
https://helda.helsinki.fi

Measurements of the Upsilon(1S), Upsilon(2S), and

Upsilon(3S) differential cross sections in pp collisions at root

s=7 TeV

Khatchatryan, V.

2015-10

Khatchatryan , V , Eerola , P , Voutilainen , M , Härkönen , J , Karimäki , V , Kinnunen , R ,

Kortelainen , M J , Lampén , T , Lassila-Perini , K , Lehti , S , Lindén , T , Luukka , P ,

Mäenpää , T , Peltola , T , Tuominen , E , Tuominiemi , J , Tuovinen , E , Wendland , L ,

Talvitie , J , Tuuva , T & The CMS Collaboration 2015 , ' Measurements of the Upsilon(1S),

Upsilon(2S), and Upsilon(3S) differential cross sections in pp collisions at root s=7 TeV ' ,

Physics Letters B , vol. 749 , pp. 14-34 . https://doi.org/10.1016/j.physletb.2015.07.037

http://hdl.handle.net/10138/159451

https://doi.org/10.1016/j.physletb.2015.07.037

cc_by

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Physics Letters B 749 (2015) 14–34
Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Measurements of the ϒ(1S), ϒ(2S), and ϒ(3S) differential cross 

sections in pp collisions at 
√

s = 7 TeV

.CMS Collaboration �

CERN, Switzerland

a r t i c l e i n f o a b s t r a c t

Article history:
Received 30 January 2015
Received in revised form 1 July 2015
Accepted 16 July 2015
Available online 22 July 2015
Editor: M. Doser

Keywords:
CMS
Upsilon
B-Physics
Cross section

Differential cross sections as a function of transverse momentum pT are presented for the production of 
ϒ(nS) (n = 1, 2, 3) states decaying into a pair of muons. Data corresponding to an integrated luminosity 
of 4.9 fb−1 in pp collisions at 

√
s = 7 TeV were collected with the CMS detector at the LHC. The analysis 

selects events with dimuon rapidity |y| < 1.2 and dimuon transverse momentum in the range 10 <
pT < 100 GeV. The measurements show a transition from an exponential to a power-law behavior at 
pT ≈ 20 GeV for the three ϒ states. Above that transition, the ϒ(3S) spectrum is significantly harder 
than that of the ϒ(1S). The ratios of the ϒ(3S) and ϒ(2S) differential cross sections to the ϒ(1S) cross 
section show a rise as pT increases at low pT, then become flatter at higher pT.
© 2015 CERN for the benefit of the CMS Collaboration. 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.
1. Introduction

Hadronic production of S-wave bb mesons has been extensively 
studied for many years. At the CERN LHC, the CMS [1,2], ATLAS [3], 
and LHCb [4] Collaborations have published results on ϒ(nS) (n =
1, 2, 3) production cross sections times dimuon branching fractions 
in pp collisions at 

√
s = 7 TeV as a function of the ϒ transverse 

momentum pT, rapidity y, and polarization [5]. The CMS and AT-
LAS pT and |y| distributions in the central rapidity region |y| < 2.0
are similar in shape to those from pp production at 

√
s = 1.96 TeV, 

as measured by the D0 [6] and CDF [7] experiments at the Teva-
tron. Neither the ATLAS nor the CMS results show any statistically 
significant rapidity dependence of the cross section in the central 
region. The CMS analyses cover the pT range up to 50 GeV, while 
the ATLAS results go to 70 GeV.

In this Letter we present a measurement of the differential pro-
duction cross sections of the three lowest-mass ϒ(nS) states in pp
collisions at 

√
s = 7 TeV up to pT = 100 GeV, reaching higher pT

than previous measurements. We measure the pT dependence of 
the ϒ(nS) differential cross section times the branching fraction 
to μ+μ− using the 2011 data set, corresponding to an integrated 
luminosity of 4.9 fb−1. The measured cross sections include feed-
down from higher bb excitations.

� E-mail address: cms-publication-committee-chair@cern.ch.

Measurements of S-wave bb mesons provide an important 
probe of quantum chromodynamics (QCD). There are several mod-
els that predict differential cross section shapes at high ϒ(nS)

pT in pp collisions. A common feature of all the models is that 
different contributing terms have different pT variations, some of 
which are power-law forms. The nonrelativistic QCD (NRQCD) ap-
proach [8,9] uses an effective field theory to factorize the per-
turbative term and nonpertubative long-distance matrix element 
(LDME) terms. A good description of early LHC results for ϒ(1S)

production for pT < 30 GeV was achieved using NRQCD with next-
to-leading-order (NLO) corrections [10]. However, there are the-
oretical corrections to perturbative NRQCD that have character-
istic power-law behavior at high pT, and measurements at high 
pT can help to clarify the theoretical picture [11,12]. The NLO 
NRQCD calculation has recently been extended to treat all three 
ϒ(nS) states [13]. The updated calculation includes not only NLO 
terms but also uses LDMEs computed using only high-pT data. 
Color singlet models (CSM) with higher-order pT-dependent cor-
rections [14] and the kT-factorization model [15] are consistent 
with data from the LHC for pT approaching 50 GeV. A recent 
analysis of quarkonium polarization and production measurements 
found that raising pT thresholds stabilizes the fits in evaluating 
the LDMEs [16]. At higher pT different corrections become domi-
nant in these models. New data at high pT will challenge all the 
current approaches.

http://dx.doi.org/10.1016/j.physletb.2015.07.037
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2. CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter having a 3.8 T field. Within 
the superconducting solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter, and 
a brass and scintillator hadron calorimeter. Muons are measured 
in gas-ionization detectors embedded in the steel flux-return yoke 
outside the solenoid, with detection planes are made using three 
technologies: drift tubes, cathode strip chambers, and resistive-
plate chambers. Muons are measured in the pseudorapidity range 
|η| < 2.4.

The silicon tracker measures charged particles within the pseu-
dorapidity range |η| < 2.5. It consists of 1440 silicon pixel and 
15 148 silicon strip detector modules and provides a typical trans-
verse impact parameter resolution of 25–90 μm. Matching muons 
to tracks measured in the silicon tracker results in a transverse 
momentum resolution between 1% and 2.8%, for pT values up to 
100 GeV [17].

The first level of the CMS trigger system, composed of custom 
hardware processors, uses information from the calorimeters and 
muon detectors to select the most interesting events in a fixed 
time interval of less than 4 μs. The high-level trigger processor 
farm further decreases the event rate from around 100 kHz to 
around 400 Hz, before data storage. A more detailed description 
of the CMS detector, together with a definition of the coordinate 
system used and the relevant kinematic variables, can be found in 
Ref. [18].

3. Differential cross section measurement methodology

Event selection starts with a dimuon trigger involving the sil-
icon tracker and muon systems. The trigger, which is exposed to 
the full integrated luminosity, requires at least two muons with 
dimuon rapidity |y| < 1.25, dimuon invariant mass 8.5 < Mμμ <

11.5 GeV, and a dimuon vertex fit with a χ2 probability > 0.5%. 
The trigger selects only pairs of muons that bend away from each 
other in the magnetic field (“seagull selection”), i.e., events for 
which the difference in azimuthal angle between the positively 
charged and negatively charged muons is less than zero. Requir-
ing that muon trajectories do not cross in the transverse plane 
improves the muon efficiency. Trigger pT thresholds varied from 
5–9 GeV as the beam conditions changed. Offline selection criteria 
required pT > 10 GeV, |y| < 1.2, and a dimuon vertex fit χ2 proba-
bility > 1%. Standard CMS quality requirements are used to identify 
muons and muons are restricted to |η(μ)| < 1.6. The muon tracks 
are required to have at least ten hits in the silicon tracker, at least 
one hit in the silicon pixel detector, and be matched with at least 
one segment of the muon system. The muon track fit quality must 
have a χ2 per degree of freedom of less than 1.8. The distance of 
the track from the closest primary vertex must be less than 15 cm
in the longitudinal direction and 3 cm in the transverse direction. 
The following kinematic requirements are also imposed to ensure 
accurate muon detection efficiency evaluation:

pT(μ) > 3 GeV for 1.4 < |η(μ)| < 1.6,

pT(μ) > 3.5 GeV for 1.2 < |η(μ)| < 1.4,

pT(μ) > 4.5 GeV for |η(μ)| < 1.2. (1)

The differential cross sections are measured for two rapidity 
ranges: |y| ≤ 0.6 and 0.6 < |y| < 1.2, as well as for the entire range 
|y| < 1.2. In each rapidity range the data are binned in pT, with bin 
edges at 2 GeV intervals between 10 and 40 GeV, then wider bins 
with edges at 43, 46, 50, 55, 60, 70, and 100 GeV.

The ϒ(nS) differential cross section times dimuon branching 
fraction, integrated over either of the two |y| ranges and in a given 
pT bin of width �pT, is

dσ
(

pp → ϒ(nS)
)

dpT

∣∣∣∣∣∣∣|y| range

B
(
ϒ(nS) → μ+μ−)

= Nfit
ϒ(nS)(pT)

L�pTεμμ(pT)A(pT)εsgεvp
, (2)

where Nfit
ϒ(nS) is the fitted number of ϒ(nS) events from the 

dimuon invariant mass distribution in a pT bin for the selected |y|
range, εμμ is the dimuon efficiency, L is the integrated luminos-
ity, A is the polarization-corrected acceptance, εsg is the efficiency 
of the seagull selection, and εvp is the efficiency of the dimuon 
vertex χ2 probability requirement. The efficiency and acceptance 
determinations are described below.

The total yield Nfit
ϒ(nS) for the three ϒ (nS) states in the rapid-

ity range |y| < 1.2 are 412 900 ± 600 ϒ(1S) events, 151 700 ± 400
ϒ(2S) events, and 111 100 ± 300 ϒ(3S) events, where the uncer-
tainties are statistical only. The fine granularity of the CMS tracker 
kept the efficiency independent of changes in the LHC instanta-
neous luminosity throughout the 

√
s = 7 TeV operations.

3.1. Efficiency factors

The dimuon efficiency for a given event is parameterized as:

εμμ ≡ ε1[pT(μ1),η(μ1)] ε2[pT(μ2),η(μ2)] ρ, (3)

where εi[pT(μi), η(μi)] is the overall single-muon quality and 
trigger efficiency. The kinematic dependence of the ρ factor was 
determined in a study based on Monte Carlo (MC) simulation 
using evtgen [19] with a detector simulation performed with
Geant4 [20]. The parameter ρ accounts for the possibility that two 
genuine muons can be merged during the reconstruction or trig-
ger selection, causing an inefficiency. It was found to depend on 
the quadrature sum of the differences �pT/(637 GeV), �η, and 
1.2�φ between the two muons. The MC simulation result was val-
idated by measuring the ρ factor with ϒ (nS) events reconstructed 
using a data set that required only a single-muon trigger. In events 
such as those with pT < 50 GeV, where the muons are well sepa-
rated, ρ = 1. For high-pT events of pT > 80 GeV, where the muons 
are closer together, ρ drops to approximately 0.7.

The single-muon efficiencies are measured using the tag-and-
probe approach based on control samples in data, as described in 
Ref. [21], times the tracking efficiency (0.99 ± 0.01), determined 
from MC simulation. We assume that the dimuon efficiency within 
each ϒ(nS) mass region is the same for signal and background. 
The dimuon efficiency εμμ for a given (pT, |y|) is obtained by av-
eraging the calculated event dimuon efficiency εμμ for each data 
event in the bin. This is done separately for the three ϒ states, 
using a mass range of ±200 MeV for the ϒ(1S) and ±100 MeV
for the higher-mass states. The narrower range for the ϒ(2S) and 
ϒ(3S) states is chosen because of the closeness in mass of these 
two states. The average efficiency, εμμ , is typically 0.75–0.80. For 
all (pT, y) bins the systematic difference between averaging in εμμ

or 1/εμμ can be neglected in comparison to the quoted systematic 
uncertainty due to the single muon efficiencies. To determine εsg, 
we note that there is a 50% probability that an ϒ(nS) state will 
decay in the seagull configuration. It was verified in MC simula-
tion that εsg = 0.5. The efficiency εvp for the dimuon vertex fit χ2

probability requirement is determined to be 0.99 ± 0.01 from MC 
simulation, where the uncertainty is statistical. This efficiency was 
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validated in data using events from a trigger that did not require 
vertex selection. We also computed the total acceptance and ef-
ficiency product in the MC simulation and compared it with the 
result based on the factorized approach. The results agreed over 
the entire pT range of the measurement.

3.2. Acceptance

For each ϒ(nS) state the acceptance A is computed in each 
(pT, |y|) bin and defined as the fraction of its dimuon decays that 
satisfy the single-muon kinematic selections given by Eq. (1). The 
acceptances are computed using generator-level muons, then re-
peated using reconstructed muons in the full simulation study. The 
results agree to better than 2% at all pT values. Differences are 
contained within the systematic uncertainty band (Section 4.3) as-
signed for the muon reconstruction. To account for the effect of 
the ϒ(nS) polarization on the muon angular distribution, each MC 
simulation event is weighted by an angular factor w:

w = 3

4π

(
1

3 + λθ

)

×
(

1 + λθ cos2 θ + λφ sin2 θ cos 2φ + λθφ sin 2θ cosφ
)

, (4)

where λθ , λφ , λθφ are the measured polarization parameters [5], 
θ is the polar angle, and φ the azimuthal angle of the positively 
charged muon in the ϒ(nS) helicity frame (HX). The polarization 
was measured in the range 10 < pT < 50 GeV in the same two 
rapidity bins as this analysis. The measured polarization parame-
ters do not show a statistically significant dependence on pT. We 
linearly interpolate each of the measured polarization parameters 
in pT. Linear interpolation is also used for the 68.3% confidence 
level (CL) uncertainties in the polarization measurements to deter-
mine the uncertainty in the three parameters from the analysis. 
The polarization parameters for pT > 50 GeV are taken to be the 
average of the measured values for 10 < pT < 50 GeV. The largest 
measured absolute uncertainty for each parameter is used for the 
extrapolated uncertainties because the spread in nominal values 
is small. The acceptance is computed initially using a flat pT dis-
tribution within a bin, then reweighted after fitting the measured 
pT distribution to a functional form (see Section 5). The accep-
tances in each pT bin for the three rapidity intervals are given in 
the supplemental material (Tables 7–15) for the measured polar-
ization central value and the 68.3% CL uncertainties on the param-
eters [5]. In addition, we report the acceptance computed for the 
hypotheses of zero, 100% transverse, and 100% longitudinal polar-
ization that correspond to the parameter values λφ = λθφ = 0 and 
λθ = 0, +1, and −1 respectively. Because of the agreement in the 
acceptance when computed with generator-level and reconstructed 
muons, the cross section results reported here can be scaled to ac-
commodate any other polarization by using a generator-level MC 
simulation with a given polarization.

4. Yield determination procedure

4.1. Lineshape determination

The ϒ(nS) lineshape is determined using the measured muon 
momenta and their uncertainties, along with a generator-level sim-
ulated invariant mass (SIM) distribution including final-state radi-
ation (FSR) effects. For events in a given (pT, |y|) bin, the distribu-
tion of the dimuon invariant mass uncertainty ζ is computed from 
the muon track error matrices.

In order to describe the ϒ(nS) SIM distribution without de-
tector resolution effects, we simulate dimuon events for a given 

ϒ(nS) state using evtgen and compute the FSR using photos [22,
23]. The standard photos minimum photon energy for the ϒ(nS)

states is ≈ 50 MeV, which is of the same order as our dimuon in-
variant mass uncertainty. To improve the description, we extend 
the photon energy spectrum down to 2 MeV using a fit of the SIM 
distribution to the QED inner-bremsstrahlung formula [23]. The 
systematic uncertainties of the soft photon approximation in pho-

tos compared to exact QED calculations are discussed in Ref. [23]. 
For the range of photon energies expected in ϒ(nS) decays the 
systematic uncertainty is negligible.

In each rapidity range, the ϒ(nS) lineshape for a given pT bin 
is expressed by a probability density function (PDF) for the signal 
dimuon mass Mμμ . This function F(Mμμ; cw , δm) is the average 
of N values of the dimuon mass mi smeared with a resolution ζi :

F(Mμμ; cw , δm) = 1

N

N∑
i=1

1√
2πcwζi

e−(Mμμ−mi−δm)2/2c2
wζ 2

i . (5)

Each ϒ(nS) state is handled in the same fashion. Values of mi and 
ζi are selected by randomly sampling the radiative mass function 
and the ζ distribution for that (pT, |y|) bin. Two correction fac-
tors are common to all three ϒ(nS) peaks in a given (pT, |y|) bin: 
a width scale factor cw , to correct for any ζ scale difference be-
tween data and the MC simulation, and a mass-shift δm, to correct 
for any difference in pT scale between data and the MC simulation. 
We sample N = 25 000 (mi , ζi) points per pT bin, stored in a his-
togram with 0.25 MeV bins to smooth the fluctuations and retain 
shape features. This histogram gives the normalized, resolution-
smeared mass PDF for a given ϒ(nS) state in a particular (pT, |y|) 
bin. The procedure was validated in MC simulation by generating 
the lineshape using a subset of generated ϒ(1S) events, then fit-
ting the rest of the events with that lineshape. The fitted number 
of events was consistent with the generated number.

4.2. Fitting for yields

To determine the yields of the three states in each pT and |y|
range requires a fit to the dimuon mass distribution in every (pT, 
|y|) bin. The total PDF for Mμμ describes the signal and back-
ground contributions to the dimuon invariant mass distribution 
using a signal PDF as defined in Eq. (5) for each of the ϒ(nS)

states, plus a background function. Four background functions are 
studied: an exponential and a Chebyshev series with maximum or-
der of 0, 1, or 2.

We measure the yield by performing an extended maximum-
likelihood fit using RooFit [24] to determine the number of sig-
nal events associated with each normalized signal PDF. To allow 
cancellation of some common uncertainties in the muon accep-
tance and efficiency calculation in the measurement of the ratios 
of ϒ(2S) and ϒ(3S) differential cross sections to that of the ϒ(1S), 
we perform an additional fit normalized to the ϒ(1S) yield. For 
each pT bin the optimal background function is determined us-
ing the Akaike Information Criterion (AIC) [25], taking the function 
with the largest relative probability, as discussed in Ref. [26]. This 
method is similar to a maximum-likelihood evaluation, but it adds 
a term equal to twice the number of free parameters in the fit, 
thus penalizing addition of free parameters. The parameters cw

and δm are determined from the fit for each pT bin. Typical val-
ues and corresponding uncertainties for cw and δm are 1.04 ±0.01
and 3 ± 1 MeV, respectively. The fit correlation matrix shows that 
their influence on the yields is a small fraction of the statistical 
uncertainty in each yield.

The plots in Fig. 1 show two examples of fitting the dimuon 
invariant mass distribution using the lineshape method. The lower 
plots show the pull, (Ndata − Nfit)/σdata, in each dimuon mass bin, 
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Fig. 1. Results of the fits to the dimuon invariant mass distribution for events in two 
bins: (a): |y| < 0.6, 10 < pT < 12 GeV and (b): 0.6 < |y| < 1.2, 50 < pT < 55 GeV. 
The solid line is the result of the full fit. The dash-dotted line is the ϒ(1S) signal fit, 
the long-dashed line is the ϒ(2S) signal fit, and the dotted line is the ϒ(3S) signal 
fit. The short-dashed line is the background contribution. The lower plots show the 
pull for each mass bin.

where Ndata is the observed number of events in the bin, Nfit is 
the integral of the fitted signal and background function in that 
bin, and the uncertainty σdata is the Poisson statistical uncertainty. 
As can be seen in Fig. 1, the lineshape description represents the 
data well, even at high pT and large rapidity.

4.3. Systematic uncertainties

The overall systematic uncertainty in the cross section for a 
given (pT, |y|) bin includes uncertainties from the background fit 
method, the lineshape determination, the dimuon efficiency, the 
acceptance variations due to varying the polarization parameters 
within their 68.3% CL ranges, and the integrated luminosity. The 
systematic uncertainty from the background function is estimated 
using the maximum difference in yields among background func-
tions with an AIC probability above 5% [25,26] relative to the best 
background choice. An upper limit of 1% on the systematic un-
certainty from the lineshape function determination for all three 
ϒ(nS) states and all (pT, |y|) bins is estimated by varying the 
width of the mass region in which the mass resolution param-
eter ζ is determined. The efficiency systematic is evaluated by 

modifying εμμ event by event, using the ±1 standard deviation 
values from the tag-and-probe measurements [5]. There is a 1% 
systematic uncertainty to account for small variations in εμμ as a 
function of Mμμ observed in the data. The measured ρ factor val-
ues from the experimental determination and from MC simulation 
agree over the full pT range. We assign a systematic uncertainty 
for ρ of 0.5–5%, which equals the full difference between the MC 
simulation and the experimental measurement. We compute the 
acceptance systematic uncertainty by raising and lowering all three 
polarization parameters by their interpolated 68.3% CL values from 
Ref. [5]. The resulting 5–8% change in the acceptance is used as the 
systematic uncertainty in the acceptance as tabulated in the sup-
plemental material (Tables 7–15). The total systematic uncertainty 
is found from the quadrature sum of the individual systematic 
uncertainties. It is comparable to or smaller than the statistical un-
certainty for pT > 40 GeV. There is a 2.2% uncertainty [27] from 
the integrated luminosity determination that applies to all pT bins. 
This uncertainty is not included in the uncertainties displayed in 
the figures or given in the tables.

5. Results

The measured ϒ(nS) differential cross sections versus pT are 
shown in Fig. 2 over the full rapidity range |y| < 1.2. The vertical 
bars on the points in Fig. 2 show the statistical and systematic un-
certainties added in quadrature. Earlier CMS measurements [2] are 
shown for comparison, scaled by 0.5 to account for the smaller |y|
range in the latest measurement, where the scaling assumes that 
the rapidity distribution is flat. The ϒ(nS) differential cross sec-
tions peak near pT = 4 GeV, as seen in Fig. 2. Their shape can 
be described by an exponential function for 10 � pT � 20 GeV, 
while for pT � 20 GeV the data lie above the exponential and 
the slope changes. Therefore, we fit the high-pT measurements for 
each ϒ(nS) state using a power-law parametrization:

dσ
(

pp → ϒ(nS)
)

dpT

∣∣∣∣∣∣∣|y| range

B
(
ϒ(nS) → μ+μ−)

= A

C +
(

pT
p0

)α , (6)

where A is a normalization with units of pb/GeV. The value of 
p0 is fixed to 20 GeV and has no influence on the exponent α, 
which describes the curvature of the function. The differential 
cross section fits are evaluated using the integral value of the 
function over the pT range of each bin, and the results are given 
in Table 1. The bin centers are determined by the functional-
weight method described in [28], using the exponential fit for 
pT < 20 GeV and the power-law form in Eq. (6) for pT > 20 GeV. 
Shifts from the pT-weighted mean values are negligible in all ex-
cept the highest-pT bin, where using the functional weight moves 
the bin center from 79 to 82 GeV. Tables 1–3 in the supplemental 
material give the measured values shown in Fig. 2 as well as for 
the two rapidity ranges |y| < 0.6 and 0.6 < |y| < 1.2.

To illustrate the quality of this functional description, Fig. 2(b) 
shows the fit results for the ϒ(1S) state with |y| < 1.2. The solid 
line is the power-law fit for pT > 20 GeV. The dashed line is the 
exponential fit for 10 < pT < 20 GeV. The lower plot shows, for 
each pT bin, the pull determined from the differential cross section 
value in a (pT, |y|) bin and its total uncertainty.

Next, we consider the pT dependence of the ratios of the ϒ(nS)

production cross sections times their dimuon branching fractions. 
The yield fits are redone to compute explicitly the yield ratio r21



18 CMS Collaboration / Physics Letters B 749 (2015) 14–34

Fig. 2. (a) The ϒ(nS) differential pT cross sections times dimuon branching frac-
tions for |y| < 1.2. The ϒ(2S) and ϒ(3S) measurements are scaled by 0.1 and 0.01, 
respectively, for display purposes. The vertical bars show the total uncertainty, ex-
cluding the systematic uncertainty in the integrated luminosity. The horizontal bars 
show the bin widths. Previous CMS measurements for |y| < 2.4 are shown as cross-
hatched areas [2]. These results have been scaled by 0.5 to account for the smaller 
|y| range in the latest measurement, where the scaling assumes that the rapidity 
distribution is flat. The solid lines are the NLO calculations from Ref. [13] extended 
by the authors to cover the range pT < 100 GeV. (b) Details of the parametrized 
cross section fit described in the text for ϒ(1S) with |y| < 1.2. In this plot the solid 
line is the result of the power-law fit (see Eq. (6)) for pT > 20 GeV. The dashed line 
shows an exponential fit to the data for 10 < pT < 20 GeV. The lower plot shows 
the pulls of the fit as defined in the text.

Table 1
The values of the parameters in Eq. (6) from the power-law fit to ϒ(1S) events with 
pT > 20 GeV and |y| < 1.2, along with the χ2 value and the number of degrees of 
freedom nd .

ϒ(1S) ϒ(2S) ϒ(3S)

A 14.00 ± 0.75 6.88 ± 0.48 4.01 ± 0.30
α 5.75 ± 0.07 5.62 ± 0.10 5.26 ± 0.10
C 0.45 ± 0.13 0.62 ± 0.18 0.26 ± 0.15
χ2 8.7 11 15
nd 14 14 14

for ϒ(2S) to ϒ(1S) and r31 for ϒ(3S) to ϒ(1S). The efficiency ra-
tio is computed for each (pT, |y|) bin. The polarization-weighted 
acceptance and its uncertainty is computed for each state sep-
arately, and the uncertainties are added in quadrature to deter-
mine the uncertainty in the ratio. The corrected yield ratios are 
Rn1(pT, |y|) = rn1(pT, |y|) (A1ε1)/(Anεn), where n = 2, 3. The 

Fig. 3. Measured differential cross section ratios as a function of pT. Corrected yield 
ratios: (a) R21; (b) R31. The dashed line is the ratio of the exponential fits to the 
individual differential cross sections for 10 < pT < 20 GeV. The solid line is the ratio 
of the corresponding power-law fits for pT > 20 GeV.

measured corrected ratios are shown in Fig. 3 and given in the 
supplemental material (Tables 4–6). The rapid rise of both ratios 
for pT < 20 GeV slows significantly for pT � 20 GeV. The curves on 
the ratio plots are the ratios of the corresponding fitted functions 
from the individual ϒ(nS) differential cross section fits (exponen-
tial for pT < 20 GeV, power-law for pT > 20 GeV). The curves 
confirm that the change in ratios occurs in the same pT range in 
which dσ/dpT also changes behavior.

The measurements for the ratio R31 in Fig. 3(b), found in the 
supplementary material, can be fit to a linear function and to a 
constant in order to quantify the visual evidence that the ϒ(3S)

production is harder than that of the ϒ(1S). The linear fit to mea-
surements with pT > 20 GeV has χ2 probability 0.22, while the 
fit to a constant has χ2 probability 2.6 × 10−5. Thus, with relative 
probability 85 000:1, we can say that ϒ(3S) production is harder 
than that of the ϒ(1S). The ϒ(2S)/ϒ(1S) production ratio versus 
pT has a similar trend, but the statistical uncertainties are too large 
to make a definite statement.

6. Discussion

Theoretical predictions for the ϒ(nS) differential cross sections 
have been previously compared to the first LHC cross section 
measurements [10,14,15]. A more recent CMS measurement [2]
included the currently available predictions from the CSM [14], 
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valid for pT < 35 GeV, and an unpublished NRQCD prediction 
that covers the range pT < 30 GeV. The NRQCD + NLO analysis 
from Ref. [13] describes ϒ(nS) production at Tevatron and LHC 
energies for pT < 50 GeV. An extension of these predictions to 
pT = 100 GeV is compared to the CMS measurements in Fig. 2(a). 
The calculations describe the trends of the data for all three ϒ(nS)

states.
The color evaporation model (CEM), a variant of the CSM, pre-

dicts that above a minimum pT ≈ Mϒ(1S) , all bottomonium states 
should have the same pT dependence [29]. The measured ratios of 
the differential cross sections as a function of pT in Fig. 3 show 
that this is not the case for pT less than about 40 GeV.

Changing the ϒ(nS)pT threshold for the data used in calculat-
ing the NRQCD predictions results in different LDMEs [10,30,31]. 
Recent theoretical work [12,16] has demonstrated the impact of 
varying the pT thresholds in NRQCD analyses to study different 
production amplitude behavior. These new CMS data provide a sig-
nificant extension of the pT range that can be used in evaluating 
matrix elements and studying pT-dependent corrections in NRQCD 
and other models. The new results on ϒ(3S) production are suffi-
ciently accurate to allow one to focus model building of the pT
behavior on that state, for which feeddown contributions come 
only from the χb(3P).

7. Summary

Measurements of the differential production cross sections as a 
function of pT for the ϒ(1S), ϒ(2S), and ϒ(3S) states in pp colli-
sions at 

√
s = 7 TeV have been presented, based on a data sample 

corresponding to an integrated luminosity of 4.9 fb−1 collected by 
the CMS experiment at the LHC. Not only do these measurements 
significantly improve the precision of the results in previously an-
alyzed pT ranges [1–3], they also extend the maximum pT range 
from 70 to 100 GeV. Evidence has been presented for the first time 
of the power-law nature of the pT distributions for all three ϒ(nS)

states at high pT. Combined with the CMS ϒ(nS) polarization re-
sults [5], the new bottomonium measurements are a formidable 
challenge to our theoretical understanding of the production of 
heavy-quark bound states.

Acknowledgements

We congratulate our colleagues in the CERN accelerator depart-
ments for the excellent performance of the LHC and thank the 
technical and administrative staffs at CERN and at other CMS in-
stitutes for their contributions to the success of the CMS effort. 
In addition, we gratefully acknowledge the computing centers and 
personnel of the Worldwide LHC Computing Grid for delivering so 
effectively the computing infrastructure essential to our analyses. 
Finally, we acknowledge the enduring support for the construc-
tion and operation of the LHC and the CMS detector provided by 
the following funding agencies: BMWFW and FWF (Austria); FNRS 
and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); 
MES (Bulgaria); CERN; CAS, MOST, and NSFC (China); COLCIENCIAS 
(Colombia); MSES and CSF (Croatia); RPF (Cyprus); MoER, ERC IUT 
and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); 
CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); 
GSRT (Greece); OTKA and NIH (Hungary); DAE and DST (India); 
IPM (Iran); SFI (Ireland); INFN (Italy); MSIP and NRF (Republic 
of Korea); LAS (Lithuania); MOE and UM (Malaysia); CINVESTAV, 
CONACYT, SEP, and UASLP-FAI (Mexico); MBIE (New Zealand); PAEC 
(Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Dubna); 
MON, RosAtom, RAS and RFBR (Russia); MESTD (Serbia); SEIDI and 
CPAN (Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); 
ThEPCenter, IPST, STAR and NSTDA (Thailand); TUBITAK and TAEK 

(Turkey); NASU and SFFR (Ukraine); STFC (United Kingdom); DOE 
and NSF (USA).

Individuals have received support from the Marie-Curie pro-
gram and the European Research Council and EPLANET (European 
Union); the Leventis Foundation; the A.P. Sloan Foundation; the 
Alexander von Humboldt Foundation; the Belgian Federal Science 
Policy Office; the Fonds pour la Formation à la Recherche dans 
l’Industrie et dans l’Agriculture (FRIA-Belgium); the Agentschap 
voor Innovatie door Wetenschap en Technologie (IWT-Belgium); 
the Ministry of Education, Youth and Sports (MEYS) of the Czech 
Republic; the Council of Science and Industrial Research, India; 
the HOMING PLUS program of Foundation for Polish Science, co-
financed from European Union, Regional Development Fund; the 
Compagnia di San Paolo (Torino); the Consorzio per la Fisica (Tri-
este); MIUR project 20108T4XTM (Italy); the Thalis and Aristeia 
programs cofinanced by EU-ESF and the Greek NSRF; and the 
National Priorities Research Program by Qatar National Research 
Fund.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.physletb.2015.07.037.

References

[1] CMS Collaboration, Measurement of the inclusive ϒ production cross section in 
pp collisions at √s = 7 TeV, Phys. Rev. D 83 (2011) 112004, http://dx.doi.org/
10.1103/PhysRevD.83.112004, arXiv:1012.5545.

[2] CMS Collaboration, Measurement of the ϒ(1S), ϒ(2S), and ϒ(3S) cross sec-
tions in pp collisions at √

s = 7 TeV, Phys. Lett. B 727 (2013) 101, http://
dx.doi.org/10.1016/j.physletb.2013.10.033, arXiv:1303.5900.

[3] ATLAS Collaboration, Measurement of upsilon production in 7 TeV pp col-
lisions at ATLAS, Phys. Rev. D 87 (2013) 052004, http://dx.doi.org/10.1103/
PhysRevD.87.052004, arXiv:1211.7255.

[4] LHCb Collaboration, Measurement of ϒ production in pp collisions at √s =
7 TeV, Eur. Phys. J. C 72 (2012) 2025, http://dx.doi.org/10.1140/epjc/s10052-
012-2025-y, arXiv:1202.6579.

[5] CMS Collaboration, Measurement of the ϒ(1S), ϒ(2S) and ϒ(3S) polariza-
tions in pp collisions at √

s = 7 TeV, Phys. Rev. Lett. 110 (2013) 081802, 
http://dx.doi.org/10.1103/PhysRevLett.110.081802, arXiv:1209.2922.

[6] V.M. Abazov, et al., D0 Collaboration, Measurement of inclusive differential 
cross sections for ϒ(1S) production in pp̄ collisions at √s = 1.96 TeV, Phys. 
Rev. Lett. 94 (2005) 232001, http://dx.doi.org/10.1103/PhysRevLett.94.232001, 
arXiv:hep-ex/0502030;
V.M. Abazov, et al., D0 Collaboration, Phys. Rev. Lett. 100 (2008) 049902, 
http://dx.doi.org/10.1103/PhysRevLett.100.049902 (Erratum).

[7] D. Acosta, et al., CDF Collaboration, ϒ production and polarization in pp̄ col-
lisions at √s = 1.8 TeV, Phys. Rev. Lett. 88 (2002) 161802, http://dx.doi.org/
10.1103/PhysRevLett.88.161802.

[8] P.L. Cho, A.K. Leibovich, Color octet quarkonia production, Phys. Rev. D 53 
(1996) 150, http://dx.doi.org/10.1103/PhysRevD.53.150, arXiv:hep-ph/9505329.

[9] P.L. Cho, A.K. Leibovich, Color octet quarkonia production. II, Phys. Rev. 
D 53 (1996) 6203, http://dx.doi.org/10.1103/PhysRevD.53.6203, arXiv:hep-ph/
9511315.

[10] K. Wang, Y.-Q. Ma, K.-T. Chao, ϒ(1S) prompt production at the Tevatron and 
LHC in nonrelativistic QCD, Phys. Rev. D 85 (2012) 114003, http://dx.doi.org/
10.1103/PhysRevD.85.114003, arXiv:1202.6012.

[11] G.T. Bodwin, E. Braaten, E. Eichten, S.L. Olsen, T.K. Pedlar, J. Russ, Quarkonium at 
the frontiers of high energy physics: a Snowmass white paper, arXiv:1307.7425, 
2013.

[12] G.T. Bodwin, H.S. Chung, U.-R. Kim, J. Lee, Fragmentation contributions to J/ψ
production at the Tevatron and the LHC, Phys. Rev. Lett. 113 (2014) 022001, 
http://dx.doi.org/10.1103/PhysRevLett.113.022001, arXiv:1403.3612.

[13] B. Gong, L.-P. Wan, J.-X. Wang, H.-F. Zhang, Complete next-to-leading-
order study on the yield and polarization of ϒ(1S, 2S, 3S) at the Teva-
tron and LHC, Phys. Rev. Lett. 112 (2014) 032001, http://dx.doi.org/10.1103/
PhysRevLett.112.032001, arXiv:1305.0748.

[14] P. Artoisenet, J.M. Campbell, J.P. Lansberg, F. Maltoni, F. Tramontano, ϒ produc-
tion at Fermilab Tevatron and LHC energies, Phys. Rev. Lett. 101 (2008) 152001, 
http://dx.doi.org/10.1103/PhysRevLett.101.152001, arXiv:0806.3282.

[15] S.P. Baranov, Prompt ϒ(nS) production at the LHC in view of the 
kt -factorization approach, Phys. Rev. D 86 (2012) 054015, http://dx.doi.org/
10.1103/PhysRevD.86.054015.

http://dx.doi.org/10.1016/j.physletb.2015.07.037
http://dx.doi.org/10.1103/PhysRevD.83.112004
http://dx.doi.org/10.1016/j.physletb.2013.10.033
http://dx.doi.org/10.1103/PhysRevD.87.052004
http://dx.doi.org/10.1140/epjc/s10052-012-2025-y
http://dx.doi.org/10.1103/PhysRevLett.110.081802
http://dx.doi.org/10.1103/PhysRevLett.94.232001
http://dx.doi.org/10.1103/PhysRevLett.100.049902
http://dx.doi.org/10.1103/PhysRevLett.88.161802
http://dx.doi.org/10.1103/PhysRevD.53.150
http://dx.doi.org/10.1103/PhysRevD.53.6203
http://dx.doi.org/10.1103/PhysRevD.85.114003
http://refhub.elsevier.com/S0370-2693(15)00547-X/bib77686974657061706572s1
http://refhub.elsevier.com/S0370-2693(15)00547-X/bib77686974657061706572s1
http://refhub.elsevier.com/S0370-2693(15)00547-X/bib77686974657061706572s1
http://dx.doi.org/10.1103/PhysRevLett.113.022001
http://dx.doi.org/10.1103/PhysRevLett.112.032001
http://dx.doi.org/10.1103/PhysRevLett.101.152001
http://dx.doi.org/10.1103/PhysRevD.86.054015
http://dx.doi.org/10.1103/PhysRevD.83.112004
http://dx.doi.org/10.1016/j.physletb.2013.10.033
http://dx.doi.org/10.1103/PhysRevD.87.052004
http://dx.doi.org/10.1140/epjc/s10052-012-2025-y
http://dx.doi.org/10.1103/PhysRevLett.88.161802
http://dx.doi.org/10.1103/PhysRevD.85.114003
http://dx.doi.org/10.1103/PhysRevLett.112.032001
http://dx.doi.org/10.1103/PhysRevD.86.054015


20 CMS Collaboration / Physics Letters B 749 (2015) 14–34

[16] P. Faccioli, V. Knünz, C. Lourenco, J. Seixas, H.K. Wöhri, Quarkonium produc-
tion in the LHC era: a polarized perspective, Phys. Lett. B 736 (2014) 98, 
http://dx.doi.org/10.1016/j.physletb.2014.07.006, arXiv:1403.3970.

[17] CMS Collaboration, Performance of CMS muon reconstruction in pp collision 
events at √s = 7 TeV, J. Instrum. 7 (2012) P10002, http://dx.doi.org/10.1088/
1748-0221/7/10/P10002, arXiv:1206.4071.

[18] CMS Collaboration, The CMS experiment at the CERN LHC, J. Instrum. 3 (2008) 
S08004, http://dx.doi.org/10.1088/1748-0221/3/08/S08004.

[19] D.J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth-
ods A 462 (2001) 152, http://dx.doi.org/10.1016/S0168-9002(01)00089-4.

[20] S. Agostinelli, et al., GEANT4 Collaboration, GEANT4—a simulation toolkit, 
Nucl. Instrum. Methods A 506 (2003) 250, http://dx.doi.org/10.1016/S0168-
9002(03)01368-8.

[21] CMS Collaboration, Measurements of inclusive W and Z cross sections in pp 
collisions at √s = 7 TeV, J. High Energy Phys. 01 (2011) 080, http://dx.doi.org/
10.1007/JHEP01(2011)080, arXiv:1012.2466.
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