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Motivation
Production of heavy quarkonium in pp collisions is an ideal process to
understand perturbative and non-perturbative QCD:

• Production of a heavy quark pair QQ̄ → perturbative
• QQ̄ hadronizing into quarkonium → non-perturbative
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FIG. 50: Representative diagrams that contribute to the
hadroproduction of 3S1 quarkonium states via color-singlet
channels at orders ↵3

s (a), ↵4
s (b,c,d), and ↵5

s (e,f), and via
color-octet channels at order ↵3

s (g,h). The quark and anti-
quark that are attached to the ellipses are taken to be on shell,
and their relative velocity is set to zero. (a)–(f), (g)–(h) from
[620, 652] with kind permission, copyrights (2008, 2009), The
American Physical Society and Springer-Verlag, respectively

tion eventually provides the bulk of the color-singlet par-
ton cross section at su�ciently large pT . In the pT re-
gion that is covered by the current experiments, though,
this contribution is relatively small, owing to phase-space
suppression [618].

Similar arguments can be used to understand the im-
pact of QCD corrections on the rates di↵erential in p2

T
for the production of a QQ̄ pair in a color-octet state.
At LO in ↵s, the production of a color-octet 3S1 QQ̄
pair proceeds, at large pT , predominantly through gluon
fragmentation [Fig. 50(g)]. Thus, the rate di↵erential in
p2

T scales as p�4
T . This is the smallest power of 1/pT

that is possible in partonic cross sections. Hence, in this
case, the NLO correction cannot contain a kinematically
enhanced channel and does not a↵ect substantially the
shape of the di↵erential rate [674]. The situation is dif-
ferent for the production of a C-even color-octet QQ̄ pair
because, in this case, there is no fragmentation process
at LO in ↵s. [See Fig. 50(h).] At LO in ↵s, the rates for
these channels, di↵erential in p2

T , scale as p�6
T . The frag-

mentation channels appear at NLO in ↵s. Consequently
the NLO correction to the di↵erential rate is expected
to yield a substantial enhancement at large pT . This
feature has been checked explicitly in Ref. [674] in the
specific case of the production of a color-octet 1S0 QQ̄
state.

In view of the strong impact of the correction at NLO
in ↵s on the color-singlet di↵erential rate at large trans-
verse momentum, it is natural to examine the QCD cor-
rections that appear at even higher orders in the ↵s ex-
pansion. At NNLO (order ↵5

s), new, important chan-
nels with specific kinematic properties continue to ap-
pear. Some of these channels have actually been studied
for some time in specific kinematic limits in which one

can take advantage of large separations between di↵er-
ent perturbative energy scales. The color-singlet gluon-
fragmentation channel [Fig. 50(e)] has been investigated
in the framework of the fragmentation approximation
[679], which is relevant in the limit pT mQ. The pro-
cesses in which the QQ̄ pair is produced by the exchange
of two gluons in the t channel [Fig. 50(f)] were investi-
gated in the kT -factorization approach [639–642]. This
approach is relevant in the high-energy limit s ŝ, where
s (ŝ) denotes the square of the total four-momentum
of the colliding hadrons (partons). In that kinematic
limit, other enhanced processes, which are initiated by a
symmetric two-gluon color-octet state and an additional
gluon, have been investigated more recently in Ref. [680].
These processes correspond to higher-order contributions
in the framework of the (standard) collinear approxima-
tion of perturbative QCD. The advantage in considering
either of these kinematic limits is that the perturbation
expansion can be reorganized in such a way as to sim-
plify the evaluation of the dominant contribution. Fur-
thermore, the convergence of the perturbation expansion
is improved because large logarithms of the ratio of the
disparate energy scales are resummed. Away from the
asymptotic regime, the corrections to each of these ap-
proaches may be important. The impacts of these cor-
rections in the kinematic region that is covered at the
current hadron colliders is not known accurately. There
is an alternative method that has been proposed for es-
timating the NNLO corrections to the color-singlet dif-
ferential rate that is known as the NNLO? method [620].
The NNLO? method does not attempt to separate the
various energy scales. Instead, it considers only NNLO
corrections involving real gluon emission and imposes an
infrared cuto↵ to control soft and collinear divergences.
The NNLO? estimates su↵er from large uncertainties,
which arise primarily from the sensitivities of these es-
timates to the infrared cuto↵ and to the choice of renor-
malization scale.

A specific higher-order process that has been in-
vestigated is the so-called “s-channel QQ̄-cut” process
[681, 682]. In this process, an on-shell QQ̄ pair is pro-
duced. That pair then rescatters into a quarkonium
state. The contribution of LO in ↵s to the amplitude
for this process is given by the imaginary part of a spe-
cific set of one-loop diagrams [683], and the square of this
amplitude contributes to the cross section at order ↵5

s.

In addition to these new results for the QCD correc-
tions to inclusive quarkonium production, there have also
been new results for the QED and relativistic correc-
tions to inclusive quarkonium production. The QED cor-
rection to the inclusive J/ production rate in hadron-
hadron collisions has been computed [684, 685] and turns
out to be small in the region of pT that is covered by
the current experiments. Relativistic corrections to the
color-singlet rate for inclusive J/ hadroproduction have
been shown to be negligible over the entire pT range that
is currently accessible [686].

NRQCD (non-relativistic QCD) is the most successful theory modeling
the production of heavy quarkonium:

• Non-relativistic approximation: v/c≪ 1 (velocity of heavy quarks)

•

• Two scales of production: hard process of QQ formation and hadronization of QQ at softer 
scales

• Factorization: !"!"#→%"& = ∑ ' !"!"#→( )((')"& ×< ', ( >

• Both CS and CO states 
are allowed with varying probabilities; 
LDMEs from experimental data

• Universality: same LDMEs for different √s, prompt production and production in b-decays
• Heavy-Quark Spin-Symmetry: links between CS and CO LDMEs of different quarkonium states

QUARKONIUM PRODUCTION IN NRQCD

Short distance: perturbative cross-sections 
+ pdf for the production of a QQ pair

Long distance matrix elements (LDMEs),
non-perturbative part

Pictures by Pietro Faccioli 

Experiment NRQCD
extract LDMEs

theoretical predictions
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9 Comparison with theoretical models

The measured di↵erential cross-sections for the production of prompt J/ mesons as
a function of pT are compared in Fig. 9 to three theoretical models that assume no
polarisation. The considered models are

– an NRQCD model at next-to-leading order (NLO). The colour-octet matrix elements
in this case are determined from a global fit to HERA, Tevatron and LHC data [44,45];

– an NNLO* CSM [9, 10]; the notation NNLO* indicates that the calculation at
next-to-next leading order is not complete and neglects part of the logarithmic terms;

– an NLO CSM [7] with the input parameters related to the choice of scale and charm
quark mass given in Ref. [44].

In these comparisons it should be noted that the predictions are for direct J/ meson
production, whereas the experimental measurements include feed-down from higher char-
monium states. In particular, the contribution from J/ mesons produced in radiative
�c decays in the considered fiducial range was measured to be at the level of 20% atp

s = 7 TeV [46]. Allowing for this contribution, as was seen in the previous studies, both
the NNLO* CSM and the NLO NRQCD models provide reasonable descriptions of the
experimental data. In contrast, the CSM at NLO underestimates the cross-section by an
order of magnitude.

The results for the production of J/ from b can be compared to calculations based
on the FONLL formalism [43, 47]. This model predicts the b-quark production cross-
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Figure 9: Comparison of the di↵erential cross-section for the production of prompt J/ meson
(under the assumption of zero polarisation) as a function of pT with direct production in an
NLO NRQCD model [44, 45] (orange diagonal shading), an NNLO* CSM [10] (solid yellow) and
an NLO CSM [7] (blue vertical shading). The points show the measurements reported in this
analysis.
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Figure 8: Ratios of di↵erential cross-sections between measurements at
p

s = 13TeV andp
s = 8TeV as a function of y integrated over pT for (left) prompt J/ and (right) J/ -from-b

mesons. The FONLL calculation [63] is compared to the measured J/ -from-b production ratio.
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Figure 9: Ratios of di↵erential cross-sections between measurements at
p

s = 13TeV andp
s = 8TeV as a function of pT integrated over y for (left) prompt J/ mesons and (right)

J/ -from-b mesons. Calculations of NRQCD [64] and FONLL [63] are compared to prompt J/ 
mesons and J/ -from-b mesons, respectively.

calculation, only uncertainties associated with LDME are considered since these are the
dominating uncertainties for the absolute production cross-section prediction. The FONLL
calculation [27] is compared to the measurements of the J/ -from-b cross-section as a
function of transverse momentum integrated over y in the range 2.0 < y < 4.5 in Fig. 11
(right). The FONLL calculation includes the uncertainties due to the b-quark mass and
the renormalisation and factorisation scales for the prediction of the absolute production
cross-section. Good agreement is found between the measurements and the theoretical
calculations.

Fig. 8 (right) shows the ratio of the cross-sections as a function of y integrated over
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Previous study: measurement of J/ψ production cross-section in run1&2
at
√
s = 7, 2.76, 8, 13, 5 TeV.

New energy 13.6 TeV in run3, it’s necessary to do the measurement
again! (also as a validation for the new detector’s performance.

LHCb Experiment at Run3
LHCb detector is a single-arm spectrometer with a forward angular cov-
erage from 15 to 300 (250) mrad in the bending (non-bending) plane.

Figure 1.2: Schematic view of the LHCb upgrade detector. To be compared with Fig. 1.1. UT =
Upstream Tracker. SciFi Tracker = Scintillating Fibre Tracker.

tracking subsystems, the Tracker Turicensis (TT) and the T-stations, located just before
and just after the LHCb dipole magnet. These subsystems and their projected upgrade
performance are the focus of this TDR. The four TT planes will be replaced by new high
granularity silicon micro-strip planes with an improved coverage of the LHCb acceptance.
The new system is called the Upstream Tracker (UT) and is the subject of Chap. 2. The
current downstream tracker (T-stations) is composed of two detector technologies: a
silicon micro-strip Inner Tracker (IT) in the high ⌘ region and a straw drift tube Outer
Tracker (OT) in the low ⌘ region. The three OT/IT tracking stations will be replaced
with a Scintillating Fibre Tracker (SFT), composed of 2.5 m long fibres read out by silicon
photo-multipliers (SiPMs) outside the acceptance. The SFT is discussed in detail in
Chap. 3. The performance of the UT and SFT detectors, as far as the individual detection
planes are concerned, are addressed separately in their respective chapters, where also the
cost, schedule and task sharing of these subsystems are presented. The charged particle
tracking is an essential physics tool of the LHCb experiment. It must provide the basic
track reconstruction, leading to a precise measurement of the charged particle momenta
in the extreme environment of the LHCb upgrade over its entire lifetime. Therefore, the
projected performance of the complete LHCb upgrade tracking system, which involves
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The LHCb detector
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LHCb

Single arm spectrometer, fully instrumented in forward region
(2.0 < ⌘ < 4.5).

Designed for flavour physics.

Overlap with GPDs in 2.0 < ⌘ < 2.5,
LHCb unique precision coverage in 2.5 < ⌘ < 4.5.
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•  optimized for flavour physics

•  full coverage for 2<η<5


W.	Hulsbergen,	QCD@LHC,	23/08/2016	

Highlights for the study of heavy quarkonium production:

• Great secondary vertex resolution → distinguish prompt & from b

• Unique geometry acceptance → designed for b and c hadrons!
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Analysis Strategy
Measurement of the double-differential production cross-section of J/ψ
in bins of the kinematic variables 2.0 < y < 4.5 and pT < 14GeV:

d2σ

dydpT
=

N(J/ψ → µ+µ−)
L × εtot × B(J/ψ → µ+µ−)×∆y ×∆pT

Two sources of J/ψ mesons:
• directly from hard collisions of parton + through the feed-down of

excited states ⇒ prompt J/ψ
• via decays of b-hadrons ⇒ from b J/ψ

 
 

𝑡𝑧 and 𝐽/𝜓 production measurement
• Two origins of 𝐽/𝜓 in p-p interaction

• Prompt production
• From b decays

• Different flight distance w.r.t. the associated PV
• We usually distinguish their contribution by fitting a
pseudo-lifetime variable 𝑡𝑧

𝑡𝑧 and 𝐽/𝜓 production measurement
• Two origins of 𝐽/𝜓 in p-p interaction

• Prompt production
• From b decays

• Different flight distance w.r.t. the associated PV
• We usually distinguish their contribution by fitting a
pseudo-lifetime variable 𝑡𝑧

Define pseudo-proper time to distinguish two signal components:

tz =
zJ/ψ − zPV
pz/MJ/ψ

Using mass and tz fit to extract the yields of the two signal components:
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Figure 1: Invariant mass (left) and pseudo decay time (right) distributions for the kinematic bin
2 < pT < 3 GeV/c, 3.0 < y < 3.5, with fit results superimposed. The solid (red) line is the total
fit function, the shaded (green) area corresponds to the background component. The prompt
J/ψ contribution is shown in cross-hatched area (blue), J/ψ -from-b in a solid (black) line and
the tail contribution due to the association of J/ψ with the wrong PV is shown in full filled
(magenta) area. The tail contribution is not visible in the invariant mass plot.

example for one (pT, y) bin of the invariant mass and the pseudo decay time distributions
is shown in Fig. 1 with the one-dimensional projections of the fit result superimposed.

5 Systematic uncertainties

Systematic uncertainties, most of which apply to both prompt J/ψ and J/ψ -from-b mesons,
are summarised in Table 1 and described below.

The uncertainty related to the modelling of the signal mass shape is studied by
replacing the nominal model with a Hypatia function [57], which takes into account the
mass uncertainty distribution. The relative difference of the signal yield is about 1.0%,
which is taken as a fully correlated systematic uncertainty in each bin.

Due to the presence of bremsstrahlung in the J/ψ → µ+µ− decay, a fraction of J/ψ
events fall outside the mass window used in this analysis. The efficiency of the mass
window selection is determined from simulation, and based on a detailed comparison
between the radiative tails in simulation and data, a value of 1.0% of the yield is assigned
as the systematic uncertainty.

To calibrate the muon identification efficiency determined from simulation, the single-
track muon identification efficiency is measured with a J/ψ→ µ+µ− data sample using
a tag-and-probe method. In this method, the J/ψ candidates are reconstructed with
only one track identified as a muon (“tag”). The single muon identification efficiency
is measured as the probability of the other track (“probe”) to be identified as a muon,
in bins of momentum, pµ, and pseudorapidity, ηµ of the probe track. The single-track
muon identification efficiency obtained in data is weighted with the (pµ, ηµ) distribution
of the muons from J/ψ mesons in simulation. The resulting efficiency is divided by that
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Timetable
• Prepare data samples ✓

• Signal extraction ✓

• Efficiency determination ← we are here now!
• Systematic uncertainties

We expect a final result like this:
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Figure 2: Double di↵erential cross-section for prompt J/ mesons as a function of pT in bins of
y. Statistical and systematic uncertainties are added in quadrature.

Fb is taken as a systematic uncertainty. The impact of the choice of tz parametrisation for
the long tail component is studied using an exponential function with equal magnitude
for positive and negative slopes and the relative di↵erence of Fb is taken as a systematic
uncertainty. The total relative systematic uncertainty on the J/ -from-b cross-section
related to the tz fit is 0.1%.

6 Results

The measured double di↵erential cross-sections for prompt J/ and J/ -from-b mesons,
assuming no polarisation, are shown in Figs. 2 and 3, and given in Tables 2 and 3. The
cross-sections for prompt J/ and J/ -from-b mesons in the acceptance pT < 14 GeV/c
and 2.0 < y < 4.5, integrated over all (pT, y) bins, are:

�(prompt J/ , pT < 14 GeV/c, 2.0 < y < 4.5) = 15.03 ± 0.03 ± 0.94 µb,

�(J/ -from-b, pT < 14 GeV/c, 2.0 < y < 4.5) = 2.25 ± 0.01 ± 0.14 µb,

where the first uncertainties are statistical and the second systematic.

6.1 Fraction of J/ -from-b mesons

The fractions of J/ -from-b mesons in di↵erent kinematic bins are given in Fig. 4 and
Table 6. The fraction increases as a function of pT, and tends to decrease with increasing
rapidity. These trends are consistent with the measurements at

p
s = 7 TeV and

p
s =

8
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Figure 3: Double di↵erential cross-section for J/ -from-b mesons as a function of pT in bins of y.
Statistical and systematic uncertainties are added in quadrature.
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Figure 4: Fractions of J/ -from-b mesons in bins of J/ pT and y. Statistical and systematic
uncertainties are added in quadrature.

8 TeV [13, 18]. A measurement of the non-prompt J/ production fraction at
p

s =13 TeV
has also been performed by the ATLAS collaboration [61].
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