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Introduction
Quarkonia production mechanism challenging for theory
Several theoretical models

Colour Singlet (CS)
Colour Octet (CO)
Colour Evaporation (CE)
Inclusion of higher order terms (NRQCD)

NRQCD prediction at LO in αs:
CS scales as 
CO scales as 

(e.g. fair agreement with
 CDF RunI data for leading order colour singlet)

prompt
ψ(2S) → J/ψ

χc → J/ψ
Direct
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Introduction II

However:
LO CS does not describe J/ψ production

Undershoots measured cross-section
LO can be fitted to data, but does not provide scale

Also predicts wrong polarisation 
NRQCD factorisation valid at very low values of pt ?
χc feed-down predictions compatible both with low 
energy (e.g. PHENIX) and high energy (Tevatron, LHC)?
Recent NLO corrections at high pt for χc:

NLO corrections become large
Make CS contribution negative and comparable to CO
NLO scale as          → NNLO probably small

→ Further  charmonium studies needed  
1/p4

t
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Outline
LHCb:

forward arm spectrometer: unique rapidity range
➥ complementary to ATLAS/CMS/ALICE

In this talk:
ψ(2S) cross-section
ϒ(1S) cross-section
Ratio of σ(χc2)/σ(χc1)
Exclusive χc Production
χb
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χc Relative Cross Section

Measure production cross section:

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
6 Experimental method Date: April 1, 2011

dure. In particular, it is found that the reconstructed photon energy in the Monte Carlo is offset on
average by −4.5% compared to the generated photon energy, as shown in Figure 3. In order to take
this into account, the Monte Carlo photons are corrected on an event-by-event basis by correcting the
energy of each photon (proto-particle) and recalculating its momentum.
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Figure 3 The offset in the Monte Carlo reconstructed photon energy: (a) is the difference between
the reconstructed and generated photon energy scaled by the generated energy, (Erec

γ −Egen
γ )/Egen

γ ,
and (b) is the mean of a Gaussian fitted to (Erec

γ − Egen
γ )/Egen

γ in each Egen
γ bin.

6 Experimental method

In this note we report the measurement of the relative production cross-sections of prompt χc to
prompt J/ψ . The cross-section ratio is given by

σ(χc → J/ψγ)
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=
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whereNJ/ψ is the total number of observed prompt J/ψ ’s, Nχci is the total number of χc ’s observed
in the spin states i = 0, 1, 2 and f2s is the fraction of prompt J/ψ ’s that originate from a ψ(2s). f2s is
fixed to the value (X) obtained in reference [21]. εdir

J/ψ is the total detection efficiency for directly (dir)

produced J/ψ ’s, i.e. not via another resonance, ε2s
J/ψ is the total detection efficiency for J/ψ ’s that

orginate from a ψ(2s) and εχci

J/ψ is the total detection efficiency for J/ψ ’s from the χc state with spin i.

εχci
γ is the identification efficiency of photons from the χc spin states and εχci

sel is the selection efficiency
of the combined J/ψ and photon to make the χc state with spin i.

The production cross-section ratio of the χc2 and χc1 states can be evaluated using

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

·
εχc1

J/ψεχc1
γ εχc1

sel

εχc2

J/ψεχc2
γ εχc2

sel

·
B(χc1 → J/ψγ)

B(χc2 → J/ψγ)
(2)

where B(χc1 → J/ψγ) (B(χc2 → J/ψγ)) are the χc1 (χc2 ) branching ratios to the final state J/ψγ,
given in Table 5.

The measurement method consists of extracting theNJ/ψ yield from a fit to the di-muon invariant
mass distribution and the three Nχci yields from a fit to the ∆M = M(µ+µ−γ) − M(µ+µ−) mass
difference distribution for events with selected J/ψ candidates. Since the mass difference between
the χc1 and χc2 states is (45.54 ± 0.11) MeV/c2 (see Table 5), the peaks cannot be resolved using
the calorimeter information and a fit is performed to extract the three χc yields simultaneously. The
efficiency terms are extracted from the Monte Carlo simulation.
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in bins of pt(J/ψ) in the range: 2 < pt(J/ψ) < 15 GeV/c
Simultaneous fit to extract χc0, χc1, χc2 yield + BG

Fit to mass difference Δm = m(χc) - m(J/ψ)
➥ limit effect of detector resolution, absolute mass scale

Assume unpolarised states and investigate effect of polarisation

Key ingredient: Determination of the various efficiencies

LHCb-CONF-2011-020
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Photon Identification

Photons are reconstructed using the Calorimeter
Unconverted photons
Converted photons (γ→e+e-) after the magnet
The converted photons are identified by 
requiring a signal in the Scintillating Pad 
Detector (SPD)
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Photons from χc are identified using a Confidence Likelihood (CL):
Calorimeter information
Tracking information
Ratio of track seed energy to
ECAL cluster energy

Additional e± rejection: no match between any track and ECAL cluster
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χc Selection
J/ψ 
➥ same selection as in J/ψ analysis
Photon Selection:
γ CL > 0.5 (from Calorimeter)
p(γ) > 5 GeV/c, pt(γ) > 0.65 GeV/c
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(a) Converted photons.
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(b) Non-converted photons.

Figure 1: The ∆M distribution of selected candidates
with pJ/ψ

T ∈ [3; 15] GeV/c for (a) converted and (b) non-
converted photons. The solid blue curve corresponds
to the full fit function F described in Section 3. The
χc0, χc1 and χc2 peaks are shown in orange, green and
red from left to right, respectively. The background
distribution fbgd is shown as a dashed purple curve.

3. Experimental Method145

The production cross-section ratio of the χc2

and χc1 states is measured using:

σ(χc2)

σ(χc1)
=

Nχc2
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· B(χc1 → J/ψ γ)

B(χc2 → J/ψ γ)
, (1)

where B(χc1 → J/ψ γ) and B(χc2 → J/ψ γ) are

the χc1 and χc2 branching ratios to the final state

J/ψ γ, respectively and:
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where �χci
J/ψ (�χci

γ ) is the efficiency to reconstruct146

and select a J/ψ (γ) from a χci decay and �χci
sel is147

the efficiency to select the χci candidate.148

The measurement method consists of extract-149

ing the three Nχci yields from an unbinned maxi-150

mum likelihood fit to the ∆M mass difference dis-151

tribution. Since the mass difference between the152

χc1 and χc2 states is 45.54± 0.11 MeV/c2
, the sig-153

nal peaks cannot be resolved using the calorimeter154

information and a fit is performed to extract the155

three yields simultaneously. The extraction of the156

efficiency terms in Equation 2 is described in Sec-157

tion 4.158

The signal peaks are parameterized using three

Gaussian functions (f i
sig for i = 0, 1, 2) and the

combinatorial background is described by the

Mass-Difference-Background function [9, 10] origi-

nally used to model the D∗−D mass difference.

fbgd = xa
�

1− e
m0

c (1−x)
�

+ b (x− 1) , (3)

where x = ∆M /m0 and m0, a, b and c are free159

parameters.160

The only significant source of physics back-161

ground in addition to this is due to partially recon-162

structed ψ(2S)→ J/ψ π0 π0
decays where the J/ψ163

and a photon from one of the π0
s are reconstructed164

and selected as a χc candidate. Monte Carlo stud-165

ies show that the expected yield is ∼ 0.1% of the166

signal yield and this background is therefore ne-167

glected for this analysis.168

The overall fit function,

F =

2�

i=0

fχcif
i
sig +

�
1−

2�

i=0

fχci

�
fbgd, (4)

where fχci are the signal fractions, has a total169

of 13 parameters. The mass differences between170

the χc1 and χc2 states, M(χc2)−M(χc1), and the171

χc1 and χc0 states, M(χc1)−M(χc0), are fixed172

to the values from the PDG [11]. The ratios of173

the resolution parameters σres(χc2) / σres(χc1) and174

σres(χc0) / σres(χc1) are taken from Monte Carlo.175

The value of σres(χc2) / σres(χc1) is consistent with176

the value measured from data, fitting in a reduced177

∆M range and with a simplified background pa-178

rameterisation.179

With the ratio of the resolution parameters180

and the mass differences fixed, a fit is performed181

to the data in the range pJ/ψ
T ∈ [3; 15] GeV/c, in182

order to extract the resolution scale σres(χc1).183

Here, the fits are subdivided into candidates with184
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(b) Non-converted photons.

Figure 1: The ∆M distribution of selected candidates
with pJ/ψ

T ∈ [3; 15] GeV/c for (a) converted and (b) non-
converted photons. The solid blue curve corresponds
to the full fit function F described in Section 3. The
χc0, χc1 and χc2 peaks are shown in orange, green and
red from left to right, respectively. The background
distribution fbgd is shown as a dashed purple curve.
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The production cross-section ratio of the χc2
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χc1 and χc2 states is 45.54± 0.11 MeV/c2
, the sig-153

nal peaks cannot be resolved using the calorimeter154
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γ converted

γ not converted

Fit model
Gaussian for   χc1    and    χc2

(χc0 as well but hardly visible)
Mass-difference function for BG
(RooDstD0BG)

N.B. Calorimeter resolution too 
coarse to resolve χc states



Ameasurement of the relative cross-section σ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 1
6 J/ψ and χc polarization Date: April 7, 2011
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Figure 7 (a) The ratio of J/ψ efficiencies, (b) the absolute photon reconstruction and selection effi-
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Efficiencies
The following efficiencies enter
the ratio of production cross-sections

Analysis Note : Measurement of σ(χc2)/σ(χc1) ONLY Issue: 1
6 Experimental method Date: April 1, 2011

dure. In particular, it is found that the reconstructed photon energy in the Monte Carlo is offset on
average by −4.5% compared to the generated photon energy, as shown in Figure 3. In order to take
this into account, the Monte Carlo photons are corrected on an event-by-event basis by correcting the
energy of each photon (proto-particle) and recalculating its momentum.
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6 Experimental method

In this note we report the measurement of the relative production cross-sections of prompt χc to
prompt J/ψ . The cross-section ratio is given by

σ(χc → J/ψγ)

σ(J/ψ)
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(1)

whereNJ/ψ is the total number of observed prompt J/ψ ’s, Nχci is the total number of χc ’s observed
in the spin states i = 0, 1, 2 and f2s is the fraction of prompt J/ψ ’s that originate from a ψ(2s). f2s is
fixed to the value (X) obtained in reference [21]. εdir

J/ψ is the total detection efficiency for directly (dir)

produced J/ψ ’s, i.e. not via another resonance, ε2s
J/ψ is the total detection efficiency for J/ψ ’s that

orginate from a ψ(2s) and εχci

J/ψ is the total detection efficiency for J/ψ ’s from the χc state with spin i.

εχci
γ is the identification efficiency of photons from the χc spin states and εχci

sel is the selection efficiency
of the combined J/ψ and photon to make the χc state with spin i.

The production cross-section ratio of the χc2 and χc1 states can be evaluated using

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

·
εχc1

J/ψεχc1
γ εχc1

sel

εχc2

J/ψεχc2
γ εχc2

sel

·
B(χc1 → J/ψγ)

B(χc2 → J/ψγ)
(2)

where B(χc1 → J/ψγ) (B(χc2 → J/ψγ)) are the χc1 (χc2 ) branching ratios to the final state J/ψγ,
given in Table 5.

The measurement method consists of extracting theNJ/ψ yield from a fit to the di-muon invariant
mass distribution and the three Nχci yields from a fit to the ∆M = M(µ+µ−γ) − M(µ+µ−) mass
difference distribution for events with selected J/ψ candidates. Since the mass difference between
the χc1 and χc2 states is (45.54 ± 0.11) MeV/c2 (see Table 5), the peaks cannot be resolved using
the calorimeter information and a fit is performed to extract the three χc yields simultaneously. The
efficiency terms are extracted from the Monte Carlo simulation.
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➥ ratio consistent with 1 for all pt(J/ψ)

χc reconstruction:
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N(J/ψ): #J/ψ from a χcJ state

Very similar (but not identical)
Cut pt(γ) introduces edge
at low pt(J/ψ)
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εdir
J/ψ/εχci

J/ψ, in Equation 1 is defined as:

εdir
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J/ψ

=
Ndir

J/ψ rec

Nχci

J/ψ rec

·
Nχci

J/ψ gen

Ndir
J/ψ gen

(8)

where Ndir
J/ψ is the number of directly produced J/ψ ’s and Nχci

J/ψ is the number of J/ψ ’s originat-

ing from a χc state with spin i; rec or gen refers to the number of simulated events reconstructed
or generated respectively. The first term on the right side of Equation 8 is taken from the full inclu-
sive J/ψ Monte Carlo simulation, whereas the second term is taken from the generator-level only

simulation. The extracted efficiencies are reported in Figure 17(a) for each pJ/ψ
T bin.

Similarly, the ratio of the overall efficiency for the detection of J/ψ ’s orginating from the decay of
a ψ(2s) compared to the efficiency for directly produced J/ψ ’s, ε2s

J/ψ/εdir
J/ψ, in Equation 1 is defined

as
ε2s
J/ψ

εdir
J/ψ

=
N2s

J/ψ rec

Ndir
J/ψ rec

·
Ndir

J/ψ gen

N2s
J/ψ gen

(9)

where N2s
J/ψ is the number of prompt J/ψ ’s orginating from the decay of a ψ(2s).

In Equation 2 the ratio of the two efficiencies εχc2

J/ψ/εχc1

J/ψ is given by

εχc2

J/ψ

εχc1

J/ψ

=
Nχc2

J/ψ rec

Nχc1

J/ψ rec

·
Nχc1

J/ψ gen

Nχc2

J/ψ gen

. (10)

The values obtained are reported in Figure 17(b) and are consistent with unity for all pJ/ψ
T .

The product of the efficiency for reconstructing and selecting a photon from a χc , ε
χc1(2)
γ , and the

efficiency for selecting the χc , ε
χc1(2)

sel , is given by the ratio of the number of reconstructed χc and the
number of reconstructed J/ψ that come from a χc :

ε
χc1(2)
γ ε

χc1(2)

sel =
N

χc1(2)
χc1(2) rec

N
χc1(2)

J/ψ rec

. (11)

whereN
χc1(2)
χc1(2) is the number of true χc1(2) reconstructed and selected as a χc1(2) andN

χc1(2)

J/ψ is the num-

ber of J/ψ orginating from a χc1(2) state. The absolute values of the combined efficiences, ε
χc1(2)
γ ε

χc1(2)

sel ,

are shown in Figure 18(a) for each pJ/ψ
T bin and the ratios of the χc2 and χc1 combined efficiencies,

εχc2
γ εχc2

sel / εχc1
γ εχc1

sel , are shown in Figure 18(b) for all photons, Figure 18(c) for not-converted photons
and Figure 18(c) for converted photons. In general it can be seen that the efficiencies for χc1 and

χc2 are consistent as a function of p
J/ψ
T , except in the first pJ/ψ

T bin (pJ/ψ
T ∈ [2; 3] GeV/c ) where the

reconstruction and detection efficiency for χc2 ’s is significantly larger than for χc1 . The difference
in this bin arises from the affect of the photon pγ

T > 650 MeV/c cut, verifed by relaxing the pγ
T cut

in the Monte Carlo. There is an indication that this effect remains in the next bin pJ/ψ
T ∈ [3; 4] GeV/c

for not-converted photons (Figure 18(c)), although the effect of the difference is negligible on the final
combined result.

The Monte Carlo simulation used in this analysis does not take into account the total angular
momentum (J = 1, 2) of the χc states when it generates a J/ψ from χc . This leads to a discrepancy
between the Monte Carlo and data that can be corrected by knowing the angular distributions of the
decay χc → J/ψγ. These angular distributions are defined in reference [3]. We define the weights:

wang
χc1(2)

=
fχc1(2)

(α)

constant distribution
, (12)

where fχc1(2)
(α) is the angular distribution for the decay χc1(2) → J/ψγ and α is the set of relevant

angles as defined in [3] (see also Section 12). The denominator represents the Monte Carlo angular
distribution (constant). wang

χc1(2)
represents the weight to which a Monte Carlo event at angle αmust be

weighted to represent a real χc1(2) decay. We also define:

W ang
χc1(2)

=
NMC

corr

NMC
, (13)
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for not-converted photons (Figure 18(c)), although the effect of the difference is negligible on the final
combined result.

The Monte Carlo simulation used in this analysis does not take into account the total angular
momentum (J = 1, 2) of the χc states when it generates a J/ψ from χc . This leads to a discrepancy
between the Monte Carlo and data that can be corrected by knowing the angular distributions of the
decay χc → J/ψγ. These angular distributions are defined in reference [3]. We define the weights:

wang
χc1(2)

=
fχc1(2)

(α)

constant distribution
, (12)

where fχc1(2)
(α) is the angular distribution for the decay χc1(2) → J/ψγ and α is the set of relevant

angles as defined in [3] (see also Section 12). The denominator represents the Monte Carlo angular
distribution (constant). wang

χc1(2)
represents the weight to which a Monte Carlo event at angle αmust be

weighted to represent a real χc1(2) decay. We also define:

W ang
χc1(2)

=
NMC

corr

NMC
, (13)

page 26

8

LHCb-CONF-2011-020



χc: J/ψ and χc Polarisation

Both the polarisation of J/ψ and 
χc states are unknown

Events are simulated 
assuming no polarisation
Effect of polarisation:
➥ Change in efficiencies 
obtained from sim. events.

Evaluate by re-weighting 
simulated events:

Fully longitudinal / 
transverse polarisation of J/ψ
According to z component of 
χcJ states: M = 0 ... J

Ameasurement of the relative cross-section σ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 1
6 J/ψ and χc polarization Date: April 7, 2011
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Figure 8 The polarization weights W pol for J/ψ, and χc in function of pJ/ψ
T .
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χc Results
LHCb:

Error bars: stat. and 
syst. uncertainties
Shaded area: 
Polarisation

CDF: 
PRL 98:232001  (2007)

Blue: Prediction from 
ChiGen event simulation
Red : NLO NRQCD 
PRD 83 111503 (2011)
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χb → ϒ(1S) γ
Analysis in progress: challenging hadronic environment
Data between April - September 2010: ~ 37 pb-1

ϒ(1S) → μ+μ-, photon from calorimeter system
Present statistics does not allow to distinguish between χb0, χb1, χb2

However, no χb(2P) state as hinted in CDF RunI measurement, 
though ~30 times ϒ(1S) yield in LHCb 2010 data.
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CENTRAL Exclusive Production

Elastic process in which protons remain intact

LHCb-CONF-2011-022
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Figure 1: Feynman diagrams for the production of exclusive dimuon final states: a) dipho-
ton production (left); b) photon-pomeron fusion (centre); c) double pomeron exchange
(right).

1 Introduction

Exclusive particle production in proton-proton collisions are elastic processes in which
the protons remain intact, p + p → p + X + p, and the additional particles are created
through photon and/or gluon propagators. In the case of purely photon propagators, this
is an electromagnetic process which can be theoretically calculated with high accuracy.
When gluons are involved, these processes constitute an important testing ground for
QCD, since the object that couples to the proton must be colourless. Thus the pomeron
(two gluon states) or possibly an odderon (three gluons), predicted in QCD but never
unambiguously observed, can be studied in a clean experimental environment.

The cleanest experimental manifestation of these occur in final states containing
two protons and two muons or in events containing two protons, two muons and a
photon. The former can be produced in the diphoton process giving a continuous
dimuon invariant mass spectrum, or in the photon-pomeron process which can produce
φ, J/ψ,ψ(2S),Υ(1S), Υ(2S) or Υ(3S) which decay to two muons. The latter is a sig-
nal for double pomeron exchange which produces χc(χb) that decay to J/ψ, (Υ) plus a
photon. The three production mechanisms are shown in Figure 1: diphoton production;
photon-pomeron fusion; and double pomeron exchange.

The final state protons are only marginally deflected, go down the beam-pipe, and re-
main undetected. The experimental signal therefore in LHCb is a completely empty event
except for two muons and possibly a photon. However, because LHCb is not hermetic,

1

di-photon photon-pomeron
fusion

double-pomeron
exchange

Analysis performed on 2010 dataset: ~37pb-1

Veto multiple interactions: effectively ~3pb-1

Trigger: require single muon, very low overall multiplicity
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CENTRAL Exclusive Production
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Figure 2: Number of forward tracks in dimuon triggered events with less than 20 SPD
hits, which have one or more backward tracks (upper histogram) or no backward tracks
(lower histogram).

3 Selecting exclusive events

Although LHCb is fully instrumented between pseudorapidities of 1.9 and 4.9, it has sen-
sitivity to particle production outside of this area. Tracking using portions of the full
tracking system allows some particle reconstruction down to a pseudorapidity of 1. Fur-
thermore, because the VELO surrounds the interaction region, the VELO can reconstruct
backward tracks with pseudorapidities between -4 and -1.5. Although there is no momen-
tum measurement here, VELO tracking is perfectly capable of registering the presence of
a backwards going track.

By vetoing on backward tracks, we can identify events with a sizeable rapidity gap of
over 2 units for tracks with momenta above about 100 MeV/c, which ought to reduce the
contribution from inclusive QCD events by two or three orders of magnitude [10]. For
the dimuon events in this analysis, the presence of this rapidity gap significantly alters
the distribution of tracks in the forward region. Figure 2 shows that when a rapidity gap
is requested, there is a clear peak at precisely two tracks which is absent without the
rapidity gap requirement. These are candidates for central exclusive production.

The invariant mass distribution of the dimuon system for all events passing the triggers
and stripping (described in Section 2) is shown in the upper histogram of Figure 3. Clear
resonance structures are seen for the φ, J/ψ,ψ(2S) and Υ family. Since these events have
less than 20 SPD hits there is little activity in the forward region; however that does not
mean that these events are truly exclusive. With the requirement that there are no back-
wards tracks and exactly two forward tracks, distributions as seen in the lower histogram
of Figure 3 are obtained. The continuum is very much reduced compared to the reso-
nances, indicating that a different mechanism is at work to produce J/ψ and ψ(2S) with
no other activity in LHCb. The continuum decreases by nearly two orders of magnitude

3
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Figure 3: Dimuon invariant mass in the mass range from 1 GeV/c2 to 4GeV/c2 (left plot)
and from 4GeV/c2 to 15GeV/c2 (right plot). In each case, the upper histograms are for all
events passing the trigger and stripping while the lower histograms are with the additional
requirement of no backwards tracks and precisely two forward tracks. (The discontinuity
at 2.7 GeV/c2 is due to a threshold in one of the triggers.)

while the J/ψ and ψ(2S) decrease by factors of about five and ten respectively. The Υ
now becomes consistent with a background-only hypothesis, due to limited statistics. The
observation of the φ resonance also becomes marginal as expected from simulation due to
its much lower branching ratio to two muons (compare to J/ψ), the lower reconstruction
efficiency for the softer tracks, and the fact that it is below the threshold of one of our
triggers.

3.1 Exclusive J/ψ and ψ(2S) selection

The presence of J/ψ and ψ(2S) as seen in Figure 3 is now examined further. We require
no backwards tracks in the event and select J/ψ and ψ(2S) candidates as those lying
within 65 MeV/c2 of the PDG value [11]. The number of forward tracks is shown by
the points in the two leftmost plots in Figure 4. A large excess of events is observed
when there are precisely two tracks, which is the signal predicted by the exclusive J/ψ
and ψ(2S) simulation. For the ψ(2S), the distribution of tracks greater than 2 is roughly
flat, but for the J/ψ there is some structure, most notably when the number of tracks
equals 4. However, the observation of ψ(2S) in the decay mode ψ(2S) → µµ means
that other decays of the ψ(2S) also exist, in particular ψ(2S) → J/ψπ+π−. The amount
of feed-down from the ψ(2S) can be estimated from simulation, normalising the total

4

Invariant mass spectrum
(triggered events)

black: all
red: no backward tracks, 2 forward tracks
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CENTRAL Exclusive Production

Very clean signals
Measured cross-sections:
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Figure 11: Left: Invariant mass of dimuon system when an additional photon is required.
Right: Invariant mass of dimuon plus photon system. The fit is to the shapes as predicted
from the simulation which from bottom to top come from ψ(2S) decays (with a single
identified photon in the final state), χc0, χc1, χc2.

held to the PDG values and the widths are fixed to 35 MeV/c2, as in the simulation. As
well as fitting for the overall proportions of χc0,χc1,χc2, we also fit for a mass scale which
shifts all the resonances by the same amount, and for a scaling of the widths of each
Gaussian. The amount of χc0 predicted is insensitive to these changes, but the χc1 and
χc2, being unresolved, are correlated to each other and to mass shifts. The best value for
the mass shift is −7±6 MeV/c2 while the resolution prefers a scaling of 0.94±0.09. Both
values are consistent with the simulation but we apply a conservative systematic using
the difference in the fitted χc1 and χc2 contributions. In this way the ratios are estimated
as 1 : 2.2 ± 0.8 : 3.9 ± 1.1.

To answer how much of this signal comes from a truly exclusive process, we fit the
transverse momentum distribution of the J/ψ in these events. The exclusive spectrum is
taken from the SuperChic simulation while the same inelastic spectrum as in the exclusive
J/ψ analysis is used, since when we look for a χc signal in events with additional forward
tracks, it is overwhelmed by background. The fraction of exclusive events below 900
MeV/c2 is 0.39± 0.13. The inelastic contribution appears to be much larger than for the
exclusive J/ψ, which may be due to the different production mechanism which increases
the probability for an additional gluon radiation.

In summary, 194 events are observed between 3.3 and 3.7 GeV/c2, with a background
of (5±1)% coming from ψ(2S) feeddown. A fit to template shapes estimates that (13±3)%
are due to χc0, (29 ± 5 ± 8)% due to χc1, and (51 ± 6 ± 11)% due to χc2, where the first
uncertainty is that given by the fit, and the second is an additional uncertainty, obtained
by allowing the mass scale and width to float. (39 ± 13)% of these events are estimated
to be exclusive.
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Figure 11: Left: Invariant mass of dimuon system when an additional photon is required.
Right: Invariant mass of dimuon plus photon system. The fit is to the shapes as predicted
from the simulation which from bottom to top come from ψ(2S) decays (with a single
identified photon in the final state), χc0, χc1, χc2.

held to the PDG values and the widths are fixed to 35 MeV/c2, as in the simulation. As
well as fitting for the overall proportions of χc0,χc1,χc2, we also fit for a mass scale which
shifts all the resonances by the same amount, and for a scaling of the widths of each
Gaussian. The amount of χc0 predicted is insensitive to these changes, but the χc1 and
χc2, being unresolved, are correlated to each other and to mass shifts. The best value for
the mass shift is −7±6 MeV/c2 while the resolution prefers a scaling of 0.94±0.09. Both
values are consistent with the simulation but we apply a conservative systematic using
the difference in the fitted χc1 and χc2 contributions. In this way the ratios are estimated
as 1 : 2.2 ± 0.8 : 3.9 ± 1.1.

To answer how much of this signal comes from a truly exclusive process, we fit the
transverse momentum distribution of the J/ψ in these events. The exclusive spectrum is
taken from the SuperChic simulation while the same inelastic spectrum as in the exclusive
J/ψ analysis is used, since when we look for a χc signal in events with additional forward
tracks, it is overwhelmed by background. The fraction of exclusive events below 900
MeV/c2 is 0.39± 0.13. The inelastic contribution appears to be much larger than for the
exclusive J/ψ, which may be due to the different production mechanism which increases
the probability for an additional gluon radiation.

In summary, 194 events are observed between 3.3 and 3.7 GeV/c2, with a background
of (5±1)% coming from ψ(2S) feeddown. A fit to template shapes estimates that (13±3)%
are due to χc0, (29 ± 5 ± 8)% due to χc1, and (51 ± 6 ± 11)% due to χc2, where the first
uncertainty is that given by the fit, and the second is an additional uncertainty, obtained
by allowing the mass scale and width to float. (39 ± 13)% of these events are estimated
to be exclusive.
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μ+μ-
(extra photon 

required)

J/ψ ψ(2S) χc0 χc1 χc2 diphoton
εtrack 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.96 ± 0.04
εµid 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03
εγ 0.61 ± 0.08 0.75 ± 0.05 0.78 ± 0.04
εsel 0.95 0.95 0.76 0.76 0.76 0.35

Efficiency 0.71 ± 0.07 0.71 ± 0.07 0.34 ± 0.06 0.43 ± 0.05 0.44 ± 0.04 0.25 ± 0.03
# Events 1468 ± 38 40 ± 6 25 ± 6 56 ± 18 99 ± 29 40 ± 6
Purity 0.71 ± 0.03 0.67 ± 0.03 0.39 ± 0.13 0.39 ± 0.13 0.39 ± 0.13 0.97 ± 0.01

Leff (pb−1) 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 2.3 ± 0.5
Cross-section 474 ± 12 12.2 ± 1.8 9.3 ± 2.2 16.4 ± 5.3 28.0 ± 5.4 67 ± 10
×BR (pb) ±51 ± 92 ±1.3 ± 2.4 ±3.5 ± 1.8 ±5.8 ± 3.2 ±9.7 ± 5.4 ±7 ± 15

Table 1: Summary of numbers in cross-section calculation.

was estimated as 10%. In addition, we include an uncertainty of 10% on the calculation
of µ which after propagation, brings the total uncertainty on the luminosity for events
with a single interaction to 20%.

The number of events, efficiency, background, luminosity and cross-section are sum-
marised in Table 1. The measured cross-sections are:

σJ/ψ→µ+µ−(2 < ηµ+, ηµ− < 4.5) = 474 ± 12 ± 51 ± 92 pb

σψ(2S)→µ+µ−(2 < ηµ+, ηµ− < 4.5) = 12.2 ± 1.8 ± 1.3 ± 2.4 pb

σχc0→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 9.3 ± 2.2 ± 3.5 ± 1.8 pb

σχc1→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 16.4 ± 5.3 ± 5.8 ± 3.2 pb

σχc2→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 28.0 ± 5.4 ± 9.7 ± 5.4 pb

σpp→pµ+µ−p(2 < ηµ+, ηµ− < 4.5; mµ+µ− > 2.5 GeV/c2) = 67 ± 10 ± 7 ± 15 pb

where the first uncertainty is statistical, the second is systematic, and the third comes
from our estimate of the luminosity.

Note that our numbers are cross-section times the branching ratio into the final state
of interest, and all final state particles are required to be between pseudorapidities of
2 and 4.5. By quoting the results like this we do not introduce additional theoretical
uncertainties in attempting to either correct back to a parent particle rapidity or to a
4π number. This is important because the rapidity distributions of the models under
consideration depend on model assumptions.

5 Comparison to Theory

The predictions for exclusive J/ψ production are somewhat uncertain. The Starlight gen-
erator prediction for producing exclusive J/ψ with two muons between pseudorapidities
of 2 and 4.5 is 292 pb. The SuperChic generator predicts 330 pb. Motyka and Watt [15]

13

σ ± (stat.) ± (syst.) ± (luminosity)
Results agree with theoretical expectations

However, further theoretical work 
welcome
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Figure 1: Dimuon invariant mass distribution of all the ψ(2S ) events selected. The distribution is
fitted with a Crystal Ball function for the signal and an exponential function for the background.
There are 89374 ± 718 signal events under the peak.

Table 2: Number of ψ(2S )→ µµ events obtained from the fit in each (pT,y) bin. Only statistical
uncertainties are shown.

pT ( GeV/c) 2.0 < y ≤ 2.5 2.5 < y ≤ 3.0 3.0 < y ≤ 3.5 3.5 < y ≤ 4.0 4.0 < y ≤ 4.5
0-1 633 ± 83 2319 ± 152 3227 ± 173 2259 ± 118 1265 ± 66
1-2 1839 ± 148 5914 ± 244 5887 ± 211 4677 ± 163 2115± 90
2-3 1544 ± 116 3993 ± 177 4837 ± 175 3587 ± 133 1456 ± 68
3-4 1623 ± 109 3955 ± 142 4040 ± 143 3025 ± 114 1011 ± 52
4-5 1417 ± 74 3270 ± 110 3290 ± 107 2219 ± 80 760 ± 45
5-6 1185 ± 61 2397 ± 81 2149 ± 75 1479 ± 56 502 ± 33
6-7 948 ± 46 1596 ± 57 1307 ± 51 935 ± 42 304 ± 24
7-8 583 ± 35 1051 ± 43 839 ± 39 560 ± 31 149 ± 17
8-9 455 ± 29 619 ± 32 542 ± 30 332 ± 22 100 ± 16
9-10 288 ± 22 419 ± 26 322 ± 23 208 ± 19 58 ± 10
10-11 230 ± 19 263 ± 21 185 ± 18 107 ± 12 44 ± 8
11-12 174 ± 16 187 ± 17 143 ± 15 67 ± 11 30 ± 8

The number of signal ψ(2S ) events obtained from the fit in each (pT,y) bin are listed in Table 2.75
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Figure 2: J/ψππ invariant mass distribution. The distribution is fitted with a Gaussian function
for the signal plus a first-order polynomial function for the background. There are 11234 ± 174
signal events under the peak.

.

4.2 ψ(2S )→ J/ψ(µµ)ππ selection77

ψ(2S ) candidates are formed by combining a J/ψ , decayed into a pair of opposite charged78

muons, with a pair of opposite charged pions. In order to suppress the background under the79

signal, tight selection criteria are applied for both the J/ψ → µ+µ− selection and for the ψ(2S )→80

J/ψπ+π−. To extract the ψ(2S ) signal a constrained fit using the value of the J/ψ mass given81

by th PDG [4] is performed. The selection criteria are listed in Table 3. The distribution of the82

ψ(2S ) invariant mass is shown in Fig. 2.83

Table 3: ψ(2S )→ J/ψπ+π− and J/ψ → µ+µ− selection cuts.

µ: Long track with muon detector hits π: pT(π+) + pT(π−) > 800 MeV/c
µ: DLLµπ > −1 π: DLL K-π > 5
µ: pT > 700 MeV/c π: pT > 300 MeV/c
µ: p > 8 GeV/c and < 500 GeV/c π: p < 500 GeV/c
µ: track χ2/ndof < 4 π: track χ2/ndof < 4
J/ψ: vertex χ2/ndof < 20 ψ(2S ): vertex χ2/ndof < 4
J/ψ: Mass > 3040 and < 3140 MeV/c2 ψ(2S ): Mass > 3600 and < 3800 MeV/c2
J/ψ: pT > 2 GeV/c ψ(2S ): pT > 2 GeV/c

Q = M(J/ψππ) − M(ππ) − M(µµ) ≥ 0 and ≤ 200 MeV/c2

4

ψ(2S) → μ+μ-

ψ(2S) → J/ψ π+π-

1 Introduction9

Prompt heavy quarkonium production in hadron collisions is a subject of large interest and10

debate [1]. In order to ensure an unambiguous comparison with theory, promptly produced11

quarkonia should be separated from those coming from b-hadron decays and from those cas-12

cading from higher mass states (feed-down): the ψ(2S ) meson has no appreciable feed-down13

from higher mass states and therefore the results can be directly compared with the theory,14

making it an ideal laboratory for QCD studies.15

Two decay modes of the ψ(2S ) meson have been studied: ψ(2S ) → µ+µ− and ψ(2S ) →16

J/ψ (µµ)π+π−. The ψ(2S ) → J/ψ (µµ)π+π− mode has a visible branching ratio that is more than17

twice larger than the dimuonmode and the branching ratio is well measured. Unfortunately, this18

mode suffers from a lower reconstruction efficiency than the dimuon mode and its contribution19

to the total statistics is therefore small. However, it will be seen that both measurements are20

systematics-limited and have similar accuracy, thus allowing for an ideal internal cross-check.21

In the present study, only the total inclusive cross-section is measured.22

2 The LHCb detector and dataset23

The study reported here uses a data sample collected between April and November 2010 at the24

Large Hadron Collider (LHC) with the LHCb detector [2] at a centre-of-mass energy of 7 TeV.25

It corresponds to an integrated luminosity of about 35 pb−1.26

The analysis uses events triggered by single muon or dimuon triggers. At the first hardware27

trigger level (L0), one or two muon candidates are required, with a pµT larger than 1 400MeV/c28

for the single muon trigger and larger than 560MeV/c and 480MeV/c for the dimuon trigger.29

At the first stage of the High Level Trigger (HLT1), the logical OR of two HLT1 lines is re-30

quired. The first HLT1 line confirms the L0 muon candidate, and applies a harder requirement31

on the muon pT at 1.8 GeV/c. The second line confirms the L0 dimuon candidate and adds a32

requirement to the combined dimuon mass to be greater than 2.5 GeV/c2. At the second stage33

of the HLT, two lines were used for the dimuon mode: the first line tightens the requirement on34

the combined dimuon mass to be greater than 2.9 GeV/c2; this HLT2 line was downscaled by35

a factor five for a large portion of the data (28 pb−1), while the rest of data was taken without36

downscaling. The second line required good quality vertex and tracks for the dimuon system37

and was only active while the first HLT2 line was downscaled. Only one line at the HLT2 level38

is used for the J/ψππ mode: it requires the combined dimuon mass to be in a ±120MeV/c239

mass window around the nominal J/ψ mass and the pJ/ψT to be larger than 2GeV/c.40

The luminosity was measured at specific periods during the data taking using both Van der41

Meer scans and a beam-profile method [3].42

3 Cross-section determination43

For the dimuon mode, the double differential cross-section for the inclusive ψ(2S ) production44

is computed as45

d2σ
dpTdy

(pT , y) =
Nψ(2S )(pT, y)

Lint ε(pT, y) B(ψ(2S )→ e+e−) ∆pT ∆y
, (1)

1

where Nψ(2S )(pT, y) is the number of observed ψ(2S ) → µ+µ− decays, Lint is the integrated46

luminosity, ε(pT, y) is the total detection efficiency including acceptance effects, B(ψ(2S ) →47

e+e−) is the dielectron branching ratio and ∆pT ∆y = 1 × 0.5 GeV/c is the two-dimensional48

bin size. The dielectron branching ratio is used assuming lepton universality since it has a49

much smaller error than the dimuon one (2.2% and 10% respectively). In order to estimate50

the number of ψ(2S ) signal events, a fit is performed independently in each (pT,y) bin where51

y = 1
2 ln

E+pz
E−pz

and E and pz are the ψ(2S ) energy and momentum in the z direction measured52

in the pp centre-of-mass frame, respectively; the z-axis is defined along the beam axis in the53

LHCb frame, oriented from the VELO to the Muon Detector.54

For the Jψππ mode, the differential cross-section for the inclusive ψ(2S ) production, inte-55

grated over the rapidity range [2.0; 4.5], is computed as56

dσ
dpT

(pT ) =
Nψ(2S )(pT)

Lint ε(pT) B(ψ(2S )→ J/ψπ+π−) B(J/ψ→ µ+µ−) ∆pT
, (2)

where Nψ(2S )(pT) is the number of observed ψ(2S ) → J/ψπ+π− decays, Lint is the integrated57

luminosity, ε(pT) is the total detection efficiency including acceptance effects, B(ψ(2S ) →58

J/ψπ+π−)is the branching fraction of the ψ(2S ) → J/ψπ+π− decays, B(J/ψ → µ+µ−) is the59

branching fraction of the J/ψ→ µ+µ− decays and ∆pT = 1 GeV/c is the bin size.60

4 Signal selection61

4.1 ψ(2S )→ µµ selection62

ψ(2S ) candidates are formed from pairs of opposite charged tracks, reconstructed in the full63

tracking system and passing the trigger requirements. Both tracks must have transverse mo-64

mentum pT > 1.2 GeV/c, be identified as muons and have a good quality track fit. The two65

tracks have to originate from a common vertex with a good χ2 probability. The selection criteria66

are listed in Table 1.67

Table 1: ψ(2S )→ µ+µ− selection cuts.

µ: long track with muon detector hits (IsMuon)
µ: pT > 1.2 GeV/c
µ: track χ2/ndof < 4
µ: DLLµπ > −1
ψ(2S ): vertex P(χ2) > 0.5%
ψ(2S ): cos(θµ±1 ,µ±2 ) > 0.9999 (clones removal)

Figure 1 shows the invariant mass distribution of ψ(2S ) candidates selected in the range68

0 < pT ≤ 12 GeV/c and 2 < y ≤ 4.5. This distribution is fitted with a Crystal Ball function69

describing the signal, plus an exponential curve for the background. In total 89374±718 ψ(2S )70

signal events are found. The mass resolution and tail parameters resulting from fit are σ =71

16.00±0.13 MeV/c2, α = 1.34±0.02 and n = 4.64±0.56. The fit is repeated independently in72

each (pT,y) bin; the Crystal Ball tail parameters α and n are fixed to the values obtained from the73

overall mass fit in order to ensure the fit is less dependent on the initial values of the parameters.74

2

Assume unpolarised ψ(2S) state 
Estimate efficiency due to acceptance, reconstruction, trigger from 
simulated events
In progress: separate prompt and ψ from B decay 
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Figure 3: Top: ψ(2S ) → µ+µ− acceptance (left), reconstruction (middle) and trigger (right)
efficiencies, computed from Monte Carlo as a function of transverse momentum and rapidity.
Bottom: ψ(2S ) → J/ψπ+π− acceptance (left), reconstruction (middle) and trigger (right) effi-
ciencies, computed from Monte Carlo as a function of transverse momentum.

dN
d cos θ∗

∝
3

3 + α
(1 + α cos2 θ∗) (4)

where θ∗ is the angle between the µ+ in the ψ(2S ) rest frame and the ψ(2S ) direction in the104

laboratory frame; the values α = +1,−1, 0 correspond to fully transverse, fully longitudinal and105

no polarization, respectively. Figures 4 and 5 show the acceptance and reconstruction efficiency106

for these scenarios of ψ(2S ) polarisation. The figures indicate that the polarisation significantly107

affects the acceptance and reconstruction efficiencies and that the effect depends on pT and y.108
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Figure 4: Acceptance computed for the dimuon mode from Monte Carlo after having weighted
the events according to the polarisations (left) α = −1 and (right) α = 1.

All the considerations for the effects of the ψ(2S ) → µ+µ− polarization on the acceptance109

and reconstruction efficiencies are applicable to the ψ(2S ) → J/ψπ+π− mode. In fact, since the110

6

ψ(2S) → μ+μ-
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Figure 5: Reconstruction efficiencies computed for the dimuon mode from Monte Carlo after
having weighted the events according to the polarisations (left) α = −1 and (right) α = 1.

J/ψππ system and the dipion system are predominantly in S-wave state (see [5]), the J/ψ will111

maintain the spin direction of the ψ(2S ). Moreover, in the LHCb laboratory the directions of the112

J/ψ and ψ(2S ) momenta are essentially the same, therefore we can equivalently define θ∗ as the113

the angle between the direction of the µ+ in the J/ψ center-of-mass frame and the direction of the114

ψ(2S ) in the laboratory frame, and Eq. 4 will still be valid. That is to say the polarization of the115

ψ(2S ) is fully transferred to the J/ψ and the systematic errors due to the unknown polarisation116

for the two modes are fully correlated.117

6 Systematic uncertainties118

We studied a variety of sources of systematic uncertainties. In the following, the dominant ones119

are discussed.120

• The uncertainty associated with the luminosity measurement, which is estimated to be121

10% [3].122

• The uncertainty on the acceptance and reconstruction efficiency due to the unknown polar-123

isation of the ψ(2S ). This effect has been studied by considering two extreme polarisation124

scenarios (Figs. 4 and 5). In each (pT, y) bin, we use the maximal difference between the125

polarised scenarios (α = ±1) and the unpolarised scenario (α = 0) as a systematic uncer-126

tainty on the acceptance and reconstruction efficiencies. This results in a bin-dependent127

uncertainty of 1% to 12% for the dimuon mode and 2% to 11% for the J/ψππ mode.128

• The systematic uncertainty associated to the trigger efficiency. We assign a systematic129

uncertainty to take into account the differences between the trigger efficiency evaluated130

from a J/ψ → µ+µ− data sample, and the trigger efficiency computed from the Monte131

Carlo simulation. This results in a bin-dependent uncertainty up to 18% for the dimuon132

mode and up to 5% for the J/ψππ mode.133

• The systematic uncertainty associated with the track-finding efficiency is estimated from a134

comparison between data and Monte Carlo simulations, and found to be 4% per track [6].135
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Effect of ψ(2S) polarisation on cross-section measurement



ψ(2S) Result
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Need colour - octet contribution
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Predictions for low pt 
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σ(3 < pT ≤ 16 GeV/c, 2 < y ≤ 4.5) = 0.62 ± 0.04 ± 0.12+0.07−0.14 µb (6)

where the first error is statistical and the second error is systematic, which includes all the143

systematic errors discussed in previous section and the efficiency uncertainties. The asymmetric144

error +0.07−0.14 (sys) µb is due to the assumption that ψ(2S ) are produced unpolarised.145

In Figure 8 a comparision between the measurements presented of the differential ψ(2S )146

production cross-section multiplied by the ψ(2S ) → µµ branching ratio and a recent theory147

prediction [7] for prompt ψ(2S ) in the rapidty range 2 < y ≤ 4.5 is shown.148
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Figure 8: Comparison of the LHCb results for the differential production cross-section of ψ(2S )
with the predictions for prompt production by a NLO NRQCD model [7]. LHCb data include
also ψ(2S ) from b: the fraction of ψ(2S ) from b is expected to be of the order of 10% at low pT
and to increase as function of pT to about 40% [9].

The differential cross-section in [7] has been evaluated for the ψ(2S ) prompt production149

at the LHC at next-to-leading order in non-relativistic QCD, including color-singlet and color-150

octet contributions.151

In Figures 9 a comparison between the measurements presented of the double differential152

ψ(2S ) production cross-section multiplied by the ψ(2S ) → µµ branching ratio and recent the-153

ory predictions [8] for prompt ψ(2S ) in the LHCb kinematic region are shown. The double154

differential cross-section provided by [8] has been evaluated for the ψ(2S ) prompt production155

at the LHC at both the leading order and next-to-leading order in non-relativistic QCD, includ-156

ing color-singlet only and color-singlet plus color-octet contributions. It appears clearly that the157

octet contribution is essential to reproduce the data behaviour.158

It should be noted that our measurements include also ψ(2S ) from b: the fraction of ψ(2S )159

from b is expected to be of the order of 10% at low pT and to increase as function of pT to about160

40% [9]. A comparison with prompt ψ(2S ) only will be carried out in the next future.161
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7 Results and conclusions136

The double differential cross-section for the ψ(2S ) → µ+µ− mode is shown in Figure 6 and137

Table 5. The integrated cross-section in the full range of pT and y is found to be:138

σ( inclusive ψ(2S ); 0 < pT ≤ 12 GeV/c, 2 < y ≤ 4.5) = 1.88 ± 0.02 ± 0.31+0.25−0.48 µb, (5)

where the first error is statistical and the second error is systematic. The asymmetric error139

+0.25
−0.48 µb is due to the assumption that the ψ(2S ) are produced unpolarised.140
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ψ(2S) Result

ψ(2S) → μ+μ-: 
Yellow: NLO CSM+COM, Blue: NLO CSM
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Figure 9: Comparison of the LHCb results for the double differential production cross-section
of ψ(2S ) for the dimuon mode with the predictions for prompt production by NLO NRQCD
models [8], where CSM stands for color-singlet model and COM for color-octet model. LHCb
data include also ψ(2S ) from b: the fraction of ψ(2S ) from b is expected to be of the order of
10% at low pT and to increase as function of pT to about 40% [9].
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Figure 9: Comparison of the LHCb results for the double differential production cross-section
of ψ(2S ) for the dimuon mode with the predictions for prompt production by NLO NRQCD
models [8], where CSM stands for color-singlet model and COM for color-octet model. LHCb
data include also ψ(2S ) from b: the fraction of ψ(2S ) from b is expected to be of the order of
10% at low pT and to increase as function of pT to about 40% [9].
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ϒ Production
Two sources of ϒ(1S)

Direct production:

Feed-down from higher states
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ϒ(1S) cross-section
LHCb-CONF-2011-016

μμ final state
0 < pt < 15 GeV,  2 < y < 4.5
Data from April - Nov. 2010, 
integrated luminosity: 32.4 pb-1

Acceptance and reconstruction
efficiencies estimated from
simulation, trigger eff. from 
data

Analysis strategy: 
Measure double differential cross section in rapidity and pt

1 Introduction

The measurement of heavy quark production in hadron collisions probes the dynamics of the colliding
partons. In particular, the study of heavy quark-antiquark resonances, such as the bb bound states Υ, is of
interest because these states have large production cross-sections and can be produced in different spin
configurations. Although Υ production was studied by several experiments in the past, the underlying
production mechanism is still not well understood.

There are two major sources of Υ production in pp collisions:

• direct production;

• feed-down from the decay of heavier prompt bottomonium states like χb0, χb1, χb2, or excited Υ
states.

This note presents a preliminary measurement of the inclusive production cross-section of the Υ(1S )
meson in 7 TeV pp collisions as a function of the Υ(1S ) transverse momentum pT and rapidity y, over
the range pT ∈ [0; 15] GeV/c and y ∈ [2.0; 4.5]. This is the same range chosen for the J/ψ→ µ+µ− cross
section measurement [1], recently published by LHCb.

2 The LHCb detector and dataset

The study reported here uses a data sample collected at the Large Hadron Collider (LHC) with the LHCb
detector [2] at a centre-of-mass energy of 7 TeV between April and November 2010, and corresponding
to an integrated luminosity of 32.4 pb−1.

The analysis uses events triggered by one or two muons. At the first trigger level (L0), one (two)
muon(s) candidate(s) is (are) required, with a transverse momentum pµT larger than 1.4 (0.56,0.48) GeV/c.
At the first stage of the High Level Trigger (HLT1), the logical OR of two HLT1 lines is required. The
first HLT1 line confirms the L0 muon candidate, and applies a harder requirement on the muon pµT at
1.8 GeV/c. The second line confirms the L0 dimuon candidate and adds a requirement to the combined
dimuon mass to be greater than 2.5 GeV/c2. At the second stage of the HLT, two lines are used. The first
line tightens the requirement on the combined dimuon mass to be greater than 2.9 GeV/c2. This HLT2
line was downscaled by a factor of five for a large portion of the data (28 pb−1). The second line requires
good quality vertex and tracks for the dimuon system, but was only active while the first HLT2 line was
downscaled. The luminosity was measured at specific periods during the data taking using both Van der
Meer scans and a beam-profile method [3].

3 Cross-section determination

The double differential cross-section for the inclusive Υ(1S ) production is computed as

d2σ
dpTdy

=
N
(

Υ(1S )→ µ+µ−
)

L × ε × B (Υ(1S )→ µ+µ−) × ∆y × ∆pT
, (1)

where N
(

Υ(1S )→ µ+µ−
)

is the number of observed Υ(1S )→ µ+µ− decays, ε the Υ(1S ) total detection
efficiency including acceptance effects, L the integrated luminosity, B

(

Υ(1S )→ µ+µ−
)

the branching
fraction of the Υ(1S ) → µ+µ− decay ((2.48 ± 0.05) × 10−2 [4]), and ∆y = 0.5 and ∆pT = 1 GeV/c
the rapidity and pT bin sizes. In order to estimate the number of Υ(1S ) signal events, a fit is performed
independently in each of the 15 pT times 5 y bins, where y =

1
2
ln
E + pz
E − pz

and E and pz are the Υ(1S )
energy and momentum in the z direction measured in the pp centre-of-mass frame, respectively; the z
axis is defined along the beam in the LHCb frame, and is oriented from the VELO to the muon detector.
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Figure 1: Invariant mass distribution of the selected Υ(1S )→ µ+µ− candidates. The three peaks correspond to the
Υ(1S ), Υ(2S ) and Υ(3S ) signals (from left to right). The superimposed curves and the signal yields are the result
of the fit described in the text.
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Figure 2: Geometric acceptance A (left) and reconstruction efficiency εrec (right) as a function of y and pT of the
Υ(1S ) as obtained from Monte Carlo simulations.
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ϒ(1S) Efficiencies
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Figure 3: Υ(1S ) geometric acceptance as a function of pT integrated over y (left), and as a function of y integrated
over pT (right).

efficiency. This results in an uncertainty of 0 − 30% depending on the bin, and of 17% on the
integrated cross-section.

• The systematic uncertainty associated with the trigger efficiency. We assign a systematic uncer-
tainty to take into account the differences between the J/ψ data sample, which is used for the
measurement of the trigger efficiency, and the Υ(1S ) sample. Comparing trigger efficiencies ob-
tained in a simulated Υ(1S ) sample with the efficiencies obtained from data using the J/ψ sample,
an uncertainty is derived per (pT, y) bin; this results in a maximal uncertainty of 16% on the dif-
ferential cross-section measurement.

• The systematic uncertainty associated with the track-finding efficiency is estimated from a com-
parison between data and Monte Carlo simulations, and found to be 4% per track [6].
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Figure 4: Υ(1S ) detection, identification and reconstruction efficiency as a function of pT integrated over y (left),
and as a function of y integrated over pT (right), for three different polarisation scenarios.
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Effect of polarisation
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Figure 1: Invariant mass distribution of the selected Υ(1S )→ µ+µ− candidates. The three peaks correspond to the
Υ(1S ), Υ(2S ) and Υ(3S ) signals (from left to right). The superimposed curves and the signal yields are the result
of the fit described in the text.
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Υ(1S ), Υ(2S ) and Υ(3S ) signals (from left to right). The superimposed curves and the signal yields are the result
of the fit described in the text.
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Results

Sizeable contribution to uncertainties due to unknown ϒ polarisation
(+18.8 nb, - 7.9 nb) contributes to syst. uncertainty(1S) (GeV/c)! of 
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Figure 5: Differential Υ(1S ) production cross-section as a function of pT and y (top) and as a function of pT in
bins of rapidity (bottom).

• bottom, right: prompt Υ(1S ) production as calculated from a NLO colour-evaporation model
(CEM), including contributions from χb and Υ(2S ) decays [9].

Our results are larger than the Leading Order NRQCD predictions, as we might expect considering
that the feed-down contributions from higher mass states (as χb,Υ(2S )) are not included in the “direct”
calculation. The NLO NRQCD and CEM predictions include feed-down contributions. Both models
agree very well with our measurement. The same is true for the NNLO∗ CSM.

In Fig. 8 we compare our cross-section measurements in bins of pT integrated over y and in bins of y
integrated over pT with the same measurements of CMS [7], in the pT and y ranges covered by the two
experiments.
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6 Results and conclusions

The double differential cross-section as a function of pT and y is shown in Fig. 5 and Table 3. The pT
and y production spectra are shown in Fig. 6.

The integrated cross-section in the full range of y and pT is found to be

σ(pp→ Υ(1S )X; pT(Υ(1S )) < 15 GeV/c; 2 < y(Υ(1S )) < 4.5) = 108.3 ± 0.7 +30.9−25.8 nb, (4)

where the first uncertainty is statistical, and the second systematic. The latter includes +18.8−7.9 nb from the
unknown polarisation, ±10.8 nb from the luminosity determination and ±22.0 nb from other sources.
The integrated cross-section is about a factor 100 smaller than the integrated J/ψ cross-section in the
identical y and pT region [1], and a factor three smaller than the integrated Υ(1S ) cross-section in the
central region |y| < 2 as measured by CMS [7].

Table 3: Υ(1S ) production cross-section results as a function of y and pT, in nb. The first uncertainty is
statistical, the second systematic.

pT σ(2.0 < y < 2.5) σ(2.5 < y < 3.0) σ(3.0 < y < 3.5) σ(3.5 < y < 4.0) σ(4.0 < y < 4.5)
(GeV/c) (nb) (nb) (nb) (nb) (nb)
0 − 1 2.59 ± 0.18 ± 1.00 2.78 ± 0.12 ± 0.77 2.05 ± 0.10 ± 0.48 1.98 ± 0.11 ± 0.55 2.47 ± 0.25 ± 1.04
1 − 2 6.89 ± 0.29 ± 2.69 6.70 ± 0.19 ± 1.82 5.40 ± 0.16 ± 1.24 4.90 ± 0.17 ± 1.30 5.96 ± 0.38 ± 2.40
2 − 3 9.54 ± 0.33 ± 3.61 8.48 ± 0.22 ± 2.32 6.55 ± 0.18 ± 1.51 5.45 ± 0.18 ± 1.37 6.69 ± 0.40 ± 2.59
3 − 4 8.26 ± 0.30 ± 3.03 7.74 ± 0.21 ± 2.03 6.16 ± 0.17 ± 1.40 5.20 ± 0.18 ± 1.23 5.86 ± 0.36 ± 2.31
4 − 5 8.67 ± 0.30 ± 3.08 6.72 ± 0.19 ± 1.73 5.16 ± 0.16 ± 1.13 3.92 ± 0.15 ± 0.92 3.07 ± 0.23 ± 1.40
5 − 6 6.51 ± 0.26 ± 2.24 5.59 ± 0.17 ± 1.40 3.89 ± 0.14 ± 0.84 2.85 ± 0.13 ± 0.66 2.41 ± 0.19 ± 1.08
6 − 7 4.59 ± 0.21 ± 1.52 4.01 ± 0.15 ± 0.98 2.99 ± 0.12 ± 0.62 2.50 ± 0.12 ± 0.54 1.64 ± 0.15 ± 0.57
7 − 8 3.89 ± 0.19 ± 1.25 3.04 ± 0.13 ± 0.72 2.47 ± 0.11 ± 0.50 1.61 ± 0.09 ± 0.35 1.37 ± 0.14 ± 0.46
8 − 9 2.65 ± 0.16 ± 0.82 2.36 ± 0.11 ± 0.54 1.72 ± 0.09 ± 0.35 1.13 ± 0.08 ± 0.25 0.80 ± 0.10 ± 0.26
9 − 10 2.23 ± 0.14 ± 0.65 1.78 ± 0.09 ± 0.40 1.19 ± 0.07 ± 0.24 0.84 ± 0.07 ± 0.19 0.49 ± 0.08 ± 0.31
10 − 11 1.41 ± 0.11 ± 0.40 1.14 ± 0.07 ± 0.25 0.92 ± 0.06 ± 0.18 0.53 ± 0.05 ± 0.12 0.39 ± 0.07 ± 0.26
11 − 12 1.31 ± 0.10 ± 0.36 0.76 ± 0.06 ± 0.16 0.58 ± 0.05 ± 0.12 0.32 ± 0.04 ± 0.10 0.30 ± 0.07 ± 0.21
12 − 13 0.77 ± 0.08 ± 0.21 0.59 ± 0.05 ± 0.13 0.45 ± 0.04 ± 0.09 0.37 ± 0.04 ± 0.12 0.24 ± 0.06 ± 0.17
13 − 14 0.51 ± 0.06 ± 0.14 0.51 ± 0.05 ± 0.11 0.36 ± 0.04 ± 0.07 0.18 ± 0.03 ± 0.05 0.05 ± 0.02 ± 0.03
14 − 15 0.47 ± 0.06 ± 0.13 0.32 ± 0.04 ± 0.07 0.24 ± 0.03 ± 0.05 0.13 ± 0.03 ± 0.04 0.08 ± 0.03 ± 0.07

In Fig. 7, we compare our results with the theoretical models considered in the J/ψ cross-section
publication [1]. These are:

• top, left: direct Υ(1S ) production as calculated from NRQCD at leading-order in αs (LO, filled
orange uncertainty band) [10].

• top, right: direct production as calculated from a NNLO* colour-singlet model (CSM, filled red
uncertainty band) [10]. The notation NNLO* denotes an evaluation that is not a complete next-
to-next leading order computation and that can be affected by logarithmic corrections, which are
however not easily quantifiable. Direct production as calculated from NLO CSM (hatched grey
uncertainty band) [10] is also represented.

• bottom, left: prompt Υ(1S ) production as calculated from NRQCD at NLO, including contribu-
tions from χb and Υ(2S ) decays, summing the colour-singlet and colour-octet contributions [9].
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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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Summary
Many measurements related to spectroscopy pursued in LHCb
First measurement of the relative χc cross - section
using data recorded in 2010 (σ(χc2)/σ(χc1)).

Comparison with dedicated event generator and NLO calculation 
show discrepancy esp. at low pt(J/ψ)
Measurement of σ(χc)/σ(J/ψ) almost ready

Branching fraction of (cc) mesons in exclusive production
ψ(2S) cross-section measurement in good agreement with NLO CSM
+COM calculations

Theoretical predictions to low pt?
ϒ(1S) cross-section measurement in good agreement with NLO

Theoretical predictions to low pt?
Good agreement with measurement from CMS

First analysis of χb state in LHCb in progress
Limited range of predictions available
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Introduction
Heavy Quarkonium production remains challenging problem 
for understanding QCD
At LHC:

     mainly produced via Leading-Order (LO) 
gluon-gluon interaction
➥ computed via perturbative QCD

cc̄

Formation of bound charmonium states described by non-
perturbative models

Both colour singlet (CS) and colour octet (CO)

Key ingredients to understand production mechanism
J/ψ and ψ(2S) production cross-section and polarisation at 
large transverse momenta (pt)
Ratio of production rates of χc2 vs χc1

26



LHCb
VELO:
Vertex 
reconstruction

Interaction 
region

RICH:
PID: mainly K/π

Muon System

Tracking Stations
Calorimeter:
PID: h,e,π0,γ
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ϒ(1S) cross-section

6 Results and conclusions

The double differential cross-section as a function of pT and y is shown in Fig. 5 and Table 3. The pT
and y production spectra are shown in Fig. 6.

The integrated cross-section in the full range of y and pT is found to be

σ(pp→ Υ(1S )X; pT(Υ(1S )) < 15 GeV/c; 2 < y(Υ(1S )) < 4.5) = 108.3 ± 0.7 +30.9−25.8 nb, (4)

where the first uncertainty is statistical, and the second systematic. The latter includes +18.8−7.9 nb from the
unknown polarisation, ±10.8 nb from the luminosity determination and ±22.0 nb from other sources.
The integrated cross-section is about a factor 100 smaller than the integrated J/ψ cross-section in the
identical y and pT region [1], and a factor three smaller than the integrated Υ(1S ) cross-section in the
central region |y| < 2 as measured by CMS [7].

Table 3: Υ(1S ) production cross-section results as a function of y and pT, in nb. The first uncertainty is
statistical, the second systematic.

pT σ(2.0 < y < 2.5) σ(2.5 < y < 3.0) σ(3.0 < y < 3.5) σ(3.5 < y < 4.0) σ(4.0 < y < 4.5)
(GeV/c) (nb) (nb) (nb) (nb) (nb)
0 − 1 2.59 ± 0.18 ± 1.00 2.78 ± 0.12 ± 0.77 2.05 ± 0.10 ± 0.48 1.98 ± 0.11 ± 0.55 2.47 ± 0.25 ± 1.04
1 − 2 6.89 ± 0.29 ± 2.69 6.70 ± 0.19 ± 1.82 5.40 ± 0.16 ± 1.24 4.90 ± 0.17 ± 1.30 5.96 ± 0.38 ± 2.40
2 − 3 9.54 ± 0.33 ± 3.61 8.48 ± 0.22 ± 2.32 6.55 ± 0.18 ± 1.51 5.45 ± 0.18 ± 1.37 6.69 ± 0.40 ± 2.59
3 − 4 8.26 ± 0.30 ± 3.03 7.74 ± 0.21 ± 2.03 6.16 ± 0.17 ± 1.40 5.20 ± 0.18 ± 1.23 5.86 ± 0.36 ± 2.31
4 − 5 8.67 ± 0.30 ± 3.08 6.72 ± 0.19 ± 1.73 5.16 ± 0.16 ± 1.13 3.92 ± 0.15 ± 0.92 3.07 ± 0.23 ± 1.40
5 − 6 6.51 ± 0.26 ± 2.24 5.59 ± 0.17 ± 1.40 3.89 ± 0.14 ± 0.84 2.85 ± 0.13 ± 0.66 2.41 ± 0.19 ± 1.08
6 − 7 4.59 ± 0.21 ± 1.52 4.01 ± 0.15 ± 0.98 2.99 ± 0.12 ± 0.62 2.50 ± 0.12 ± 0.54 1.64 ± 0.15 ± 0.57
7 − 8 3.89 ± 0.19 ± 1.25 3.04 ± 0.13 ± 0.72 2.47 ± 0.11 ± 0.50 1.61 ± 0.09 ± 0.35 1.37 ± 0.14 ± 0.46
8 − 9 2.65 ± 0.16 ± 0.82 2.36 ± 0.11 ± 0.54 1.72 ± 0.09 ± 0.35 1.13 ± 0.08 ± 0.25 0.80 ± 0.10 ± 0.26
9 − 10 2.23 ± 0.14 ± 0.65 1.78 ± 0.09 ± 0.40 1.19 ± 0.07 ± 0.24 0.84 ± 0.07 ± 0.19 0.49 ± 0.08 ± 0.31
10 − 11 1.41 ± 0.11 ± 0.40 1.14 ± 0.07 ± 0.25 0.92 ± 0.06 ± 0.18 0.53 ± 0.05 ± 0.12 0.39 ± 0.07 ± 0.26
11 − 12 1.31 ± 0.10 ± 0.36 0.76 ± 0.06 ± 0.16 0.58 ± 0.05 ± 0.12 0.32 ± 0.04 ± 0.10 0.30 ± 0.07 ± 0.21
12 − 13 0.77 ± 0.08 ± 0.21 0.59 ± 0.05 ± 0.13 0.45 ± 0.04 ± 0.09 0.37 ± 0.04 ± 0.12 0.24 ± 0.06 ± 0.17
13 − 14 0.51 ± 0.06 ± 0.14 0.51 ± 0.05 ± 0.11 0.36 ± 0.04 ± 0.07 0.18 ± 0.03 ± 0.05 0.05 ± 0.02 ± 0.03
14 − 15 0.47 ± 0.06 ± 0.13 0.32 ± 0.04 ± 0.07 0.24 ± 0.03 ± 0.05 0.13 ± 0.03 ± 0.04 0.08 ± 0.03 ± 0.07

In Fig. 7, we compare our results with the theoretical models considered in the J/ψ cross-section
publication [1]. These are:

• top, left: direct Υ(1S ) production as calculated from NRQCD at leading-order in αs (LO, filled
orange uncertainty band) [8].

• top, right: direct production as calculated from a NNLO* colour-singlet model (CSM, filled red
uncertainty band) [11]. The notation NNLO* denotes an evaluation that is not a complete next-
to-next leading order computation and that can be affected by logarithmic corrections, which are
however not easily quantifiable. Direct production as calculated from NLO CSM (hatched grey
uncertainty band) [11] is also represented.

• bottom, left: prompt Υ(1S ) production as calculated from NRQCD at NLO, including contribu-
tions from χb and Υ(2S ) decays, summing the colour-singlet and colour-octet contributions [10].
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Figure 1: Invariant mass distribution of the selected Υ(1S )→ µ+µ− candidates. The three peaks correspond to the
Υ(1S ), Υ(2S ) and Υ(3S ) signals (from left to right). The superimposed curves and the signal yields are the result
of the fit described in the text.

(1S) (GeV/c)# of 
T

p
0 2 4 6 8 10 12 14

(1
S)

 
#

y 
of

 

2

2.5

3

3.5

4

4.5

A
cc

ep
ta

nc
e

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(1S) (GeV/c)# of 
T

p
0 2 4 6 8 10 12 14

(1
S

)
#

y 
of

 

2

2.5

3

3.5

4

4.5

re
c

$

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8
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Υ(1S ) as obtained from Monte Carlo simulations.
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ψ(2S) Result
Table 5: ψ(2S ) double differential cross-section in nb/( GeV/c). The first error is statistical, the
second error is systematic. The last asymmetric errors are the uncertainties due to the unknown
polarisation.

pT (GeV/c) 2.0 < y ≤ 2.5 2.5 < y ≤ 3.0 3.0 < y ≤ 3.5
0-1 138.71±18.24±18.62+25.41−49.75 95.82±6.28±15.44+19.16−38.58 98.76±5.29±13.19+17.92−35.54

1-2 285.28±22.93±38.08+53.86−105.83 243.34±10.04±38.86+45.71−90.20 202.73±7.28±28.43+33.34−66.74

2-3 205.32±15.48±33.58+41.46−82.82 181.06±8.03±26.76+31.88−64.02 179.58±6.48±23.87+25.07−49.33

3-4 153.72±10.34±25.50+31.64−63.04 146.32±5.25±19.96+23.12−45.92 118.84±4.20±17.18+13.19−25.79

4-5 96.89±5.03±12.96+19.69−39.07 93.71±3.17±12.92+13.88−27.54 79.14±2.58±11.32+8.18−16.17

5-6 60.34±3.11±8.05+11.92−24.13 55.21±1.85±7.81+7.94−15.66 44.44±1.55±6.16+4.43−9.16

6-7 37.70±1.84±5.07+7.25−14.28 31.97±1.14±4.30+4.45−8.66 24.30±0.94±3.24+2.51−5.19

7-8 19.05±1.14±2.57+3.50−6.95 19.04±0.78±2.55+2.39−4.87 14.42±0.67±1.93+1.54−3.10

8-9 13.02±0.82±1.76+2.24−4.61 10.38±0.54±1.44+1.21−2.39 8.81±0.49±1.18+0.91−1.85

9-10 7.67±0.60±1.04+1.19−2.49 6.85±0.42±0.93+0.77−1.60 5.06±0.36±0.68+0.46−0.99

10-11 5.44±0.44±0.76+0.77−1.58 4.10±0.32±0.55+0.47−0.87 2.81±0.27±0.38+0.27−0.54

11-12 4.23±0.39±0.61+0.74−1.59 2.84±0.26±0.39+0.29−0.63 2.05±0.22±0.28+0.22−0.38

pT (GeV/c) 3.5 < y ≤ 4.0 4.0 < y ≤ 4.5
0-1 73.30±3.82±11.59+12.35−25.24 62.84±3.28±19.57+11.45−22.59

1-2 175.70±6.11±32.66+27.84−55.87 121.42±5.15±42.43+19.82−39.31

2-3 147.19±5.45±25.91+19.94−40.96 104.53±4.86±30.55+16.19−32.40

3-4 100.86±3.80±19.03+10.84−21.81 63.77±3.27±17.70+8.41−16.31

4-5 60.38±2.19±9.45+5.80−11.87 41.31±2.42±10.24+4.30−8.80

5-6 33.98±1.30±5.41+3.12−6.17 21.94±1.43±5.72+2.19−4.57

6-7 19.11±0.85±2.71+1.81−3.69 11.00±0.88±2.08+0.84−1.78

7-8 10.48±0.58±1.40+1.01−2.07 4.60±0.53±0.83+0.36−0.74

8-9 5.61±0.38±0.75+0.52−1.05 2.93±0.46±0.55+0.22−0.41

9-10 3.60±0.33±0.49+0.31−0.64 1.40±0.25±0.31+0.10−0.24

10-11 1.74±0.20±0.24+0.15−0.33 1.06±0.19±0.24+0.08−0.13

11-12 0.99±0.17±0.18+0.09−0.19 0.71±0.19±0.19+0.03−0.08

9
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ψ(2S) Result

ψ(2S) → μμ

Table 5: ψ(2S ) double differential cross-section in nb/( GeV/c). The first error is statistical, the
second error is systematic. The last asymmetric errors are the uncertainties due to the unknown
polarisation.

pT (GeV/c) 2.0 < y ≤ 2.5 2.5 < y ≤ 3.0 3.0 < y ≤ 3.5
0-1 138.71±18.24±18.62+25.41−49.75 95.82±6.28±15.44+19.16−38.58 98.76±5.29±13.19+17.92−35.54

1-2 285.28±22.93±38.08+53.86−105.83 243.34±10.04±38.86+45.71−90.20 202.73±7.28±28.43+33.34−66.74

2-3 205.32±15.48±33.58+41.46−82.82 181.06±8.03±26.76+31.88−64.02 179.58±6.48±23.87+25.07−49.33

3-4 153.72±10.34±25.50+31.64−63.04 146.32±5.25±19.96+23.12−45.92 118.84±4.20±17.18+13.19−25.79

4-5 96.89±5.03±12.96+19.69−39.07 93.71±3.17±12.92+13.88−27.54 79.14±2.58±11.32+8.18−16.17

5-6 60.34±3.11±8.05+11.92−24.13 55.21±1.85±7.81+7.94−15.66 44.44±1.55±6.16+4.43−9.16

6-7 37.70±1.84±5.07+7.25−14.28 31.97±1.14±4.30+4.45−8.66 24.30±0.94±3.24+2.51−5.19

7-8 19.05±1.14±2.57+3.50−6.95 19.04±0.78±2.55+2.39−4.87 14.42±0.67±1.93+1.54−3.10

8-9 13.02±0.82±1.76+2.24−4.61 10.38±0.54±1.44+1.21−2.39 8.81±0.49±1.18+0.91−1.85

9-10 7.67±0.60±1.04+1.19−2.49 6.85±0.42±0.93+0.77−1.60 5.06±0.36±0.68+0.46−0.99

10-11 5.44±0.44±0.76+0.77−1.58 4.10±0.32±0.55+0.47−0.87 2.81±0.27±0.38+0.27−0.54

11-12 4.23±0.39±0.61+0.74−1.59 2.84±0.26±0.39+0.29−0.63 2.05±0.22±0.28+0.22−0.38

pT (GeV/c) 3.5 < y ≤ 4.0 4.0 < y ≤ 4.5
0-1 73.30±3.82±11.59+12.35−25.24 62.84±3.28±19.57+11.45−22.59

1-2 175.70±6.11±32.66+27.84−55.87 121.42±5.15±42.43+19.82−39.31

2-3 147.19±5.45±25.91+19.94−40.96 104.53±4.86±30.55+16.19−32.40

3-4 100.86±3.80±19.03+10.84−21.81 63.77±3.27±17.70+8.41−16.31

4-5 60.38±2.19±9.45+5.80−11.87 41.31±2.42±10.24+4.30−8.80

5-6 33.98±1.30±5.41+3.12−6.17 21.94±1.43±5.72+2.19−4.57

6-7 19.11±0.85±2.71+1.81−3.69 11.00±0.88±2.08+0.84−1.78

7-8 10.48±0.58±1.40+1.01−2.07 4.60±0.53±0.83+0.36−0.74

8-9 5.61±0.38±0.75+0.52−1.05 2.93±0.46±0.55+0.22−0.41

9-10 3.60±0.33±0.49+0.31−0.64 1.40±0.25±0.31+0.10−0.24

10-11 1.74±0.20±0.24+0.15−0.33 1.06±0.19±0.24+0.08−0.13

11-12 0.99±0.17±0.18+0.09−0.19 0.71±0.19±0.19+0.03−0.08
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ψ(2S) → J/ψ π+π-
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Figure 7: Differential cross-section of inclusive ψ(2S ) → Jψππ as function of pT. Statistical
and systematic errors have been added in quadrature.

The differential cross-section for the ψ(2S ) → J/ψπ+π− mode is shown in Figure 7 and141

Table 6. The integrated cross-section in the full range of pT is found to be142

Table 6: ψ(2S ) → Jψππ differential cross section. The first error is statistical, the second error
is systematic. The asymmetrical error comes from the unknown ψ(2S ) polarisation.

pT ( GeV/c) dσ/dpT (nb/GeV/c)

3-4 241.2 ± 21.0 ± 46.3 +29.0−57.1

4-5 156.0 ± 7.7 ± 30.1 +17.8−35.2

5-6 90.5 ± 3.5 ± 17.4 +10.3−20.6

6-7 55.4 ± 1.9 ± 10.6 +6.3−12.6
7-8 31.5 ± 1.1 ± 6.0 +3.6−7.1
8-9 18.1 ± 0.7 ± 3.5 +2.0−3.9
9-10 10.8 ± 0.5 ± 2.1 +1.1−2.3
10-11 6.7 ± 0.4 ± 1.3 +0.7−1.3
11-12 4.4 ± 0.3 ± 0.9 +0.5−1.0
12-13 3.3 ± 0.2 ± 0.6 +0.4−0.7
13-14 2.3 ± 0.2 ± 0.5 +0.3−0.5
14-15 1.5 ± 0.1 ± 0.3 +0.2−0.3
15-16 1.1 ± 0.1 ± 0.2 +0.1−0.2
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Figure 3: Top: ψ(2S ) → µ+µ− acceptance (left), reconstruction (middle) and trigger (right)
efficiencies, computed from Monte Carlo as a function of transverse momentum and rapidity.
Bottom: ψ(2S ) → J/ψπ+π− acceptance (left), reconstruction (middle) and trigger (right) effi-
ciencies, computed from Monte Carlo as a function of transverse momentum.

dN
d cos θ∗

∝
3

3 + α
(1 + α cos2 θ∗) (4)

where θ∗ is the angle between the µ+ in the ψ(2S ) rest frame and the ψ(2S ) direction in the104

laboratory frame; the values α = +1,−1, 0 correspond to fully transverse, fully longitudinal and105

no polarization, respectively. Figures 4 and 5 show the acceptance and reconstruction efficiency106

for these scenarios of ψ(2S ) polarisation. The figures indicate that the polarisation significantly107

affects the acceptance and reconstruction efficiencies and that the effect depends on pT and y.108
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Figure 4: Acceptance computed for the dimuon mode from Monte Carlo after having weighted
the events according to the polarisations (left) α = −1 and (right) α = 1.

All the considerations for the effects of the ψ(2S ) → µ+µ− polarization on the acceptance109

and reconstruction efficiencies are applicable to the ψ(2S ) → J/ψπ+π− mode. In fact, since the110

6

top: ψ(2S) → μ+μ-, bottom: ψ(2S) → J/ψ π+π-

acceptance reconstruction trigger
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ψ(2S) Selection

where Nψ(2S )(pT, y) is the number of observed ψ(2S ) → µ+µ− decays, Lint is the integrated46

luminosity, ε(pT, y) is the total detection efficiency including acceptance effects, B(ψ(2S ) →47

e+e−) is the dielectron branching ratio and ∆pT ∆y = 1 × 0.5 GeV/c is the two-dimensional48

bin size. The dielectron branching ratio is used assuming lepton universality since it has a49

much smaller error than the dimuon one (2.2% and 10% respectively). In order to estimate50

the number of ψ(2S ) signal events, a fit is performed independently in each (pT,y) bin where51

y = 1
2 ln

E+pz
E−pz

and E and pz are the ψ(2S ) energy and momentum in the z direction measured52

in the pp centre-of-mass frame, respectively; the z-axis is defined along the beam axis in the53

LHCb frame, oriented from the VELO to the Muon Detector.54

For the Jψππ mode, the differential cross-section for the inclusive ψ(2S ) production, inte-55

grated over the rapidity range [2.0; 4.5], is computed as56

dσ
dpT

(pT ) =
Nψ(2S )(pT)

Lint ε(pT) B(ψ(2S )→ J/ψπ+π−) B(J/ψ→ µ+µ−) ∆pT
, (2)

where Nψ(2S )(pT) is the number of observed ψ(2S ) → J/ψπ+π− decays, Lint is the integrated57

luminosity, ε(pT) is the total detection efficiency including acceptance effects, B(ψ(2S ) →58

J/ψπ+π−)is the branching fraction of the ψ(2S ) → J/ψπ+π− decays, B(J/ψ → µ+µ−) is the59

branching fraction of the J/ψ→ µ+µ− decays and ∆pT = 1 GeV/c is the bin size.60

4 Signal selection61

4.1 ψ(2S )→ µµ selection62

ψ(2S ) candidates are formed from pairs of opposite charged tracks, reconstructed in the full63

tracking system and passing the trigger requirements. Both tracks must have transverse mo-64

mentum pT > 1.2 GeV/c, be identified as muons and have a good quality track fit. The two65

tracks have to originate from a common vertex with a good χ2 probability. The selection criteria66

are listed in Table 1.67

Table 1: ψ(2S )→ µ+µ− selection cuts.

µ: long track with muon detector hits (IsMuon)
µ: pT > 1.2 GeV/c
µ: track χ2/ndof < 4
µ: DLLµπ > −1
ψ(2S ): vertex P(χ2) > 0.5%
ψ(2S ): cos(θµ±1 ,µ±2 ) > 0.9999 (clones removal)

Figure 1 shows the invariant mass distribution of ψ(2S ) candidates selected in the range68

0 < pT ≤ 12 GeV/c and 2 < y ≤ 4.5. This distribution is fitted with a Crystal Ball function69

describing the signal, plus an exponential curve for the background. In total 89374±718 ψ(2S )70

signal events are found. The mass resolution and tail parameters resulting from fit are σ =71

16.00±0.13 MeV/c2, α = 1.34±0.02 and n = 4.64±0.56. The fit is repeated independently in72

each (pT,y) bin; the Crystal Ball tail parameters α and n are fixed to the values obtained from the73

overall mass fit in order to ensure the fit is less dependent on the initial values of the parameters.74
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Figure 2: J/ψππ invariant mass distribution. The distribution is fitted with a Gaussian function
for the signal plus a first-order polynomial function for the background. There are 11234 ± 174
signal events under the peak.

.

4.2 ψ(2S )→ J/ψ(µµ)ππ selection77

ψ(2S ) candidates are formed by combining a J/ψ , decayed into a pair of opposite charged78

muons, with a pair of opposite charged pions. In order to suppress the background under the79

signal, tight selection criteria are applied for both the J/ψ → µ+µ− selection and for the ψ(2S )→80

J/ψπ+π−. To extract the ψ(2S ) signal a constrained fit using the value of the J/ψ mass given81

by th PDG [4] is performed. The selection criteria are listed in Table 3. The distribution of the82

ψ(2S ) invariant mass is shown in Fig. 2.83

Table 3: ψ(2S )→ J/ψπ+π− and J/ψ → µ+µ− selection cuts.

µ: Long track with muon detector hits π: pT(π+) + pT(π−) > 800 MeV/c
µ: DLLµπ > −1 π: DLL K-π > 5
µ: pT > 700 MeV/c π: pT > 300 MeV/c
µ: p > 8 GeV/c and < 500 GeV/c π: p < 500 GeV/c
µ: track χ2/ndof < 4 π: track χ2/ndof < 4
J/ψ: vertex χ2/ndof < 20 ψ(2S ): vertex χ2/ndof < 4
J/ψ: Mass > 3040 and < 3140 MeV/c2 ψ(2S ): Mass > 3600 and < 3800 MeV/c2
J/ψ: pT > 2 GeV/c ψ(2S ): pT > 2 GeV/c

Q = M(J/ψππ) − M(ππ) − M(µµ) ≥ 0 and ≤ 200 MeV/c2

4

ψ(2S) → J/ψ π+π-

ψ(2S) → μ+μ-
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Muon Detector And Calorimeter

Muon detector comprises of 5 dedicated sub-detectors
Alignment in 2010: close to expectation (12 MeV/c2)
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(Figure 2(d)). The results of the fits are also summarised in Table 4. It can be seen that the asymme-
try parameter γ is consistent with zero for all categories of π0’s and that the resolution parameter σ
increases slightly with the number of converted photons. The residuals of the fits [23] to the π0 mass
distributions using the Johnson SU function and the results of Gaussian fits are given in Appendix A,
Figures 24 and 25 respectively.
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(b) After re-tuning: 0 γ conversion
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(c) After re-tuning: 1 γ conversion
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(d) After re-tuning: 2 γ conversion

Figure 2 Invariant mass distribution for π0 candidates (a) before and (b-d) after re-tuning of the
calorimeter information; (b) neither photon converted, (c) 1 photon converted and (d) both photons
converted. The solid (red) curve is the signal peak ((a) Crystal Ball and (b-d) Johnson function), the
dashed (purple) curve is the background and the solid (blue) curve is the resultant.

Parameter Fit Value
0 γ conversion 1 γ conversion 2 γ conversion

Mean µ (MeV/c2 ) 135.6 ± 0.4 136.3± 0.5 136.2 ± 1.2
Resolution σ (MeV/c2 ) 10.49 ± 0.09 13.47± 1.2 15.09 ± 2.8
Asymmetry γ −0.036 ± 0.047 0.011 ± 0.056 0.028 ± 0.12
Tail δ 1.16 ± 0.11 1.38 ± 0.13 1.52 ± 0.30

Table 4 Results of the fit to the π0 mass distribution using the Johnson SU parameterization to
describe the signal peak.

Studies on the calorimeter calibration [20] show that the reconstructed π0 mass increases with the
number of primary vertices (PV). This effect is also seen with photons where, in the case of high
calorimeter occupancy, the reconstructed photon energy is sometimes higher than expected. In this
analysis all events with one or more PV are considered and the dependence of the results on the
number of PV treated as a systematic uncertainty.

The analysis presented in this note benefits from the re-tuning of the calorimeter information for
the real data. However, the Monte Carlo is yet to benefit from a similar calorimeter re-tuning proce-

page 11

σE/E = 10%/
√

E ⊕ 1%

J/ψ→μμ

π0→γγ
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χc Reconstruction

N.B. Calorimeter resolution too coarse to resolve individual χc states
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Figure 1: Dimuon mass distribution (left) and tz distribution (right), with fit results superimposed, for

one bin (3 < pT < 4 GeV/c, 2.5 < y < 3.0). On the mass distribution, the solid red line is the total fit

function, where the signal is described by a Crystal Ball function, and the dashed blue line represents

the exponential background function. On the tz distribution, the solid red line is the total fit function

described in the text, the green dashed line is the prompt J/ψ contribution, the single-hatched area is the

background component and the cross-hatched area is the tail contribution.

value is close to the known J/ψ mass value of 3096.916± 0.011MeV/c2
[19], reflecting the

current status of the mass-scale calibration; the difference between the two values has no effect

on the results obtained in this analysis. Summing over all bins, a total signal yield of 565000

events is obtained.

4.1 Determination of the fraction of J/ψ from b
The fraction of J/ψ from b, Fb, is determined from the fits to the pseudo-proper time tz and the

µ+µ−
invariant mass in each bin of pT and y. The signal proper-time distribution is described

by a delta function at tz = 0 for the prompt J/ψ component, an exponential decay function for

the J/ψ from b component and a long tail arising from the association of the J/ψ candidate

with the wrong primary vertex. There are two main reasons for the wrong association:

1. Two or more primary vertices are close to each other and a primary vertex is reconstructed

with tracks belonging to the different vertices, at a position that is different from the true

primary vertex position.

2. The primary vertex from which the J/ψ originates is not found because too few tracks

originating from the vertex are reconstructed; the J/ψ candidate is then wrongly associ-

ated with another primary vertex found in the event.

In the first case, the positions of the reconstructed and of the true primary vertices are correlated.

This category of events is distributed around tz = 0 for the prompt component, with a width

larger than the tz distribution for correctly associated primary vertices. The contribution of

these events to the tz distribution is included in the resolution function described below.

The long tail is predominantly composed of events in the second category. Since the tail dis-

tribution affects the measurement of the J/ψ from b component, a method has been developed

4

Fit model: Gaussian for signal, RooDstD0BG for background

Photons are reconstructed using the Calorimeter 
Unconverted photons
Converted photons (γ→e+e-) after the magnet
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Figure 1: The ∆M distribution of selected candidates
with pJ/ψ

T ∈ [3; 15] GeV/c for (a) converted and (b) non-
converted photons. The solid blue curve corresponds
to the full fit function F described in Section 3. The
χc0, χc1 and χc2 peaks are shown in orange, green and
red from left to right, respectively. The background
distribution fbgd is shown as a dashed purple curve.

3. Experimental Method145

The production cross-section ratio of the χc2

and χc1 states is measured using:

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

· �χc1

�χc2
· B(χc1 → J/ψ γ)

B(χc2 → J/ψ γ)
, (1)

where B(χc1 → J/ψ γ) and B(χc2 → J/ψ γ) are

the χc1 and χc2 branching ratios to the final state

J/ψ γ, respectively and:

�χc1

�χc2
=

�χc1
J/ψ �χc1

γ �χc1
sel

�χc2
J/ψ �χc2

γ �χc2
sel

, (2)

where �χci
J/ψ (�χci

γ ) is the efficiency to reconstruct146

and select a J/ψ (γ) from a χci decay and �χci
sel is147

the efficiency to select the χci candidate.148

The measurement method consists of extract-149

ing the three Nχci yields from an unbinned maxi-150

mum likelihood fit to the ∆M mass difference dis-151

tribution. Since the mass difference between the152

χc1 and χc2 states is 45.54± 0.11 MeV/c2
, the sig-153

nal peaks cannot be resolved using the calorimeter154

information and a fit is performed to extract the155

three yields simultaneously. The extraction of the156

efficiency terms in Equation 2 is described in Sec-157

tion 4.158

The signal peaks are parameterized using three

Gaussian functions (f i
sig for i = 0, 1, 2) and the

combinatorial background is described by the

Mass-Difference-Background function [9, 10] origi-

nally used to model the D∗−D mass difference.

fbgd = xa
�

1− e
m0

c (1−x)
�

+ b (x− 1) , (3)

where x = ∆M /m0 and m0, a, b and c are free159

parameters.160

The only significant source of physics back-161

ground in addition to this is due to partially recon-162

structed ψ(2S)→ J/ψ π0 π0
decays where the J/ψ163

and a photon from one of the π0
s are reconstructed164

and selected as a χc candidate. Monte Carlo stud-165

ies show that the expected yield is ∼ 0.1% of the166

signal yield and this background is therefore ne-167

glected for this analysis.168

The overall fit function,

F =

2�

i=0

fχcif
i
sig +

�
1−

2�

i=0

fχci

�
fbgd, (4)

where fχci are the signal fractions, has a total169

of 13 parameters. The mass differences between170

the χc1 and χc2 states, M(χc2)−M(χc1), and the171

χc1 and χc0 states, M(χc1)−M(χc0), are fixed172

to the values from the PDG [11]. The ratios of173

the resolution parameters σres(χc2) / σres(χc1) and174

σres(χc0) / σres(χc1) are taken from Monte Carlo.175

The value of σres(χc2) / σres(χc1) is consistent with176

the value measured from data, fitting in a reduced177

∆M range and with a simplified background pa-178

rameterisation.179

With the ratio of the resolution parameters180

and the mass differences fixed, a fit is performed181

to the data in the range pJ/ψ
T ∈ [3; 15] GeV/c, in182

order to extract the resolution scale σres(χc1).183

Here, the fits are subdivided into candidates with184
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Figure 1: The ∆M distribution of selected candidates
with pJ/ψ

T ∈ [3; 15] GeV/c for (a) converted and (b) non-
converted photons. The solid blue curve corresponds
to the full fit function F described in Section 3. The
χc0, χc1 and χc2 peaks are shown in orange, green and
red from left to right, respectively. The background
distribution fbgd is shown as a dashed purple curve.
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The production cross-section ratio of the χc2

and χc1 states is measured using:

σ(χc2)

σ(χc1)
=

Nχc2

Nχc1

· �χc1

�χc2
· B(χc1 → J/ψ γ)

B(χc2 → J/ψ γ)
, (1)

where B(χc1 → J/ψ γ) and B(χc2 → J/ψ γ) are

the χc1 and χc2 branching ratios to the final state

J/ψ γ, respectively and:
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, (2)

where �χci
J/ψ (�χci

γ ) is the efficiency to reconstruct146

and select a J/ψ (γ) from a χci decay and �χci
sel is147

the efficiency to select the χci candidate.148

The measurement method consists of extract-149

ing the three Nχci yields from an unbinned maxi-150

mum likelihood fit to the ∆M mass difference dis-151

tribution. Since the mass difference between the152

χc1 and χc2 states is 45.54± 0.11 MeV/c2
, the sig-153

nal peaks cannot be resolved using the calorimeter154

information and a fit is performed to extract the155

three yields simultaneously. The extraction of the156

efficiency terms in Equation 2 is described in Sec-157

tion 4.158

The signal peaks are parameterized using three

Gaussian functions (f i
sig for i=0, 1, 2) and the

combinatorial background is described by the

Mass-Difference-Background function [9, 10] origi-

nally used to model the D∗−D mass difference.

fbgd =xa
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+ b (x− 1) , (3)

where x=∆M /m0 and m0, a, b and c are free159

parameters.160

The only significant source of physics back-161

ground in addition to this is due to partially recon-162

structed ψ(2S)→ J/ψ π0 π0
decays where the J/ψ163

and a photon from one of the π0
s are reconstructed164

and selected as a χc candidate. Monte Carlo stud-165

ies show that the expected yield is ∼ 0.1% of the166

signal yield and this background is therefore ne-167

glected for this analysis.168

The overall fit function,

F =
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fbgd, (4)

where fχci are the signal fractions, has a total169

of 13 parameters. The mass differences between170

the χc1 and χc2 states, M(χc2)−M(χc1), and the171

χc1 and χc0 states, M(χc1)−M(χc0), are fixed172

to the values from the PDG [11]. The ratios of173

the resolution parameters σres(χc2) / σres(χc1) and174

σres(χc0) / σres(χc1) are taken from Monte Carlo.175

The value of σres(χc2) / σres(χc1) is consistent with176

the value measured from data, fitting in a reduced177

∆M range and with a simplified background pa-178

rameterisation.179

With the ratio of the resolution parameters180

and the mass differences fixed, a fit is performed181

to the data in the range pJ/ψ
T ∈ [3; 15] GeV/c, in182

order to extract the resolution scale σres(χc1).183

Here, the fits are subdivided into candidates with184
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χc Relative Cross Section

Fit model

in bins of pt(J/ψ) in the range: 2 < pt(J/ψ) < 15 GeV/c

Simultaneous fit to extract χc0, χc1, χc2 yield + BG
Mass difference fixed to PDG for Δm(χc0 - χc1) and Δm(χc2 - χc1)
Ratio of Gaussian resolution σ(χc2)/σ(χc1) fixed to fit on full sample
Gaussian resolution σ(χc1) fixed to fit on full sample
Ratio of Gaussian resolution σ(χc0)/σ(χc1) taken from simulation

Assume unpolarised states and investigate effect of polarisation

LHCb-CONF-2011-020
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χc Results

Cross-section ratio in bins of pt(J/ψ), stat. + syst. + BR(χc) errors
Black band corresponds to effect of χc polarisation

Blue: Prediction from ChiGen event simulation
Red : NLO NRQCD calculation

pJ/ψ
T ( GeV/c) σ(χc2) / σ(χc1) Pol.

2− 3 1.385+0.12 +0.074 +0.087
−0.13 −0.068 −0.079

+0.061
−0.046

3− 4 1.321+0.097 +0.067 +0.086
−0.089 −0.063 −0.072

+0.056
−0.046

4− 5 1.015+0.065 +0.042 +0.062
−0.062 −0.040 −0.059

+0.088
−0.089

5− 6 1.082+0.071 +0.045 +0.066
−0.059 −0.044 −0.064

+0.16
−0.17

6− 7 1.092+0.083 +0.049 +0.066
−0.085 −0.046 −0.064

+0.22
−0.22

7− 8 1.079+0.12 +0.058 +0.067
−0.10 −0.054 −0.062
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χc SystematicS

Systematic uncertainties are from the following categories
Fit modelling

Background model sensitive to region just below χc1

Background model parameters correlated to signal 
parameters
Modelling of χc0 component

Finite statistics of simulated events 
Affects extraction of efficiencies

Branching ratio of χc → J/ψγ 
Affects obtaining ratio of branching fractions σ(χc2)/σ(χc1) 
from ratio of yields
σ(χc1) → J/ψγ : 36% , σ(χc2) → J/ψγ : 20%
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χc: Systematics 
Systematic uncertainties due to χc branching ratios

pJ/ψ
T (GeV/c) 2− 3 3− 4 4− 5 5− 6 6− 7 7− 8

Branching ratios +0.087
−0.079

+0.086
−0.072

+0.062
−0.059

+0.066
−0.064

+0.066
−0.064

+0.067
−0.062

Monte Carlo statistics +0.010
−0.010

+0.010
−0.008

+0.009
−0.007

+0.011
−0.010

+0.015
−0.013

+0.020
−0.017

Systematics from fit +0.040
−0.051

+0.045
−0.040

+0.026
−0.034

+0.026
−0.031

+0.029
−0.037

+0.051
−0.040

pJ/ψ
T (GeV/c) 8− 9 9− 10 10− 11 11− 12 12− 13 13− 15

Branching ratios +0.053
−0.049

+0.047
−0.042

+0.057
−0.052

+0.064
−0.062

+0.041
−0.041

+0.042
−0.036

Monte Carlo statistics +0.021
−0.019

+0.024
−0.023

+0.040
−0.037

+0.060
−0.055

+0.051
−0.046

+0.049
−0.045

Systematics from fit +0.034
−0.040

+0.034
−0.031

+0.034
−0.026

+0.020
−0.133

+0.023
−0.018

+0.075
−0.031

Table 2: A summary of the systematic uncertainties on σ(χc2) / σ(χc1) in each pJ/ψ
T bin.

by a Gaussian distribution, while at high pχc

T the320

2→ 2 matrix elements are used. In the case of321

the χc1, where the 2→ 1 process does not occur322

for on-shell initial-state gluons, the 2→ 2 matrix323

element is used throughout, with the same Gaus-324

sian intrinsic partonic k⊥ taken in the low pχc

T re-325

gion. A smooth phenomenological interpolation326

between the regions of low and high pχc

T is then327

implemented, with the precise position of the tran-328

sition determined by a fit to existing prompt J/ψ329

data. The predictions from NLO NRQCD are doc-330

umented in reference [3].331

Figure 3 also shows the maximum effect of the332

unknown χc polarisations on the result, shown as333

a black shaded area around the data points. In334

the first (subsequent) pJ/ψ
T bin, the upper limit of335

the shaded area corresponds to the spin state com-336

bination (Mχc1 =0(1),Mχc2 =2(2)) and the lower337

limit corresponds to the spin state combination338

(Mχc1 =1(0),Mχc2 =1(0)).339

In summary, the ratio of the σ(χc2) / σ(χc1)340

prompt production cross-sections has been mea-341

sured using ∼ 35.6 pb−1 of data collected by342

LHCb during 2010 at a centre-of-mass energy343 √
s=7 TeV. The results provide a significant sta-344

tistical improvement compared to previous mea-345

surements at hadron colliders [5]. The results346

are broadly in agreement at high pJ/ψ
T with the347

colour singlet model. However, they are not yet348

precise enough to rule out sizeable colour octet349

terms. There are indications of a discrepancy in350

the low pJ/ψ
T region. This may be explained by351

a more complete modelling of the transition from352

the high to low pJ/ψ
T regions, which is sensitive to353

non-perturbative effects.354
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CENTRAL Exclusive Production

J/ψ ψ(2S) χc0 χc1 χc2 diphoton
εtrack 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.97 ± 0.04 0.96 ± 0.04
εµid 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03 0.89 ± 0.03
εγ 0.61 ± 0.08 0.75 ± 0.05 0.78 ± 0.04
εsel 0.95 0.95 0.76 0.76 0.76 0.35

Efficiency 0.71 ± 0.07 0.71 ± 0.07 0.34 ± 0.06 0.43 ± 0.05 0.44 ± 0.04 0.25 ± 0.03
# Events 1468 ± 38 40 ± 6 25 ± 6 56 ± 18 99 ± 29 40 ± 6
Purity 0.71 ± 0.03 0.67 ± 0.03 0.39 ± 0.13 0.39 ± 0.13 0.39 ± 0.13 0.97 ± 0.01

Leff (pb−1) 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 3.1 ± 0.6 2.3 ± 0.5
Cross-section 474 ± 12 12.2 ± 1.8 9.3 ± 2.2 16.4 ± 5.3 28.0 ± 5.4 67 ± 10
×BR (pb) ±51 ± 92 ±1.3 ± 2.4 ±3.5 ± 1.8 ±5.8 ± 3.2 ±9.7 ± 5.4 ±7 ± 15

Table 1: Summary of numbers in cross-section calculation.

was estimated as 10%. In addition, we include an uncertainty of 10% on the calculation
of µ which after propagation, brings the total uncertainty on the luminosity for events
with a single interaction to 20%.

The number of events, efficiency, background, luminosity and cross-section are sum-
marised in Table 1. The measured cross-sections are:

σJ/ψ→µ+µ−(2 < ηµ+, ηµ− < 4.5) = 474 ± 12 ± 51 ± 92 pb

σψ(2S)→µ+µ−(2 < ηµ+, ηµ− < 4.5) = 12.2 ± 1.8 ± 1.3 ± 2.4 pb

σχc0→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 9.3 ± 2.2 ± 3.5 ± 1.8 pb

σχc1→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 16.4 ± 5.3 ± 5.8 ± 3.2 pb

σχc2→J/ψγ→µ+µ−γ(2 < ηµ+, ηµ−, ηγ < 4.5) = 28.0 ± 5.4 ± 9.7 ± 5.4 pb

σpp→pµ+µ−p(2 < ηµ+, ηµ− < 4.5; mµ+µ− > 2.5 GeV/c2) = 67 ± 10 ± 7 ± 15 pb

where the first uncertainty is statistical, the second is systematic, and the third comes
from our estimate of the luminosity.

Note that our numbers are cross-section times the branching ratio into the final state
of interest, and all final state particles are required to be between pseudorapidities of
2 and 4.5. By quoting the results like this we do not introduce additional theoretical
uncertainties in attempting to either correct back to a parent particle rapidity or to a
4π number. This is important because the rapidity distributions of the models under
consideration depend on model assumptions.

5 Comparison to Theory

The predictions for exclusive J/ψ production are somewhat uncertain. The Starlight gen-
erator prediction for producing exclusive J/ψ with two muons between pseudorapidities
of 2 and 4.5 is 292 pb. The SuperChic generator predicts 330 pb. Motyka and Watt [15]
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CENTRAL Exclusive Production

Events with no backward tracks, 2 forward tracks
μ+μ- mass consistent with J/ψ or ψ(2S)
#photons for J/ψ cand. (left) or ψ(2S) cand. (right)
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Figure 5: Number of photons in events with no backward tracks and two forward tracks
whose invariant mass is consistent with a J/ψ (left) or ψ(2S) (right). The points are
data. The shaded histogram is the esimated feed-down from the decay of χc.
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Figure 6: Diffractive processes which produces a non-exclusive J/ψ.

these other particles and so, on average, will have a higher transverse momentum. We fit
the transverse momentum spectrum of the J/ψ where the shape for the exclusive events
is taken from the Starlight Monte Carlo while the shape for the background is taken
from events with more than two charged tracks. The result is shown in Figure 7 and
the agreement between the data and expectation is observed to be good. The overall
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CENTRAL Exclusive Production

J/ψ → μ+μ-  ( 2  < η < 4.5) : σ = 474 ± 12 ± 51 ± 92 pb
StarLight : 292 pb
SuperChiC: 330 pb
Motyka, Watt (PRD 014023 (2008)): 960 pb

Taking muon acceptance into account (Pythia) : 410 pb
Rescattering correction : 330 pb (± 10-15%)
Uncertainty from Hera → LHC extrapolation ~10%

Schäfer, Szczurek (Diff2010, Heidelberg): 1670 pb
Taking muon acceptance into account (Pythia) : 710 pb

Bzdak (PRD 75 094023 (2007)): 70 - 800 pb



CENTRAL Exclusive Production

ψ(2S) → μ+μ-  ( 2  < η < 4.5) : σ = 12.2 ± 1.8 ± 1.3 ± 2.4 pb
StarLight : 6.1 pb
Schäfer, Szczurek : 17 pb


