best vertex quality is retained; the fraction of

signal candidates rejected by this requirement is about 0.2%. Finally, the rapidity, y, of the Υ
candidates is required to satisfy |y| < 2 because the acceptance diminishes rapidly at larger ra-

pidity. The rapidity is defined as y = 1

2
ln

�
E+p�
E−p�

�
, where E is the energy and p� the momentum

parallel to the beam axis of the muon pair.

The dimuon invariant-mass spectrum in the Υ(nS) region for the dimuon transverse momen-

tum interval pT < 30 GeV/c is shown in Fig. 1 for the pseudorapidity intervals |ηµ| < 2.4 (left)

and |ηµ| < 1.0 (right). We obtain a Υ(1S) mass resolution of 96 ± 2 MeV/c2
including muons

from the entire pseudorapidity range, and 69 ± 2 MeV/c2
when both muons satisfy |ηµ| < 1.

The observed resolutions, determined as a parameter of the fit function described in Section 6,

are in good agreement with the predictions from MC simulation.

4 Acceptance
The Υ → µ+µ−

acceptance of the CMS detector is defined as the product of two terms. The

first is the fraction of upsilons of given pT and y such that each of the two muons satisfies

Eq. (1). The second is the probability that each muon can be reconstructed in the tracker using

the CMS software, in the absence of further event activity in the detector and without quality

cuts imposed. Both components are evaluated by simulation and parametrized as a function

of the pT and rapidity of the Υ.

The acceptance is calculated from the ratio

AΥ (pT, y) =
NΥ

rec (pT, y)
NΥ

gen (pT, y)
, (2)

where NΥ
gen (pT, y) is the number of upsilons generated in a (pT, y) bin, while NΥ

rec (pT, y) is the

number reconstructed in the same (pT, y) region but now using the reconstructed, rather than

3.4 Υ event selection 3

The momentum measurement of charged tracks in the CMS detector is affected by system-

atic uncertainties caused by imperfect knowledge of the magnetic field, the amount of ma-

terial, and sub-detector misalignments, as well as by biases in the algorithms which fit the

track trajectory. A mismeasurement of the track momentum results in a shift and broadening

of the reconstructed peaks of dimuon resonances. An improved understanding of the CMS

magnetic field, detector alignment, and material budget was obtained from cosmic-ray muon

and LHC collision data [10, 17, 18], and the residual effects are determined by studying the

dependence of the reconstructed J/ψ dimuon invariant-mass distribution on the muon kine-

matics [19]. The transverse momentum corrected for the residual scale distortion is parame-

terized as pT = (1 + a1 + a2η2) · p�
T
, where p�

T
is the measured muon transverse momentum,

a1 = (3.8 ± 1.9) · 10
−4

, and a2 = (3.0 ± 0.7) · 10
−4

. The coefficients for terms linear in η and

quadratic in p�T and p�T · η are consistent with zero and are not included.

3.4 Υ event selection

To identify events containing an Υ decay, muons with opposite charges are paired, and the

invariant mass of the muon pair is required to be between 8 and 14 GeV/c2
. The longitudinal

separation between the two muons at their points of closest approach to the beam axis is re-

quired to be less than 2 cm. The two muon helices are fit with a common vertex constraint,

and events are retained if the fit χ2
probability is larger than 0.1%. The dimuon candidate is

confirmed offline to have passed the trigger requirements. If multiple dimuon candidates are

found in the same event, the candidate with the best vertex quality is retained; the fraction of

signal candidates rejected by this requirement is about 0.2%. Finally, the rapidity, y, of the Υ
candidates is required to satisfy |y| < 2 because the acceptance diminishes rapidly at larger ra-

pidity. The rapidity is defined as y = 1

2
ln

�
E+p�
E−p�

�
, where E is the energy and p� the momentum

parallel to the beam axis of the muon pair.

The dimuon invariant-mass spectrum in the Υ(nS) region for the dimuon transverse momen-

tum interval pT < 30 GeV/c is shown in Fig. 1 for the pseudorapidity intervals |ηµ| < 2.4 (left)

and |ηµ| < 1.0 (right). We obtain a Υ(1S) mass resolution of 96 ± 2 MeV/c2
including muons

from the entire pseudorapidity range, and 69 ± 2 MeV/c2
when both muons satisfy |ηµ| < 1.

The observed resolutions, determined as a parameter of the fit function described in Section 6,

are in good agreement with the predictions from MC simulation.

4 Acceptance
The Υ → µ+µ−

acceptance of the CMS detector is defined as the product of two terms. The

first is the fraction of upsilons of given pT and y such that each of the two muons satisfies

Eq. (1). The second is the probability that each muon can be reconstructed in the tracker using

the CMS software, in the absence of further event activity in the detector and without quality

cuts imposed. Both components are evaluated by simulation and parametrized as a function

of the pT and rapidity of the Υ.

The acceptance is calculated from the ratio

AΥ (pT, y) =
NΥ

rec (pT, y)
NΥ

gen (pT, y)
, (2)

where NΥ
gen (pT, y) is the number of upsilons generated in a (pT, y) bin, while NΥ

rec (pT, y) is the

number reconstructed in the same (pT, y) region but now using the reconstructed, rather than

3.4 Υ event selection 3

The momentum measurement of charged tracks in the CMS detector is affected by system-

atic uncertainties caused by imperfect knowledge of the magnetic field, the amount of ma-

terial, and sub-detector misalignments, as well as by biases in the algorithms which fit the

track trajectory. A mismeasurement of the track momentum results in a shift and broadening

of the reconstructed peaks of dimuon resonances. An improved understanding of the CMS

magnetic field, detector alignment, and material budget was obtained from cosmic-ray muon

and LHC collision data [10, 17, 18], and the residual effects are determined by studying the

dependence of the reconstructed J/ψ dimuon invariant-mass distribution on the muon kine-

matics [19]. The transverse momentum corrected for the residual scale distortion is parame-

terized as pT = (1 + a1 + a2η2) · p�
T
, where p�

T
is the measured muon transverse momentum,

a1 = (3.8 ± 1.9) · 10
−4

, and a2 = (3.0 ± 0.7) · 10
−4

. The coefficients for terms linear in η and

quadratic in p�T and p�T · η are consistent with zero and are not included.

3.4 Υ event selection

To identify events containing an Υ decay, muons with opposite charges are paired, and the

invariant mass of the muon pair is required to be between 8 and 14 GeV/c2
. The longitudinal

separation between the two muons at their points of closest approach to the beam axis is re-

quired to be less than 2 cm. The two muon helices are fit with a common vertex constraint,

and events are retained if the fit χ2
probability is larger than 0.1%. The dimuon candidate is

confirmed offline to have passed the trigger requirements. If multiple dimuon candidates are

found in the same event, the candidate with the best vertex quality is retained; the fraction of

signal candidates rejected by this requirement is about 0.2%. Finally, the rapidity, y, of the Υ
candidates is required to satisfy |y| < 2 because the acceptance diminishes rapidly at larger ra-

pidity. The rapidity is defined as y = 1

2
ln

�
E+p�
E−p�

�
, where E is the energy and p� the momentum

parallel to the beam axis of the muon pair.

The dimuon invariant-mass spectrum in the Υ(nS) region for the dimuon transverse momen-

tum interval pT < 30 GeV/c is shown in Fig. 1 for the pseudorapidity intervals |ηµ| < 2.4 (left)

and |ηµ| < 1.0 (right). We obtain a Υ(1S) mass resolution of 96 ± 2 MeV/c2
including muons

from the entire pseudorapidity range, and 69 ± 2 MeV/c2
when both muons satisfy |ηµ| < 1.

The observed resolutions, determined as a parameter of the fit function described in Section 6,

are in good agreement with the predictions from MC simulation.

4 Acceptance
The Υ → µ+µ−

acceptance of the CMS detector is defined as the product of two terms. The

first is the fraction of upsilons of given pT and y such that each of the two muons satisfies

Eq. (1). The second is the probability that each muon can be reconstructed in the tracker using

the CMS software, in the absence of further event activity in the detector and without quality

cuts imposed. Both components are evaluated by simulation and parametrized as a function

of the pT and rapidity of the Υ.

The acceptance is calculated from the ratio

AΥ (pT, y) =
NΥ

rec (pT, y)
NΥ

gen (pT, y)
, (2)

where NΥ
gen (pT, y) is the number of upsilons generated in a (pT, y) bin, while NΥ

rec (pT, y) is the

number reconstructed in the same (pT, y) region but now using the reconstructed, rather than

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.
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Figure 11: Single muon identification efficiencies as a function of pµT for six |ηµ| regions [J/ψ Data T&P
(squares)], and a comparison to single muon identification efficiencies determined with Υ MC Truth (triangles),
J/ψ MC Truth (open circles), and J/ψ MC T&P (closed circles).

8.5 Trigger Efficiency458

The probes that satisfy the muon identification criteria are in turn the probes for the study of the trigger efficiency.459

The resulting trigger efficiencies for one leg (probe) of the path HLT L1DoubleMuOpen Tight as a function of pµT460

for six |ηµ| regions are shown in Fig. 12, and Table 9.461

Differences between MC truth single and dimuon efficiencies and those measured with the T&P technique can462

arise from the kinematic distributions of the probes and from bin averaging. This is evaluated by comparing J/ψ463

MC T&P single muon and dimuon efficiencies to MC truth. In addition, effects arising from differences in the464
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Figure 11: Single muon identification efficiencies as a function of pµT for six |ηµ| regions [J/ψ Data T&P
(squares)], and a comparison to single muon identification efficiencies determined with Υ MC Truth (triangles),
J/ψ MC Truth (open circles), and J/ψ MC T&P (closed circles).

8.5 Trigger Efficiency458

The probes that satisfy the muon identification criteria are in turn the probes for the study of the trigger efficiency.459

The resulting trigger efficiencies for one leg (probe) of the path HLT L1DoubleMuOpen Tight as a function of pµT460

for six |ηµ| regions are shown in Fig. 12, and Table 9.461

Differences between MC truth single and dimuon efficiencies and those measured with the T&P technique can462

arise from the kinematic distributions of the probes and from bin averaging. This is evaluated by comparing J/ψ463

MC T&P single muon and dimuon efficiencies to MC truth. In addition, effects arising from differences in the464
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12 8 Results and discussion

Imperfect knowledge of the production pT spectrum of the Υ resonances at
√

s = 7 TeV con-

tributes a systematic uncertainty. The Υ MC sample used for the acceptance calculation, Eq. (2),

was generated flat in pT, whereas the pT spectrum in the data peaks at a few GeV/c, and be-

haves as a power law above 5 GeV/c. To study the effect of this difference, we have re-weighted

the sample in pT to more closely describe the expected distribution in data based on a fit to the

spectrum obtained from PYTHIA (1%).

The distribution of the z position of the ppinteraction point influences the acceptance. We have

produced MC samples of Υ(nS) at different positions along the beam line, between −10 and

+10 cm with respect to the center of the nominal collision region (1%).

High-statistics MC simulations were performed to compare T&P single-muon and dimuon ef-

ficiencies to the actual MC values for both the Υ and J/ψ, see Figs. 3 and 4. The differences and

their associated uncertainties are taken as a source of systematic uncertainty. The contributions

are: possible bias in the T&P technique (0.1%), differences in the J/ψ and Υ kinematics (1%), and

taking the product of single-muon efficiencies as an estimate of the double-muon Υ efficiencies

(1.6%).

MC trials of the fitter demonstrate that it is consistent with providing an unbiased estimate

of the yield of each resonance, its mass, and the mass resolution (1%). A systematic variation

may arise from differences between the dimuon invariant-mass distribution in the data and

in the PDFs chosen for the signal and background components in the fit. We consider the

following variations in the signal PDF. As the CB parameters which describe the radiative tail

of each resonance are fixed from MC simulation in the nominal fit to the data, we vary the

CB parameters by three times their uncertainties (3%). We also remove the resonance mass

difference constraint in the pT integrated fit (0.6%). We vary the background PDF by replacing

the polynomial by a linear function, while restricting the fit to the mass range 8–12 GeV/c2
(3%

when fitting the full pT and y ranges, varying with differential interval).

The determination of the integrated luminosity normalization is made with an uncertainty of

11% [8]. The relative systematic uncertainties from each source are summarized in Table 7

for the full rapidity range, for two rapidity ranges in Table 8, and for five rapidity ranges in

Table 9. The largest sources of systematic uncertainty arise from the statistical precision of the

T&P determination of the efficiencies from the data and from the luminosity normalization

which dominates.

8 Results and discussion
The analysis of the collision data acquired by the CMS experiment at

√
s = 7 TeV, correspond-

ing to an integrated luminosity of 3.1± 0.3 pb
−1

, yields a measurement of the Υ(nS) integrated

production cross sections for the range |y| < 2:

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 , (7)

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

−0.08
(syst.)± 0.11(lumi.) nb . (8)

The Υ(1S) and Υ(2S) measurements include feed-down from higher-mass states, such as the χb
family and the Υ(3S). These measurements assume unpolarized Υ(nS) production. Assump-

tions of fully-transverse or fully-longitudinal polarizations change the cross sections by about
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tion between the overlapping CSC and DT subsystems
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efficiencies are used to obtain the central results.

The Υ efficiency is estimated from the product of
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averaging. This is evaluated by comparing the single-
muon and dimuon efficiencies as determined using the
T&P method in J/ψ → µ+µ− MC events to the efficien-
cies obtained in the same events utilizing generator-level
particle information. In addition, effects arising from dif-
ferences in the kinematic distributions between the Υ and
J/ψ decay muons are investigated by comparing the effi-
ciencies determined from Υ → µ+µ− MC events to those
from J/ψ → µ+µ− MC events. In all cases the differences
in the efficiency values are not significant, and are used
only as an estimate of the associated systematic uncer-
tainties.

The efficiency of the vertex χ2 probability cut is de-
termined using the high-statistics J/ψ data sample, to

which the Υ selection criteria are applied. The efficiency
is extracted from a simultaneous fit to the dimuon mass
distribution of the passing and failing candidates. It is
found to be (99.2± 0.1)%. A possible difference between
the efficiency of the vertex χ2 probability cut for the J/ψ
and Υ is evaluated by applying the same technique to
large MC signal samples of each resonance. No signifi-
cant difference in the efficiencies is found. The efficiency
of the remaining selection criteria listed in Section III is
studied in data and MC simulation and is found to be
consistent with unity.

VI. MEASUREMENT OF THE CROSS
SECTIONS

The Υ(nS) differential cross section is determined from
the signal yield, NΥ(nS), after correcting for the accep-
tance (A) and the total efficiency (ε), through the equa-
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Figure 9: (a) Unpolarized Υ(1S) acceptance as a function of pT and y; (b) The unpolarized Upsilon acceptance
integrated over rapidity as a function of pT.

obtained. Figure 12 shows profiles of the difference between the two for ΥpT and y for the sample used. The315

rapidity behavior is consistent across the entire region, showing only small variation less than 10−4. Differences316

in bias and resolution between the simulation used to calculate acceptance and data will be treated as a systematic317

uncertainty.318

8 Efficiency319

We factor the total muon efficiency into the following three conditional terms

ε(total) = ε(trig|id)× ε(id|track)× ε(track|accepted) ≡ εtrig × εid × εtrack . (7)

• εtrack - is the tracking efficiency, i.e. the efficiency that the accepted tracker track of a muon from a Υ(nS)320

decay is found in a pp collision event at 7 TeV. It is determined with the track embedding technique, described321

in Sec. 8.1 .322

• εid - is the muon identification efficiency, i.e. the efficiency that the reconstructed tracker track of the muon323

is identified as a muon with the offline selection quality cuts and measured with the Tag and Probe method,324

Sec. 8.3 .325

• εtrig - is the trigger efficiency, i.e. the efficiency that an identified muon is matched to a trigger object, also326

measured with the Tag and Probe method, Sec. 8.4 .327

The methods used to obtain each efficiency term are now described.328

8.1 Track Embedding329

The absolute track reconstruction efficiency in pp collisions is difficult to precisely quantify using data because of330

the lack of a pure, high-statistics sample of tracks with known kinematic properties that is free from selection or331

trigger biases. Nevertheless, by factoring out the single track acceptance, which is a geometric quantity calculable332

using the material model for the detector in Monte Carlo, the factors that contribute to tracking inefficiency are333

expected to be pattern recognition failures in the tracking algorithms. Such failures can result when hits associated334

with a track are either lost, or when hits not associated with track are incorrectly included in its trajectory fit.335

Both effects are expected to be driven by the tracker occupancy in the vicinity of the track in question, for which336

the accuracy of a simulation can be difficult to quantify or defend. We provide an estimate of the absolute track337

reconstruction efficiency, with respect to which relative track quality and muon ID efficiencies are defined, by338
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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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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

σ = 96 ± 2 MeV/c2 
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