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Overview

LHCb provides a unique
coverage for production
studies
Complementary to other
experiments
Results cover top, beauty
and charm production
Only covering analyses of
pp datasets
See Matt’s talk tomorrow
for heavy ion results
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The LHCb Detector

Instrumentation in
the forward region
(2 < η < 5)
Excellent
secondary vertex
reconstruction
Precise tracking
before and after
magnet

JINST 3 (2008) S08005
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LHCb pp datasets

Run Year
√

s L
Run 1 2010 7 TeV 0.04 fb−1

2011 7 TeV 1.11 fb−1

2012 8 TeV 2.08 fb−1

Run 2 2015 13 TeV 0.33 fb−1

2016 13 TeV 1.67 fb−1

2017 13 TeV 1.71 fb−1

2015 5 TeV 0.01 fb−1

2017 5 TeV 0.10 fb−1
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2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb

2016 (6.5 TeV): 1.67 /fb

2015 (6.5 TeV): 0.33 /fb

2012 (4.0 TeV): 2.08 /fb

2011 (3.5 TeV): 1.11 /fb

2010 (3.5 TeV): 0.04 /fb
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Production in pp @ LHCb

Wide range of heavy flavour
production results

Table not exhaustive

Impossible to cover everything
Will focus on some new results
from the last year

Measurement
√

s (TeV)
2.76 5 7 8 13

D production X X X
D+ prod. asym. X
D+

s prod. asym. X
J/ψ production X X X X
J/ψ + J/ψ prod. X X
J/ψ + D prod. X
J/ψ in jets X
W + c X X
W + cc X
B production X X
B prod. asym. X X
BB prod. corr. X X
Υ production X X X
Υ polarisation X X
Υ + D prod. X X
W + b X X
Z + b X
W + bb X
t production X X
t t prod. X
... ...
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Jet flavour tagging @ LHCb

BDTs developed to tag
jets in Run 1 data
Efficiency determined
on flavour-enriched
samples

e.g. tagged by fully
reconstructed
(middle) B or
(bottom) D decays
on “other” jet

2D fit to corrected mass
and track multiplicity of
reconstructed
secondary vertices also
gives good separation
of jet flavours

24

Jet Tagging

 [GeV]corMSV 
0 2 4 6 8 10

ca
nd

id
at

es

0

1000

2000

3000

4000 LHCb
data
b
c
udsg

(tracks)NSV 
2 4 6 8 10

ca
nd

id
at

es

0

2000

4000

6000

8000 LHCb
data
b
c
udsg

 [GeV]corMSV 
0 2 4 6 8 10

ca
nd

id
at

es

0

5000

10000 LHCb
data
b
c
udsg

(tracks)NSV 
2 4 6 8 10

ca
nd

id
at

es

0

5000

10000

15000

20000 LHCb
data
b
c
udsg

 [GeV]corMSV 
0 2 4 6 8 10

ca
nd

id
at

es

0

5000

10000

15000
LHCb

data
b
c
udsg

(tracks)NSV 
2 4 6 8 10

ca
nd

id
at

es

0

10000

20000

30000

40000
LHCb

data
b
c
udsg

Figure 7: Two-dimensional Mcor versus SV track multiplicity fit results for (top) B+jet, (middle)
D+jet and (bottom) µ(b, c)+jet data samples. The left plots show the projection onto the Mcor

axis, while the right plots show the projection onto the track multiplicity. The highest Mcor bin
includes candidates with Mcor > 10 GeV.

4.3 E�ciency measurement using highest-pT tracks

To determine the jet-tagging e�ciency, the jet composition prior to applying the SV tag
must be determined. This is necessarily more di�cult than determining the SV-tagged
composition. The �2

IP distribution of the highest-pT track in the jet is used for this task.
For light-parton jets the highest-pT track will mostly originate from the PV, while for
(b, c) jets the highest-pT track will often originate from the decay of the (b, c) hadron. To
avoid possible issues with modeling of soft radiation, only the subset of jets for which the
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Figure 6: From a b-jet and c-jet enriched data sample of Ref. [11]: (left) SV-tagger BDT
responses observed in data (annotation added here to show roughly where jets of each type
are found); (middle) projection onto the x-axis; and (right) projection onto the y-axis. The
BDT templates shown here were obtained from simulation. This and similar data samples
were used to calibrate the BDT responses for use in physics analyses.

simulation was known to model heavy-flavor hadron decays well, whereas the description of
jet properties had not yet been fully validated using data. Figure 6 shows that despite this
simplified approach, the separation between b-jets, c-jets and light-parton jets is excellent.

For Run 2, we plan to investigate using additional information to improve the perfor-
mance. We also plan to approach this as a true 3-class problem, rather than two 2-class
ones. As part of the jet-tagging development, we will update our bb̄ charge asymmetry mea-
surement [5] and make the first such measurement for cc̄. Recall that Ref. [37] suggested
that �(cc̄)/�(bb̄) provides a good standard candle to use in c-tagging calibration; therefore,
it makes sense to add these dijet measurements into the tagging-development project.

6.2.2 Intrinsic Strangeness and Charm

Whether there is intrinsic (non-perturbative) charm (IC) content in the proton at the ⇡ 1%
level is an open (and hotly debated) question. There is theoretical interest in the role that
non-perturbative dynamics play in the nucleon sea. Furthermore, the presence of IC in
the proton would a↵ect the production cross sections of many processes at the LHC either
directly, by scattering o↵ of a large-x c or c̄; or indirectly, since altering the charm PDF
would a↵ect the gluon PDF via the momentum sum rule. Ref. [44] considers two models
where the IC is valence-like (BHPS1, BHPS2) and two where it is sea-like (SEA1, SEA2).
LHCb has direct sensitivity to IC by measuring Z + c production, which can proceed via
gc! Zc. We performed a preliminary study of how these IC models a↵ect Z + c production
at LHCb. Figure 7 shows the relative increase in Z +c production when IC is included in the
proton. These valence-like models will be easily distinguishable in Run 2 at LHCb, while the
sea-like models may be distinguishable in Run 3. We propose to perform this measurement
using our c-jet tagging algorithm.

Intrinsic strangeness in the proton is well established. The s and s̄ PDFs are typically
assumed to be identical, but they need not be. Figure 7 shows the shift in the W + c
charge asymmetry that LHCb would observe for the charge-asymmetric strangeness PDFs
from Ref. [45] (some of these models may now be ruled out; the point here, however, is that
observably large asymmetries may occur in W + c production). Phil and I measured W + c

SV features used 
in 2 BDTs

Performance validated & calibrated using large heavy-flavor-enriched jet data 
samples. Two-D BDT distributions fitted to extract SV-tagged jet flavor 
content; c-jet and b-jet yields each precisely determined simultaneously. 

Following the same strategy—but not vetoing charm—provides a method for 
tagging jets as originating from b or c quarks. 2-D BDT plane optimally utilizes 
all info that can separate b|c vs light and b vs c.

JINST 10 (2015) P06013
LHCb-PAPER-2015-016

For Higgs-charm Yukawa projected sensitivity, see my talk at Elba. 

 [GeV]corMSV 
0 2 4 6 8 10

ca
nd

id
at

es

0

1000

2000

3000

4000 LHCb
data
b
c

udsg

(tracks)NSV 
2 4 6 8 10

ca
nd

id
at

es

0

2000

4000

6000

8000 LHCb
data
b
c

udsg

 [GeV]corMSV 
0 2 4 6 8 10

ca
nd

id
at

es

0

5000

10000
LHCb

data
b
c

udsg

(tracks)NSV 
2 4 6 8 10

ca
nd

id
at

es

0

5000

10000

15000

20000 LHCb
data
b
c

udsg

JINST 10 (2015) P06013

Dan Craik (MIT) Heavy flavour production @ LHCb 29/01/2018 5 / 19

https://doi.org/10.1088/1748-0221/10/06/P06013


Jet studies @ LHCb
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Too many jet production
studies to cover everything
Run 1 studies of heavy jet
and dijet production in
association with W/Z
bosons

Cross sections in good
agreement with
calculations
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J/ψ in jets
Run 2 study of prompt and
displaced J/ψ candidates in jets

Good mass and
pseudo-decay-time resolution
pT fraction carried by the J/ψ
meson consistent with
expectations for b jets
pT fraction of prompt J/ψ
mesons do not agree with
expectations
First experimental measurement
of pT fraction for prompt J/ψ
mesons in jets
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bb correlations

Kinematic correlations between a heavy quark–antiquark pair can
improve understanding of production mechanisms
CDF, D0 and LHCb studies of cc correlations have identified gluon
splitting, flavour-creation and flavour-excitation contributions
bb correlations studied in pp by UA1, D0 and CDF and pp by
CMS and Atlas
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bb correlations
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b candidates reconstructed in
J/ψ (→ µ+µ−)X final state
J/ψ candidates from both b
candidates required to be associated
with the same primary vertex have
significantly displaced decay vertices
2D fit performed to the two dimuon
invariant masses
sPlot technique used to isolate signal
component
Normalised differential cross section
determined as a function kinematic
variables using efficiency-corrected
yields
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bb correlations
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B+ production @ 7 and 13 TeV
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Previous LHCb studies of B±

production at 7 TeV performed in
2010 and 2011
Recent analysis updates these
results and adds measurements
for 13 TeV

Based on 1.0 fb−1 of data at
7 TeV and 362 pb−1 at 13 TeV

B± reconstructed from the
J/ψK± final state
cross sections measured in
range 0 < pT < 40 GeV/c and
2.0 < y < 4.5.
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B+ production @ 7 and 13 TeV

Double differential cross
sections determined as a
function of pT and rapidity at
both energies
Results are in good agreement
with FONLL predictions
Integrated cross sections in
pT < 40 GeV/c, 2.0 < y < 4.5

σ(pp → B±X ) = 43.0± 0.2 (stat)

±2.5 (syst)± 1.7 (B+) µb @7 TeV

σ(pp → B±X ) = 86.6± 0.5 (stat)

±5.4 (syst)± 3.4 (B+) µb @13 TeV
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B+ production @ 7 and 13 TeV
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Υ polarisation

Study of Υ(nS) polarisations in 7 and
8 TeV data
Dimuon mass spectrum fitted in bins
of pTµ+µ−

Angular distributions of Υ candidates
extracted using sPlot technique
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Figure 1: (a) Distributions of cos θGJ for Υ(1S) (red circles), Υ(2S) (blue squares) and Υ(3S)
(green diamonds) signal candidates and the background component (histogram) in the region
6 < pΥ

T < 8 GeV/c, 2.2 < yΥ < 3.0 for data accumulated at
√
s = 7 TeV. To improve visibility,

the distributions for the Υ(1S) and Υ(2S) signals are scaled by factors of 3 and 2, respectively.
(b) Dimuon mass distribution in the region 6 < pΥ

T < 8 GeV/c, 2.2 < yΥ < 3.0 for data accumu-
lated at

√
s = 7 TeV. The thick dark yellow solid curve shows the result of the fit, as described

in the text. The three peaks, shown with thin red solid lines, correspond to the Υ(1S), Υ(2S)
and Υ(3S) signals (left to right). The background component is indicated with a dashed blue
line.

in Fig. 1a. The components are determined using the sPlot technique, described below.120

To reduce this background, a requirement |cos θGJ| < 0.8 is applied.121

Dimuon mass distributions of the Υ→ µ+µ− candidates selected in the re-122

gion 6 < pΥ
T < 8 GeV/c and 2.2 < yΥ < 3.0 for data collected at

√
s = 7 TeV are shown123

in Fig. 1b. In each (pΥ
T, y

Υ) bin, the dimuon mass distribution is parametrized by a sum of124

three double-sided Crystal Ball functions [62,63], describing the three Υ meson signals and125

an exponential function for the combinatorial background. The peak position and the res-126

olution of the Crystal Ball function describing the mass distribution of the Υ(1S) meson127

are free parameters for the unbinned extended maximum likelihood fit. The peak position128

parameters of the Υ(2S) and Υ(3S) signal components are fixed using the known values129

of the mass differences of the Υ(2S) and Υ(3S) mesons to that of the Υ(1S) meson [64],130

while the resolutions are fixed to the value of the resolution of the Υ(1S) signal, scaled131

by the ratio of the masses of the Υ(2S) and Υ(3S) mesons to that of the Υ(1S) meson.132

The power-law tail parameters of the three Crystal Ball functions are common and left133

free in the fit.134

4 Polarization fit135

The polarization parameters are determined from unbinned maximum likelihood fits [65] to136

the two-dimensional (cos θ, φ) angular distribution of the µ+ lepton from the Υ→ µ+µ− de-137

cay, described by Eq. 1, following the approach of Refs. [23, 24]. The projections138

of the two-dimensional (cos θ, φ) angular distribution in the HX frame are shown in139

Fig. 2 for data accumulated at
√
s = 7 TeV in the kinematic region 6 < pΥ

T < 8 GeV/c,140

2.2 < yΥ < 3.0.141
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T < 8 GeV/c, 2.2 < yΥ < 3.0 for data accumulated at
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s = 7 TeV. To improve visibility,

the distributions for the Υ(1S) and Υ(2S) signals are scaled by factors of 3 and 2, respectively.
(b) Dimuon mass distribution in the region 6 < pΥ

T < 8 GeV/c, 2.2 < yΥ < 3.0 for data accumu-
lated at

√
s = 7 TeV. The thick dark yellow solid curve shows the result of the fit, as described

in the text. The three peaks, shown with thin red solid lines, correspond to the Υ(1S), Υ(2S)
and Υ(3S) signals (left to right). The background component is indicated with a dashed blue
line.

in Fig. 1a. The components are determined using the sPlot technique, described below.120

To reduce this background, a requirement |cos θGJ| < 0.8 is applied.121

Dimuon mass distributions of the Υ→ µ+µ− candidates selected in the re-122
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T < 8 GeV/c and 2.2 < yΥ < 3.0 for data collected at

√
s = 7 TeV are shown123

in Fig. 1b. In each (pΥ
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Υ) bin, the dimuon mass distribution is parametrized by a sum of124

three double-sided Crystal Ball functions [62,63], describing the three Υ meson signals and125

an exponential function for the combinatorial background. The peak position and the res-126

olution of the Crystal Ball function describing the mass distribution of the Υ(1S) meson127

are free parameters for the unbinned extended maximum likelihood fit. The peak position128

parameters of the Υ(2S) and Υ(3S) signal components are fixed using the known values129

of the mass differences of the Υ(2S) and Υ(3S) mesons to that of the Υ(1S) meson [64],130

while the resolutions are fixed to the value of the resolution of the Υ(1S) signal, scaled131

by the ratio of the masses of the Υ(2S) and Υ(3S) mesons to that of the Υ(1S) meson.132

The power-law tail parameters of the three Crystal Ball functions are common and left133

free in the fit.134

4 Polarization fit135

The polarization parameters are determined from unbinned maximum likelihood fits [65] to136

the two-dimensional (cos θ, φ) angular distribution of the µ+ lepton from the Υ→ µ+µ− de-137

cay, described by Eq. 1, following the approach of Refs. [23, 24]. The projections138

of the two-dimensional (cos θ, φ) angular distribution in the HX frame are shown in139

Fig. 2 for data accumulated at
√
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√
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√
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are shown with red circles, blue squares and green diamonds, respectively. The inner error bars
indicate the statistical uncertainty, whilst the outer error bars indicate the sum of the statistical
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centers to improve visibility.

22

Angular distributions
extracted as function of pT
in helicity, Collins–Soper
and Gottfried–Jackson
reference frames.
All can be converted into
frame-invariant polarisation
λ̄ to cross-check
systematics
No large polarisation is
observed

Consistent with CMS
results
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Observation of Ωc states

Pure sample of Ξ+
c → pK−π+

candidates combined with charged
kaons
Five narrow peaks observed

correspond to excited Ωc states

Masses consistent with predicted
masses for 1P and 2S states
Further studies required to assign
quantum numbers
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Searches for Ξ+(+)
cc states

SU(4) flavour multiplets of baryons con-
taining d , u, s and c quarks, reproduced
from Chin. Phys. C40 (2016) 100001.

Phys. Rev. Lett. 89 (2002) 112001
Phys. Lett. B628 (2005) 18
Nucl. Phys.Proc. Suppl. 115 (2003) 33
Phys. Rev. D74 (2006) 011103
Phys. Rev. Lett. 97 (2006) 162001
JHEP 12 (2013) 090

Quark model gives three
weakly-decaying doubly-charmed
JP = 1

2
+

Baryons: Ξ+
cc (c c d),

Ξ++
cc (c c u) and Ω+

cc (c c s)
SELEX reported observations of
the singly-charged Ξ+

cc state in
Λ+

c K−π+ and D+pK−

Unexpected short lifetime and
high production rate

Subsequent searches by
FOCUS, BaBar and Belle found
no evidence of doubly-charmed
baryons
Initial search by LHCb set upper
limit on long-lived states but not
inconsistent with SELEX claim
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Observation of Ξ++
cc

New LHCb search for the
doubly-charged state in
Ξ++

cc → Λ+
c K−π+π+ performed

using data collected at√
s = 13 TeV

Highly significant state found at
m = 3621.40± 0.72 (stat)±
0.27 (syst)± 0.14(Λ+

c ) MeV/c2

Local statistical significance in
excess of 12σ

Verified in 8 TeV dataset
Large mass difference from
SELEX claim (103 MeV/c2)

Inconsistent with being isospin
partners
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Summary and outlook

LHCb tests cross section calculations in unique kinematic region
Many new production results

but plenty more still to come
including results from the new larger 5 TeV dataset

Jet tagging efficiency studies underway on 13 TeV dataset
Unlike in Run 1, these benefit from dedicated calibration samples
New 13 TeV jet studies to follow
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bb correlations
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Figure 1: Distribution of mµ+µ−
1 vs mµ+µ−

2 for selected pairs of J/ψ → µ+µ− candidates in

different p
J/ψ
T regions.

have good reconstruction quality, pT > 500 MeV/c and 2 < η < 5 [70, 76]. Both recon-89

structed J/ψ candidates are required to have a good-quality vertex, a reconstructed90

mass in the range 3.00 < mµ+µ− < 3.18 GeV/c2, 2 < p
J/ψ
T < 25 GeV/c and 2 < yJ/ψ < 4.5.91

These criteria ensure a good reconstruction and trigger efficiency. Only events triggered by92

at least by one of the J/ψ candidates are retained. The two J/ψ candidates are required93

to be associated with the same PV and, in order to suppress background from promptly94

produced J/ψ mesons, both dimuon vertices are required to be significantly displaced95

from that PV.96

The two-dimensional distribution of the µ+µ− masses, mµ+µ−
1 and mµ+µ−

2 , for the se-97

lected pairs of J/ψ → µ+µ− candidates is presented in Fig. 1 for several requirements on98

p
J/ψ
T . A clear signal peak, corresponding to events with two J/ψ mesons detached from99

the PV, is visible.100

The signal yield is determined by performing an extended unbinned maximum likelihood101

fit to the two-dimensional mass distribution. The distribution is fitted with the function102

F(m1,m2) = NSS S (m1) S (m2)

+
NSB

2

(
S (m1)B′ (m2) +B′ (m1)S (m2)

)

+ NBB B′′ (m1,m2) ,

3

JHEP 11 (2017) 030

Dan Craik (MIT) Heavy flavour production @ LHCb 29/01/2018 22 / 19

https://doi.org/10.1007/JHEP11(2017)030


bb correlations

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

10 15 20
0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

2 2.5 3 3.5 4 4.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

π σ
d
σ

d
|Δ

φ
∗ |

1 σ
d
σ

d
|Δ

η
∗ |

1 σ
d
σ

d
A

T

1 σ
d
σ

d
m

J/
ψ

J/
ψ

1 σ
d
σ

d
p
J/
ψ

J/
ψ

T

1 σ
d
σ

d
y
J/
ψ

J/
ψ

|Δφ∗| /π |Δη∗|

AT mJ/ψJ/ψ [GeV/c2]

p
J/ψJ/ψ
T [GeV/c] yJ/ψJ/ψ

LHCb√
s = 7, 8 TeV

p
J/ψ
T > 2 GeV/c

a) b)

c) d)

e) f)

Powheg
Pythia
uncorrelated bb̄

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6
0

1

2

3

4

5

6

10 15 20
0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

2 2.5 3 3.5 4 4.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

π σ
d
σ

d
|∆
φ
∗ |

1 σ
d
σ

d
|∆
η
∗ |

1 σ
d
σ

d
A

T

1 σ
d
σ

d
m

J/
ψ

J/
ψ

1 σ
d
σ

d
p
J/
ψ

J/
ψ

T

1 σ
d
σ

d
y
J/
ψ

J/
ψ

|∆φ∗| /π |∆η∗|

AT mJ/ψJ/ψ [GeV/c2]

p
J/ψJ/ψ
T [GeV/c] yJ/ψJ/ψ

LHCb√
s = 7, 8 TeV

p
J/ψ
T > 3 GeV/c

a) b)

c) d)

e) f)

Powheg
Pythia
uncorrelated bb̄

Figure 4: Normalized differential production cross-sections (points with error bars) for a) |∆φ∗| /π,

b) |∆η∗|, c)AT, d)mJ/ψJ/ψ , e) p
J/ψJ/ψ
T and f) yJ/ψJ/ψ together with the Powheg (orange line)

and Pythia (green band) predictions. The expectations for uncorrelated bb production are
shown by the dashed magenta line. The uncertainties in the Powheg and Pythia predictions
due to the choice of factorization and renormalization scales are shown as cross-hatched and
green solid areas, respectively.

to the measured (p
J/ψ
T , yJ/ψ ) spectra, assuming a uniform distribution in the azimuthal227

angle, φJ/ψ . This allows the distributions for all variables except for |∆η∗| to be predicted.228

This model is considered as an extreme case that corresponds to uncorrelated bb production;229

in contrast, the leading-order collinear approximation, where the transverse momentum230

of the bb system from the gg → bb process is zero, results in maximal correlation.231

The smearing of the transverse momenta of the initial gluons could result in significant232
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Figure 5: Normalized differential production cross-sections (points with error bars) for a) |∆φ∗| /π,

b) |∆η∗|, c)AT, d)mJ/ψJ/ψ , e) p
J/ψJ/ψ
T and f) yJ/ψJ/ψ together with the Powheg (orange line)

and Pythia (green band) predictions. The expectations for uncorrelated bb production are
shown by the dashed magenta line. The uncertainties in the Powheg and Pythia predictions
due to the choice of factorization and renormalization scales are shown as orange cross-hatched
and green solid areas, respectively.

decorrelations of the initially highly correlated heavy-flavour quarks. It should be noted233

that the model using uncorrelated bb pairs also mimics a possible small contribution of234

double parton scattering to bb pair production.235

In general, both Powheg and Pythia describe the data well for all distributions,236

suggesting that NLO effects in bb production in the studied kinematic region are small237

compared with the experimental precision. Unlike the measurements with open-charm238
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Figure 6: Normalized differential production cross-sections (points with error bars) for a) |∆φ∗| /π,

b) |∆η∗|, c)AT, d)mJ/ψJ/ψ , e) p
J/ψJ/ψ
T and f) yJ/ψJ/ψ together with the Powheg (orange line)

and Pythia (green band) predictions. The expectations for uncorrelated bb production are
shown by the dashed magenta line. The uncertainties in the Powheg and Pythia predictions
due to the choice of factorization and renormalization scales are shown as orange cross-hatched
and green solid areas, respectively.

mesons [44–46], no significant contribution from gluon splitting is observed at small |∆φ∗|.239

This observation is in agreement with expectations, since the contribution from gluon240

splitting is suppressed due to the large mass of the beauty quark. For p
J/ψ
T > 5 and 7 GeV,241

there is a hint of a small enhancement at small |∆φ∗|. This also agrees with the expectation242

of a larger contribution of gluon splitting at higher pT. Another large enhancement towards243

the threshold in mJ/ψJ/ψ is predicted by Powheg for p
J/ψ
T > 5 and 7 GeV, due to large244
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Figure 7: Normalized differential production cross-sections (points with error bars)

for p
J/ψ
T > 2 GeV/c (left) and p

J/ψ
T > 3 GeV/c (right) data for a,b)

∣∣∆φJ/ψ
∣∣ /π, c,d)

∣∣∆ηJ/ψ
∣∣, and

e,f)
∣∣∆yJ/ψ

∣∣, together with the Powheg (orange line) and Pythia (green band) predictions.

The expectations for uncorrelated bb production are shown by the dashed magenta line. The un-
certainties in the Powheg and Pythia predictions due to the choice of factorization and
renormalization scales are shown as orange cross-hatched and and green solid areas, respectively.
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Figure 3: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in
the HX frame for the Υ(1S) state in different bins of pΥ

T and three rapidity ranges, for data
collected at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges

2.2 < yΥ < 3.0, 3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and
green diamonds, respectively. The vertical inner error bars indicate the statistical uncertainty,
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties added
in quadrature. The horizontal error bars indicate the bin width. Some data points are displaced
from the bin centers to improve visibility.
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Figure 4: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in the CS
frame for the Υ(1S) state in different bins of pΥ

T and three rapidity ranges, for data collected
at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges 2.2 < yΥ < 3.0,

3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and green diamonds,
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The horizontal error bars indicate the bin width. Some data points are displaced from the bin
centers to improve visibility.
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Figure 5: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in the GJ
frame for the Υ(1S) state in different bins of pΥ

T and three rapidity ranges, for data collected
at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges 2.2 < yΥ < 3.0,
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Figure 6: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in
the HX frame for the Υ(2S) state in different bins of pΥ

T and three rapidity ranges, for data
collected at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges

2.2 < yΥ < 3.0, 3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and
green diamonds, respectively. The vertical inner error bars indicate the statistical uncertainty,
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties added
in quadrature. The horizontal error bars indicate the bin width. Some data points are displaced
from the bin centers to improve visibility.
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Figure 7: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in the CS
frame for the Υ(2S) state in different bins of pΥ

T and three rapidity ranges, for data collected
at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges 2.2 < yΥ < 3.0,

3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and green diamonds,
respectively. The vertical inner error bars indicate the statistical uncertainty, whilst the outer
error bars indicate the sum of the statistical and systematic uncertainties added in quadrature.
The horizontal error bars indicate the bin width. Some data points are displaced from the bin
centers to improve visibility.
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Figure 8: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in the GJ
frame for the Υ(2S) state in different bins of pΥ

T and three rapidity ranges, for data collected
at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges 2.2 < yΥ < 3.0,

3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and green diamonds,
respectively. The vertical inner error bars indicate the statistical uncertainty, whilst the outer
error bars indicate the sum of the statistical and systematic uncertainties added in quadrature.
The horizontal error bars indicate the bin width. Some data points are displaced from the bin
centers to improve visibility.
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Figure 9: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, measured in
the HX frame for the Υ(3S) state in different bins of pΥ

T and three rapidity ranges, for data
collected at (left)

√
s = 7 TeV and (right)

√
s = 8 TeV. The results for the rapidity ranges

2.2 < yΥ < 3.0, 3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and
green diamonds, respectively. The vertical inner error bars indicate the statistical uncertainty,
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties added
in quadrature. The horizontal error bars indicate the bin width. Some data points are displaced
from the bin centers to improve visibility.
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Figure 10: The polarization parameters λθ (top), λθφ (middle) and λφ (bottom), measured in
the CS frame for the Υ(3S) state in different bins of pΥ

T and three rapidity ranges, for data
collected at

√
s = 7 TeV (left) and

√
s = 8 TeV (right). The results for the rapidity ranges

2.2 < yΥ < 3.0, 3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and
green diamonds, respectively. The vertical inner error bars indicate the statistical uncertainty,
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties added
in quadrature. The horizontal error bars indicate the bin width. Some data points are displaced
from the bin centers to improve visibility.
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Figure 11: The polarization parameters λθ (top), λθφ (middle) and λφ (bottom), measured in
the GJ frame for the Υ(3S) state in different bins of pΥ

T and three rapidity ranges, for data
collected at

√
s = 7 TeV (left) and

√
s = 8 TeV (right). The results for the rapidity ranges

2.2 < yΥ < 3.0, 3.0 < yΥ < 3.5 and 3.5 < yΥ < 4.5 are shown with red circles, blue squares and
green diamonds, respectively. The vertical inner error bars indicate the statistical uncertainty,
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties added
in quadrature. The horizontal error bars indicate the bin width. Some data points are displaced
from the bin centers to improve visibility.
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Υ polarisation
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Figure 12: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, for Υ(1S) mesons
as a function of pΥ

T , for the rapidity range 2.2 < yΥ < 4.5, for data collected at (left)
√
s = 7 TeV

and (right)
√
s = 8 TeV. The results for the HX, CS and GJ frames are shown with red circles,

blue squares and green diamonds, respectively. The inner error bars indicate the statistical
uncertainty, whilst the outer error bars indicate the sum of the statistical and systematic
uncertainties added in quadrature. Some data points are displaced from the bin centers to
improve visibility.
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Figure 13: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, for Υ(2S) mesons
as a function of pΥ

T , for the rapidity range 2.2 < yΥ < 4.5, for data collected at (left)
√
s = 7 TeV

and (right)
√
s = 8 TeV. The results for the HX, CS and GJ frames are shown with red circles,

blue squares and green diamonds, respectively. The inner error bars indicate the statistical
uncertainty, whilst the outer error bars indicate the sum of the statistical and systematic
uncertainties added in quadrature. Some data points are displaced from the bin centers to
improve visibility.
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Figure 14: The polarization parameters (top) λθ, (middle) λθφ and (bottom) λφ, for Υ(3S) mesons
as a function of pΥ

T , for the rapidity range 2.2 < yΥ < 4.5, for data collected at (left)
√
s = 7 TeV

and (right)
√
s = 8 TeV. The results for the HX, CS and GJ frames are shown with red circles,

blue squares and green diamonds, respectively. The inner error bars indicate the statistical
uncertainty, whilst the outer error bars indicate the sum of the statistical and systematic
uncertainties added in quadrature. Some data points are displaced from the bin centers to
improve visibility.
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