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Outline
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‣ Measurement of b-hadron pair production at √s = 8 TeV 
‣ Measurement of the prompt J/ψ pair production at √s = 8 TeV 
‣ Production measurements of ψ(2S) and X(3872) at √s = 8 TeV 
‣ Non-prompt J/ψ production fraction at √s = 13 TeV 
‣ B± mass reconstruction at 13 TeV

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
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Measurement of b-hadron pair production

3

arXiv:1705.03374 (submitted to JHEP)

‣ Three muons in final state: 
• b → J/ψ (µµ) + X and b → µ + Y 

‣ Trigger: 
• Two muons of opposite charge 
• Same production vertex 
• pT > 4 GeV 
• |η| < 2.4 
• 2.5 < mµµ < 4.3 GeV 

 Lint = 11.4 fb-1 (√s = 8 TeV) 

‣ Fiducial volume: 
• pT(µ) > 6 GeV 
• |η(µJ/ψ)| < 2.3 
• |η(µsingle)| < 2.5 

‣ J/ψ yield extracted with a 
simultaneous mass-lifetime fit

https://arxiv.org/abs/1705.03374
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‣ Single µ signal extracted by fitting: 
• Transverse impact parameter significance S(d0) ≡ d0 / σ(d0) 
• BDT output. BDT trained to discriminate signal and fake muons using 

- track deflection, 
- Inner Detector vs Muon Spectrometer momentum balance 
- absolute |η| 

‣ for τ > 0.25 mm/c (⇒ simpler single µ background)
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‣ Irreducible backgrounds estimated from MC 
and subtracted from the fit result: 

• Bc → J/ψ + µ + X 
• Semileptonic decays of c-hadrons 
• «Sail-through» fake muons (kaons and pions reaching 

muon spectrometer)
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Results
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total cross section is 0.1% and the relative uncertainty in the normalised di↵erential cross section is less
than 1% everywhere.

6.5 Resolution correction uncertainty

An uncertainty in the factors used to correct for events migrating in and out of the acceptance is based on
the statistical uncertainty in the simulated sample used to derive the correction. The correction, described
in Section 5.5, is derived from the ratio of events passing the particle-level selection to events passing the
detector-level selection in simulation. The uncertainty in this ratio is calculated assuming these samples
are uncorrelated. That is not entirely the case as they are derived from the same simulated sample, so this
represents a conservative estimate of an uncertainty in this correction. The relative fractional uncertainty
due to the resolution corrections for ��(J/ , µ) is typically at the 1% level.

7 Results and interpretation

The total measured cross section in the fiducial region, defined in Section 3.3, is

�(B(! J/ [! µ+µ�] + X)B(! µ + X)) = 17.7 ± 0.1(stat) ± 2.0(syst) nb.

While leading order calculations are not expected to accurately reproduce this total cross section, the
normalised di↵erential cross sections are used to test the accuracy of a number of predictions. First,
comparisons are made using Pythia8, exploring several di↵erent options for the g ! bb̄ splitting kernel,
as this process dominates the region of particular interest: small-angle b-hadron production. The details
of these settings are given in Ref. [49] and summarised in Table 1. The settings explore one of the
main theoretical degrees of freedom when evaluating gluon-splitting to heavy quarks: whether to use the
relative pT (Opt. 1 and 4) or mass (Opt. 5, 8, 5b and 8b) of the splitting to set the scale when determining
the value of ↵s to be used in that splitting.

Option
label

Descriptions

Opt. 1 The same splitting kernel, (1/2)(z2 + (1 � z)2), for massive as massless quarks, only with
an extra � phase-space factor. This was the default setting in Pythia8.1, and currently must
also be used with the MC@NLO [50] method.

Opt. 4 A splitting kernel z2 + (1 � z)2 + 8rqz(1 � z), normalised so that the z-integrated rate is
(�/3)(1+ r/2), and with an additional suppression factor (1�mqq

2/m2
dipole)3, which reduces

the rate of high-mass qq̄ pairs. This is the default setting in Pythia8.2.
Opt. 5 Same as Option 1, but reweighted to an ↵s(km2

qq) rather than the normal ↵s(p2
T), with k = 1.

Opt. 5b Same as Option 5, but setting k = 0.25.
Opt. 8 Same as Option 4, but reweighted to an ↵s(km2

qq) rather than the normal ↵s(p2
T), with k = 1.

Opt. 8b Same as Option 8, but setting k = 0.25.

Table 1: Description of Pythia8 options. Options 2, 3, 6 and 7 are less well physically motivated and not considered
here. The notation used is as follows: rq = m2

q/m2
qq, � =

p
1 � 4rq, with mq the quark mass and mqq the qq̄ pair

invariant mass.

19

Total cross section:
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Figure 7: Measured normalised di↵erential cross sections as a function of �R(J/ , µ), ��(J/ , µ), low-
and high-pT �R(J/ , µ). Comparisons are made with predictions of Pythia8 and Herwig++. Mad-
Graph5_aMC@NLO+Pythia8 and Sherpa predictions are also compared having been corrected from the two-
b-hadron production to the three-muon final state via transfer functions (indicated with *). There is no entry for
these predictions in the lowest low-pT �R(J/ , µ) bin as the transfer function is not defined in this bin. The
Pythia8 “Opt. 4” gluon-splitting parameter settings are described in Table 1. The ratio to data of the Mad-
Graph5_aMC@NLO+Pythia8 and Sherpa (middle pane), and Pythia8 and Herwig++ (bottom pane) are also
shown.
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Figure 8: Measured normalised di↵erential cross sections as a function of �y(J/ , µ), yboost, pT(J/ , µ) and
m(J/ , µ). Comparisons are made with predictions of Pythia8 and Herwig++. MadGraph5_aMC@NLO+Pythia8
and Sherpa predictions are also compared having been corrected from the two-b-hadron production to the three-
muon final state via transfer functions (indicated with *). The Pythia8 “Opt. 4” gluon splitting parameter settings
are described in Table 1. The ratio to data of the MadGraph5_aMC@NLO+Pythia8 and Sherpa (middle pane),
and Pythia8 and Herwig++ (bottom pane) are also shown.
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Figure 8: Measured normalised di↵erential cross sections as a function of �y(J/ , µ), yboost, pT(J/ , µ) and
m(J/ , µ). Comparisons are made with predictions of Pythia8 and Herwig++. MadGraph5_aMC@NLO+Pythia8
and Sherpa predictions are also compared having been corrected from the two-b-hadron production to the three-
muon final state via transfer functions (indicated with *). The Pythia8 “Opt. 4” gluon splitting parameter settings
are described in Table 1. The ratio to data of the MadGraph5_aMC@NLO+Pythia8 and Sherpa (middle pane),
and Pythia8 and Herwig++ (bottom pane) are also shown.
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‣ Several g splitting kernels 
considered for PYTHIA8. Best 
description with pT-based kernel 

‣ Best overall agreement with 4-
flavour MADGRAPH5_AMC@NLO
+PYTHIA8 

‣ No generator can well-describe 
all the kinematic properties 

‣ Low ΔR region probed!
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‣ J/ψ trigger 
• 2 muons with pT > 4 GeV and 2.5 < mµµ < 4.3 GeV 

‣ Lint = 11.4 ± 0.3 fb-1 

‣ Both J/ψ reconstructed in µµ channel 

‣ Selection: 
• |ηµ| < 2.3 and pTµ > 2.5 GeV 
• 2.8 < mµµ < 3.4 GeV 
• |yJ/ψ| < 2.1 and pTJ/ψ > 8.5 GeV 
• track quality, muon quality, etc. 
• distance between decays along the beam axis < 1.2 mm

Prompt J/ψ pair production

6

«Prompt» = produced directly in the hard scatter 
including contributions of feed-down from higher 

charmonium states

‣ Total of 1210 events 

‣ Main backgrounds: 
• non-J/ψ events (continuum background) 
• non-prompt J/ψ 
• J/ψ from different primary vertices (pile-up background) 

‣ Data-driven approach to extract DPS fraction

Separated with m(J/ψ1) x m(J/ψ2) fit
Separated with Lxy(J/ψ1) x Lxy(J/ψ2) fit

Lxy — transverse decay length

Subtracted using dz distribution

dz — distance between the 
two J/ψ decay vertices 

along the beam direction

Eur. Phys. J. C77 (2017) 76

SPS DPS

http://dx.doi.org/10.1140/epjc/s10052-017-4644-9
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Fig. 11 The DPS and total differential cross-sections as a function
of a the difference in rapidity between the two J/ψ mesons, b the
azimuthal angle between the two J/ψ mesons, c the invariant mass of
the di-J/ψ , d the transverse momentum of the di-J/ψ . Shown are the
data as well as the LO DPS [43] + NLO* SPS [10,11] predictions. The

DPS predictions are normalised to the value of fDPS found in the data
and the NLO* SPS predictions are multiplied by a constant feed-down
correction factor. The data-driven DPS-weighted distribution and the
total data distribution are compared to the DPS theory prediction and
the total SPS+DPS prediction

in the SPS and DPS distributions are not included in these
figures.

A comparison of the di-J/ψ invariant mass distribution
in Fig. 11c with that in Fig. 12a shows that the events in
the region of excess ("y ≥ 1.8) have large di-J/ψ invariant
mass, as expected from the relationship between the invariant
mass and the difference in rapidity. The di-J/ψ transverse
momentum, shown in Fig. 12b, has an SPS peak near zero
and then falls off monotonically while the DPS peaks at a
slightly larger pT. This indicates that the two J/ψ mesons
are produced in an away topology. The "φ distribution in
this region, shown in Fig. 12c, is not uniform as would be
expected for a pure DPS: there is a large SPS peak from the
away topology peaked at "φ ≈ π . To make this comparison
easier, the "φ distribution is also shown on linear vertical
scale in Fig. 12d. A plausible explanation for the excess of
SPS in the distribution is the presence of a non-constant con-
tribution to the di-J/ψ final state from feed-down of back-
to-back SPS pair production from excited charmonium states

which could change the kinematic properties of the SPS dis-
tribution [12,42].

To further understand the relative SPS and DPS compo-
sition of events in the normalisation region, the distributions
of di-J/ψ invariant mass, "y and di-J/ψ pT are shown in
Fig. 13 for events in the kinematic region "φ ≤ π/2. There
is a clear difference in the shape of the SPS and DPS dis-
tributions. The SPS estimate has a much larger peak at low
mass, and the DPS distribution falls off much more quickly
as a function of the di-J/ψ pT. The SPS "y distribution
has a large peak near zero and the DPS distribution is flatter.
The different shapes of the distributions, as well as the DPS
domination at large "y in this region, further confirms the
choice of the normalisation region.

Reference [10] states that if the data are SPS-dominated,
feed-down events should be primarily from LO ψ(2S) and
J/ψ production and can make up 40% of the SPS cross-
section. This matches the peaks due to events with an away
topology observed in the "φ and di-J/ψ pT distributions at
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in Fig. 11c with that in Fig. 12a shows that the events in
the region of excess ("y ≥ 1.8) have large di-J/ψ invariant
mass, as expected from the relationship between the invariant
mass and the difference in rapidity. The di-J/ψ transverse
momentum, shown in Fig. 12b, has an SPS peak near zero
and then falls off monotonically while the DPS peaks at a
slightly larger pT. This indicates that the two J/ψ mesons
are produced in an away topology. The "φ distribution in
this region, shown in Fig. 12c, is not uniform as would be
expected for a pure DPS: there is a large SPS peak from the
away topology peaked at "φ ≈ π . To make this comparison
easier, the "φ distribution is also shown on linear vertical
scale in Fig. 12d. A plausible explanation for the excess of
SPS in the distribution is the presence of a non-constant con-
tribution to the di-J/ψ final state from feed-down of back-
to-back SPS pair production from excited charmonium states

which could change the kinematic properties of the SPS dis-
tribution [12,42].

To further understand the relative SPS and DPS compo-
sition of events in the normalisation region, the distributions
of di-J/ψ invariant mass, "y and di-J/ψ pT are shown in
Fig. 13 for events in the kinematic region "φ ≤ π/2. There
is a clear difference in the shape of the SPS and DPS dis-
tributions. The SPS estimate has a much larger peak at low
mass, and the DPS distribution falls off much more quickly
as a function of the di-J/ψ pT. The SPS "y distribution
has a large peak near zero and the DPS distribution is flatter.
The different shapes of the distributions, as well as the DPS
domination at large "y in this region, further confirms the
choice of the normalisation region.

Reference [10] states that if the data are SPS-dominated,
feed-down events should be primarily from LO ψ(2S) and
J/ψ production and can make up 40% of the SPS cross-
section. This matches the peaks due to events with an away
topology observed in the "φ and di-J/ψ pT distributions at

123

Eur. Phys. J. C (2017) 77 :76 Page 15 of 34 76

)ψ,J/ψy(J/∆
0 0.5 1 1.5 2 2.5 3 3.5 4

y 
[p

b/
0.

3]
∆

/dσ d

2−10

1−10

1

10
 2.1%± = 9.2% DPSf

Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(a)

)ψ,J/ψ(J/φ∆
0 0.5 1 1.5 2 2.5 3

/8
)]

π
 [p

b/
(

φ∆
/dσ d

2−10

1−10

1

10

210  2.1%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(b)

) [GeV]ψ J/ψm(J/
10 20 30 40 50 60 70 80

) [
pb

/5
 G

eV
]

ψ
 J

/
ψ

/d
m

(J
/

σ d

3−10

2−10

1−10

1

10

210
 2.1%± = 9.5% DPSf

Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(c)

) [GeV]ψ J/ψ(J/
T

p
0 10 20 30 40 50 60 70

) [
pb

/2
.5

 G
eV

]
ψ

 J
/

ψ
(J

/
T

/d
p

σd

2−10

1−10

1

10

210

 2.2%±

.

ATLAS
-1 = 8 TeV, 11.4 fbs

(d)

 = 9.5% DPSf
Data
DPS Estimate
DPS Pred
NLO* SPS+DPS Pred.

Fig. 11 The DPS and total differential cross-sections as a function
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DPS predictions are normalised to the value of fDPS found in the data
and the NLO* SPS predictions are multiplied by a constant feed-down
correction factor. The data-driven DPS-weighted distribution and the
total data distribution are compared to the DPS theory prediction and
the total SPS+DPS prediction

in the SPS and DPS distributions are not included in these
figures.

A comparison of the di-J/ψ invariant mass distribution
in Fig. 11c with that in Fig. 12a shows that the events in
the region of excess ("y ≥ 1.8) have large di-J/ψ invariant
mass, as expected from the relationship between the invariant
mass and the difference in rapidity. The di-J/ψ transverse
momentum, shown in Fig. 12b, has an SPS peak near zero
and then falls off monotonically while the DPS peaks at a
slightly larger pT. This indicates that the two J/ψ mesons
are produced in an away topology. The "φ distribution in
this region, shown in Fig. 12c, is not uniform as would be
expected for a pure DPS: there is a large SPS peak from the
away topology peaked at "φ ≈ π . To make this comparison
easier, the "φ distribution is also shown on linear vertical
scale in Fig. 12d. A plausible explanation for the excess of
SPS in the distribution is the presence of a non-constant con-
tribution to the di-J/ψ final state from feed-down of back-
to-back SPS pair production from excited charmonium states

which could change the kinematic properties of the SPS dis-
tribution [12,42].

To further understand the relative SPS and DPS compo-
sition of events in the normalisation region, the distributions
of di-J/ψ invariant mass, "y and di-J/ψ pT are shown in
Fig. 13 for events in the kinematic region "φ ≤ π/2. There
is a clear difference in the shape of the SPS and DPS dis-
tributions. The SPS estimate has a much larger peak at low
mass, and the DPS distribution falls off much more quickly
as a function of the di-J/ψ pT. The SPS "y distribution
has a large peak near zero and the DPS distribution is flatter.
The different shapes of the distributions, as well as the DPS
domination at large "y in this region, further confirms the
choice of the normalisation region.

Reference [10] states that if the data are SPS-dominated,
feed-down events should be primarily from LO ψ(2S) and
J/ψ production and can make up 40% of the SPS cross-
section. This matches the peaks due to events with an away
topology observed in the "φ and di-J/ψ pT distributions at
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of a the difference in rapidity between the two J/ψ mesons, b the
azimuthal angle between the two J/ψ mesons, c the invariant mass of
the di-J/ψ , d the transverse momentum of the di-J/ψ . Shown are the
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DPS predictions are normalised to the value of fDPS found in the data
and the NLO* SPS predictions are multiplied by a constant feed-down
correction factor. The data-driven DPS-weighted distribution and the
total data distribution are compared to the DPS theory prediction and
the total SPS+DPS prediction

in the SPS and DPS distributions are not included in these
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A comparison of the di-J/ψ invariant mass distribution
in Fig. 11c with that in Fig. 12a shows that the events in
the region of excess ("y ≥ 1.8) have large di-J/ψ invariant
mass, as expected from the relationship between the invariant
mass and the difference in rapidity. The di-J/ψ transverse
momentum, shown in Fig. 12b, has an SPS peak near zero
and then falls off monotonically while the DPS peaks at a
slightly larger pT. This indicates that the two J/ψ mesons
are produced in an away topology. The "φ distribution in
this region, shown in Fig. 12c, is not uniform as would be
expected for a pure DPS: there is a large SPS peak from the
away topology peaked at "φ ≈ π . To make this comparison
easier, the "φ distribution is also shown on linear vertical
scale in Fig. 12d. A plausible explanation for the excess of
SPS in the distribution is the presence of a non-constant con-
tribution to the di-J/ψ final state from feed-down of back-
to-back SPS pair production from excited charmonium states

which could change the kinematic properties of the SPS dis-
tribution [12,42].

To further understand the relative SPS and DPS compo-
sition of events in the normalisation region, the distributions
of di-J/ψ invariant mass, "y and di-J/ψ pT are shown in
Fig. 13 for events in the kinematic region "φ ≤ π/2. There
is a clear difference in the shape of the SPS and DPS dis-
tributions. The SPS estimate has a much larger peak at low
mass, and the DPS distribution falls off much more quickly
as a function of the di-J/ψ pT. The SPS "y distribution
has a large peak near zero and the DPS distribution is flatter.
The different shapes of the distributions, as well as the DPS
domination at large "y in this region, further confirms the
choice of the normalisation region.

Reference [10] states that if the data are SPS-dominated,
feed-down events should be primarily from LO ψ(2S) and
J/ψ production and can make up 40% of the SPS cross-
section. This matches the peaks due to events with an away
topology observed in the "φ and di-J/ψ pT distributions at
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Fig. 13 The PP, DPS, and SPS total cross-section distributions in the
reduced kinematic region of !φ ≤ π /2 for a the di-J/ψ invariant mass,
b the difference in rapidity between the two J/ψ mesons, and c the
di-J/ψ transverse momentum. The same binning as in Fig. 11 is used.

Because the SPS and DPS distributions are determined from a data-
driven method, the statistics are the same as the data. Therefore the
errors in the SPS and DPS distributions are not included in these figures
as they are derived from the data and would obscure the data distribution

the relative uncertainties the same before and after extrapola-
tion. The cross-section in the fiducial volume of this analysis
is σJ/ψ =429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat)± 0.5(syst))%.

The DPS cross-section, corrected for the muon acceptance
in the full J/ψ rapidity range is measured to be:

σ
J/ψ,J/ψ

DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF)

± 0.3 (lumi) pb.

A small difference is found between the DPS cross-section
measured in the inclusive volume and the cross-section
extrapolated from the fiducial volume. This difference is
introduced by fluctuations in the DPS distributions from the

acceptance weight which is used to extrapolate to the inclu-
sive volume, and is smaller than the statistical error. The
effective cross-section obtained from these inputs is mea-
sured to be:

σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF)

± 0.1 (lumi) mb.

The effective cross-section measured in this analysis is com-
pared to measurements from other experiments and processes
in Fig. 14. In Fig. 15 the effective cross-sections are shown
as a function of

√
s. In defining the effective cross-section,

assumptions are made which lead to process and energy inde-
pendence although there is no theoretical need for this inde-
pendence. More measurements of the effective cross-section
at different energies will be helpful to test this assumption.
The ATLAS and D0 [29] analyses provide a hint that the
effective cross-section measured from the prompt di-J/ψ
final state could be lower than that measured for the other final
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reduced kinematic region of !φ ≤ π /2 for a the di-J/ψ invariant mass,
b the difference in rapidity between the two J/ψ mesons, and c the
di-J/ψ transverse momentum. The same binning as in Fig. 11 is used.

Because the SPS and DPS distributions are determined from a data-
driven method, the statistics are the same as the data. Therefore the
errors in the SPS and DPS distributions are not included in these figures
as they are derived from the data and would obscure the data distribution

the relative uncertainties the same before and after extrapola-
tion. The cross-section in the fiducial volume of this analysis
is σJ/ψ =429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat)± 0.5(syst))%.

The DPS cross-section, corrected for the muon acceptance
in the full J/ψ rapidity range is measured to be:

σ
J/ψ,J/ψ

DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF)

± 0.3 (lumi) pb.

A small difference is found between the DPS cross-section
measured in the inclusive volume and the cross-section
extrapolated from the fiducial volume. This difference is
introduced by fluctuations in the DPS distributions from the

acceptance weight which is used to extrapolate to the inclu-
sive volume, and is smaller than the statistical error. The
effective cross-section obtained from these inputs is mea-
sured to be:

σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF)

± 0.1 (lumi) mb.

The effective cross-section measured in this analysis is com-
pared to measurements from other experiments and processes
in Fig. 14. In Fig. 15 the effective cross-sections are shown
as a function of

√
s. In defining the effective cross-section,

assumptions are made which lead to process and energy inde-
pendence although there is no theoretical need for this inde-
pendence. More measurements of the effective cross-section
at different energies will be helpful to test this assumption.
The ATLAS and D0 [29] analyses provide a hint that the
effective cross-section measured from the prompt di-J/ψ
final state could be lower than that measured for the other final

123

Eur. Phys. J. C (2017) 77 :76 Page 17 of 34 76

) [GeV]ψ J/ψm(J/
10 20 30 40 50 60 70 80

) [
pb

/5
 G

eV
]

ψ
 J

/
ψ

/d
m

(J
/

σd

3−10

2−10

1−10

1

10

210

/2π≤φ∆
 3.1%± = 10.1% DPSf

Data
DPS Estimate
SPS Estimate

ATLAS
-1 = 8 TeV, 11.4 fbs

(a)
)ψ,J/ψy(J/∆

0 0.5 1 1.5 2 2.5 3 3.5 4

y 
[p

b/
0.

3]
∆

/dσd

2−10

1−10

1

10
/2π≤φ∆

 3.2%± = 9.4% DPSf
Data
DPS Estimate
SPS Estimate

ATLAS
-1 = 8 TeV, 11.4 fbs

(b)

) [GeV]ψ J/ψ(J/
T

p
0 10 20 30 40 50 60 70

) [
pb

/2
.5

 G
eV

]
ψ

 J
/

ψ
(J

/
T

/d
p

σd

2−10

1−10

1

10
/2π≤φ∆

 3.2%± = 10.0% DPSf
Data
DPS Estimate
SPS Estimate

ATLAS
-1 = 8 TeV, 11.4 fbs

(c)

Fig. 13 The PP, DPS, and SPS total cross-section distributions in the
reduced kinematic region of !φ ≤ π /2 for a the di-J/ψ invariant mass,
b the difference in rapidity between the two J/ψ mesons, and c the
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Because the SPS and DPS distributions are determined from a data-
driven method, the statistics are the same as the data. Therefore the
errors in the SPS and DPS distributions are not included in these figures
as they are derived from the data and would obscure the data distribution

the relative uncertainties the same before and after extrapola-
tion. The cross-section in the fiducial volume of this analysis
is σJ/ψ =429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat)± 0.5(syst))%.

The DPS cross-section, corrected for the muon acceptance
in the full J/ψ rapidity range is measured to be:

σ
J/ψ,J/ψ

DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF)

± 0.3 (lumi) pb.

A small difference is found between the DPS cross-section
measured in the inclusive volume and the cross-section
extrapolated from the fiducial volume. This difference is
introduced by fluctuations in the DPS distributions from the

acceptance weight which is used to extrapolate to the inclu-
sive volume, and is smaller than the statistical error. The
effective cross-section obtained from these inputs is mea-
sured to be:

σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF)

± 0.1 (lumi) mb.

The effective cross-section measured in this analysis is com-
pared to measurements from other experiments and processes
in Fig. 14. In Fig. 15 the effective cross-sections are shown
as a function of

√
s. In defining the effective cross-section,

assumptions are made which lead to process and energy inde-
pendence although there is no theoretical need for this inde-
pendence. More measurements of the effective cross-section
at different energies will be helpful to test this assumption.
The ATLAS and D0 [29] analyses provide a hint that the
effective cross-section measured from the prompt di-J/ψ
final state could be lower than that measured for the other final
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The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:
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in the full J/ψ rapidity range is measured to be:
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extrapolated from the fiducial volume. This difference is
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tion. The cross-section in the fiducial volume of this analysis
is σJ/ψ =429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat)± 0.5(syst))%.

The DPS cross-section, corrected for the muon acceptance
in the full J/ψ rapidity range is measured to be:
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DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF)

± 0.3 (lumi) pb.

A small difference is found between the DPS cross-section
measured in the inclusive volume and the cross-section
extrapolated from the fiducial volume. This difference is
introduced by fluctuations in the DPS distributions from the

acceptance weight which is used to extrapolate to the inclu-
sive volume, and is smaller than the statistical error. The
effective cross-section obtained from these inputs is mea-
sured to be:

σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF)

± 0.1 (lumi) mb.

The effective cross-section measured in this analysis is com-
pared to measurements from other experiments and processes
in Fig. 14. In Fig. 15 the effective cross-sections are shown
as a function of
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s. In defining the effective cross-section,

assumptions are made which lead to process and energy inde-
pendence although there is no theoretical need for this inde-
pendence. More measurements of the effective cross-section
at different energies will be helpful to test this assumption.
The ATLAS and D0 [29] analyses provide a hint that the
effective cross-section measured from the prompt di-J/ψ
final state could be lower than that measured for the other final
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tion. The cross-section in the fiducial volume of this analysis
is σJ/ψ =429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the !y distribution since
it has a well-known DPS distribution, and the other distri-
butions are used as a cross-check. Using the !y distribution
the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat)± 0.5(syst))%.

The DPS cross-section, corrected for the muon acceptance
in the full J/ψ rapidity range is measured to be:
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DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF)

± 0.3 (lumi) pb.

A small difference is found between the DPS cross-section
measured in the inclusive volume and the cross-section
extrapolated from the fiducial volume. This difference is
introduced by fluctuations in the DPS distributions from the

acceptance weight which is used to extrapolate to the inclu-
sive volume, and is smaller than the statistical error. The
effective cross-section obtained from these inputs is mea-
sured to be:

σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF)

± 0.1 (lumi) mb.

The effective cross-section measured in this analysis is com-
pared to measurements from other experiments and processes
in Fig. 14. In Fig. 15 the effective cross-sections are shown
as a function of

√
s. In defining the effective cross-section,

assumptions are made which lead to process and energy inde-
pendence although there is no theoretical need for this inde-
pendence. More measurements of the effective cross-section
at different energies will be helpful to test this assumption.
The ATLAS and D0 [29] analyses provide a hint that the
effective cross-section measured from the prompt di-J/ψ
final state could be lower than that measured for the other final
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PP di-J/ψ signal events in the fiducial volume, not corrected
for the acceptance, is 1160 ± 70.

5 Double parton scattering

Due to the decrease in the average fraction of the incom-
ing proton momentum carried by a parton at large centre-
of-mass energies, the parton densities rapidly increase and
therefore DPS phenomena can be of substantial importance
at the LHC. The DPS cross-section is dependent on the trans-
verse distance between partons, and should decrease quickly
as a function of transverse energy. Since at the LHC ener-
gies, J/ψ meson production is dominated by gluon–gluon
interactions, the DPS cross-section is sensitive to the spatial
distribution of gluons in the proton [64].

A simplified ansatz for defining the DPS cross-section in
terms of the production cross-sections of the two final states
and an effective cross-section is described in Ref. [65] as:

σeff = 1
2

σ 2
J/ψ

σ
J/ψ,J/ψ

DPS

= 1
2

σ 2
J/ψ

fDPS × σJ/ψ J/ψ
, (4)

where fDPS is the fraction of PP di-J/ψ events that are due
to DPS. The factor of 1/2 is because the two final states for
di-J/ψ events are identical.

The effective cross-section, σeff , is related to the spatial
separation between partons inside the proton. In the deriva-
tion of the effective cross-section ansatz, process and energy
independence are assumed to be first-order approximations
in perturbative QCD predictions. There are possible correla-
tions between the fractional momenta of the incoming par-
tons, the fractional momenta of the partons and the impact
parameter, as well as spin and colour correlations that are not
addressed in this simplified ansatz. These correlations and a
modified effective cross-section ansatz which accounts for
these possible correlations are described in Refs. [66–69].

Completely uncorrelated scatterings and the factorisation
of the contributions to the cross-section described by the
ansatz would lead to a universal effective cross-section which
would be close to the inelastic cross-section. The measured
values of the effective cross-section from multiple experi-
ments range from about 5 to 20 mb [22,25–28,30,31,33–
35,37] for centre-of-mass energies of 630 GeV to 8 TeV.

5.1 Data-driven model-independent approach

One of the goals of this analysis is to measure the fraction of
DPS events, fDPS, as a function of various parameters such
as the mass and pT of the di-J/ψ system and the difference
in rapidity and the azimuthal angle between the two J/ψ
mesons in order to probe regions of phase space that are
sensitive to different processes. A second goal of this analysis

is to use the di-J/ψ DPS cross-section obtained from the
measured fDPS to determine the effective cross-section of
DPS. Additionally the modelling and subtraction of the DPS
yield can be useful for studies of SPS quarkonium production
models.

A common method for extracting the DPS contribution
involves fitting DPS and SPS templates to the data. The the-
oretical predictions for the SPS distributions depend on per-
turbative QCD corrections of various orders and on J/ψ
production models [20,70–81]. By forming a template based
on data, that dependence can be minimised.

In constructing the data-driven DPS template, it is assumed
that the two J/ψ candidates are produced independently of
each other. The DPS sample is therefore simulated by com-
bining re-sampled J/ψ mesons from two different random
events in the di-J/ψ sample which pass the requirements.
By using events from the di-J/ψ sample, it is ensured that
the J/ψ candidates in the DPS sample have the same kine-
matics as the data. The distribution of the absolute difference
between the rapidities, #y, against the absolute difference
between the azimuthal angles, #φ, of the two J/ψ candi-
dates for this DPS sample is shown in Fig. 7a. The template
for the SPS component, shown in Fig. 7b, is obtained by
subtracting the DPS template from the #y against #φ dis-
tribution of the background-subtracted data. The DPS con-
tribution is normalised to the data in the region #y ≥ 1.8
and #φ ≤ π/2, where DPS is assumed to dominate and SPS
is assumed to be negligible. The DPS-dominated region is
determined after a careful study of the data. The #y require-
ment is determined as before this region the data drops off
quickly with #y and after it flattens out which is indicative of
a dominant DPS contribution. After examining the data, it is
observed that the peak at #φ = π has a large tail in #y and
therefore an additional requirement is placed to avoid this
tail. Additionally, theoretical predictions [10,11] show that
SPS is negligible in this region. The assumption of and sensi-
tivity to the definition of the DPS-dominated region is tested
by increasing the #y and varying the #φ requirements. By
increasing the #y requirement to a smaller region in which
SPS is known to be negligible, the possibility of a SPS tail
making it into the normalisation region is determined. Tests
of the normalisation are included in Sect. 7.2. At low #φ

and large #y, DPS dominates and this validates the choice
of region used to normalise the DPS template to the data
(#y ≥ 1.8, #φ ≤ π/2).

From the 2-D data-driven templates of the SPS and DPS
distribution, the DPS and SPS event weights,wDPS andwSPS,
are:

wDPS(#φ, #y) = NDPS(#φ, #y)
NData(#φ, #y)

,

wSPS(#φ, #y) = NSPS(#φ, #y)
NData(#φ, #y)

, (5)
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Fig. 14 The effective cross-section of DPS from different energies
and final states measured by the AFS experiment [36], the UA2 exper-
iment [37], the CDF experiment [32,35], the D0 experiment [29–
31,33,34], the CMS experiment [26], the LHCb experiment [22,28],
and the ATLAS experiment [25,27,38]. The inner error bars represent

the statistical uncertainties and the outer error bars represent the sum
in quadrature of the statistical and systematic uncertainties. Dashed
arrows indicate lower limits and the vertical line represents the AFS
measurement published without uncertainties

states. It is interesting to note that the di-J/ψ , J/ψ+ϒ [30],
and 4-jet [35,37,38] processes are each dominated by gluon
interactions and therefore should directly probe the gluon
distribution in the proton [40,64,85]. However other analy-
ses of gluon dominated processes [22,28] measured a larger
effective cross-sections in these states. Additional studies
could help to learn more about DPS and the dependencies of
the effective cross-section. The pion cloud model [86] pre-
dicts a smaller average transverse distance between gluons
in the nucleon than between quarks. Such a difference could
produce a lower effective cross-section for gluon-dominated
processes.

8 Summary

In summary, using 11.4 fb−1 of
√
s = 8 TeV proton–

proton collision data, the first study of prompt J/ψ pairs
from the ATLAS detector at the LHC is presented. The
differential cross-section as a function of the sub-leading

J/ψ pT, di-J/ψ pT, and di-J/ψ mass are measured
for two rapidity regions of the sub-leading J/ψ meson:
|y(J/ψ2)| < 1.05 and 1.05 ≤ |y(J/ψ2)| < 2.1. Inte-
grating over the pT of the muons, the cross-section is
82.2± 8.3 (stat)± 6.3 (syst)± 0.9 (BF)± 1.6 (lumi) pb in the
central region and 78.3 ± 9.2 (stat) ± 6.6 (syst) ± 0.9 (BF)
± 1.5 (lumi) pb in the forward region. This measurement
assumes unpolarised J/ψ mesons and does not include the
J/ψ spin-alignment systematic uncertainty. In the muon
fiducial volume, pT(µ) > 2.5 GeV, |η(µ)| < 2.3, and the
triggered J/ψ having both muons with pT(µ) > 4.0 GeV,
the cross-section is 15.6 ± 1.3 (stat) ± 1.2 (syst) ± 0.2 (BF)
± 0.3 (lumi) pb for |y(J/ψ2)| < 1.05 and 13.5 ± 1.3 (stat)
± 1.1 (syst) ± 0.2 (BF) ± 0.3 (lumi) pb for 1.05 ≤ |y(J/ψ2)|
< 2.1. No assumptions are made about the J/ψ polarisation
in the muon fiducial volume.

Using a data-driven method, the fraction of double par-
ton scattering processes in a single proton–proton collision
is measured to be fDPS = (9.2 ± 2.1 (stat) ± 0.5 (syst))% in
the muon fiducial volume. The shapes of the measured double
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≈ 2.2 mb if fDPS ≈ 30% 

!
LHCb (√s = 13 TeV, J/ψ + J/ψ, 2017, 

arXiv:1612.07451) 
model-dependent 

estimations in range 
10.0 – 12.5 mb

http://dx.doi.org/10.1007/JHEP09(2014)094
https://doi.org/10.1016/j.physletb.2015.10.083
http://dx.doi.org/10.1007/JHEP05(2017)013
https://arxiv.org/abs/1612.07451
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Fig. 15 The effective cross-section of DPS as a function of the centre-
of-mass energy,

√
s, for the UA2 experiment [37], the CDF exper-

iment [32,35], the D0 experiment [29–31,33,34], the CMS experi-
ment [26], the LHCb experiment [22,28], and the ATLAS experi-
ment [25,27,38]. The inner error bars represent the statistical uncer-

tainties and the outer error bars represent the sum in quadrature of the
statistical and systematic uncertainties. Dashed arrows indicate lower
limits. For clarity, measurements at identical centre-of-mass energies
are slightly offset in

√
s

parton scattering distributions are consistent with model pre-
dictions. For single parton scattering, the results are charac-
terised by distributions wider than the next-to-leading-order
predictions as seen in the absolute difference between the
rapidities of the two J/ψ , the absolute difference between
the azimuthal angles, the invariant mass of the di-J/ψ , and
the di-J/ψ transverse momentum.

A significant fraction of events appear to correspond to
a topology in which the two colour singlet J/ψ mesons are
produced in the same direction and back-to-back with respect
to an additional gluon. This topology is only included in next-
to-leading-order calculations. A theoretical model based on
leading-order DPS plus next-to-leading-order-colour singlet
model SPS predictions without loops (NLO*) describes the
data well, including in the kinematic regions where NLO con-
tributions dominate. Possible explanations for the difference
between the data and theoretical predictions at large "y and
invariant mass might be the need to include a large effect due
to the inclusion of the intrinsic parton transverse momen-
tum or a contribution via feed-down from a colour-singlet
ψ(2S) meson which does not have the same kinematic prop-
erties as the NLO* SPS predictions. The contribution from
feed-down can amount to 40% of the single parton scatter-
ing cross-section. Further studies of the pair production of
J/ψ mesons would give an opportunity to further constrain
quarkonium production models and provide information on
spin physics and heavy ion physics.

From these inputs, the effective cross-section for prompt
J/ψ meson pair production at

√
s = 8 TeV is measured

to be σeff = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF) ±
0.1 (lumi) mb. The data suggest that the effective cross-
section measured from the prompt di-J/ψ final state could
be lower than that measured for the other final states.
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Production measurements of ψ(2S) and X(3872)

10

‣ Trigger on a pair of muons 
successfully fitted to a 
common vertex 

‣ √s = 8 TeV 

‣ Lint = 11.4 fb-1 

‣ Final state: J/ψπ+π–

‣ Selection: 
• |ηµ| < 2.3 and pTµ > 4 GeV 
• mµµ must fall into mJ/ψ ±120 MeV 
• |ηπ| < 2.4 and pTπ > 0.6 GeV 
• |y(J/ψπ+π–)| < 0.75 
• 10 < pT(J/ψπ+π–) < 70 GeV 
• ∆R(J/ψ, π±) < 0.5 
• m(J/ψπ+π–) – m(J/ψ) – m(π+π–) < 0.3 GeV
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Figure 1. (a) The invariant mass distribution of the J/ψ candidates satisfying all selection criteria
except the ±120MeV J/ψ mass window requirement indicated here by the dotted vertical lines.
The curve shows the result of a fit with a double-Gaussian function for signal and a second-order
polynomial for background. (b) Invariant mass of the selected J/ψπ+π− candidates collected over
the full pT range 10–70GeV and the rapidity range |y| < 0.75 after selection requirements. The curve
shows the results of the fit using double-Gaussian functions for the ψ(2S) and X(3872) peaks and a
fourth-order polynomial for the background. The X(3872) mass range is highlighted in the inset.

function is the sum of a fourth-order polynomial background and two double-Gaussian

functions. The double-Gaussian functions for ψ(2S) and X(3872) contain about 470 k and

30 k candidates, respectively.

Monte Carlo (MC) simulation is used to study the selection and reconstruction ef-

ficiencies. The MC samples with b-hadron production and decays are generated with

Pythia 6.4 [17], complemented, where necessary, with a dedicated extension for Bc pro-

duction based on calculations from refs. [18–21]. The decays of b-hadrons are then simulated

with EvtGen [22]. The generated events are passed through a full simulation of the detec-

tor using the ATLAS simulation framework [23] based on Geant4 [24, 25] and processed

with the same software as that used for the data.

4 Analysis method

The production cross sections of the ψ(2S) and X(3872) states decaying to J/ψπ+π−

are measured in five bins of J/ψπ+π− transverse momentum, with bin boundaries

(10, 12, 16, 22, 40, 70)GeV.

The selected J/ψπ+π− candidates are weighted in order to correct for signal loss at

various stages of the selection process. Following previous similar analyses [13, 14] a per-

candidate weight ω was calculated as

ω =
[
A(pT, y) · ϵtrig(pµ

±

T , ηµ
±
, yJ/ψ) · ϵµ(pµ+T , ηµ+) · ϵµ(pµ−T , ηµ−) · ϵπ(pπ+T , ηπ+) · ϵπ(pπ−T , ηπ−)

]−1
.

(4.1)

Here, pT and y stand for the transverse momentum and rapidity of the J/ψπ+π− candidate,

yJ/ψ is the rapidity of the J/ψ candidate, while pπ
±

T , pµ
±

T , ηπ
±

and ηµ
±

are transverse

– 4 –
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Figure 5. Measured cross section times branching fractions as a function of pT for (a) prompt
ψ(2S) production compared to NLO NRQCD [29], the kT factorisation model [30] and the NNLO*
CSM [32], and (b) non-prompt ψ(2S) production compared to FONLL [28] predictions.

D0D̄∗0 molecular state [12], with the production being dominated by the χc1(2P ) com-

ponent and the normalisation fixed through the fit to CMS data [10]. The measured

differential cross section for non-prompt production of X(3872) is shown in figure 6(b).

This is compared to a calculation based on the FONLL model prediction for ψ(2S), re-

calculated for X(3872) using the kinematic template for the non-prompt X(3872)/ψ(2S)

ratio shown in figure 3(b) and the effective value of the product of the branching fractions

B(B → X(3872))B(X(3872) → J/ψπ+π−) = (1.9±0.8)×10−4 estimated in ref. [11] based

on the Tevatron data [33]. This calculation overestimates the data by a factor increasing

with pT from about four to about eight over the pT range of this measurement.

The non-prompt fractions of ψ(2S) and X(3872) production are shown in figure 7. In

the case of ψ(2S), fNP increases with pT, in good agreement with measurements obtained

with dimuon decays of ψ(2S) from ATLAS [14] and CMS [34]. The non-prompt fraction

of X(3872) shows no sizeable dependence on pT. This measurement agrees within errors

with the CMS result obtained at
√
s =7TeV [10].

The numerical values of all cross sections and fractions shown in figures 4–7 are pre-

sented in table 6.
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Figure 6. Measured cross section times branching fractions as a function of pT for (a) prompt
X(3872) compared to NLO NRQCD predictions with the X(3872) modelled as a mixture of χc1(2P )
and a D0D̄∗0 molecular state [12], and (b) non-prompt X(3872) compared to the FONLL [28] model
prediction, recalculated using the branching fraction estimate from ref. [11] as described in the text.
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Figure 7. Measured non-prompt fractions for (a) ψ(2S) and (b) X(3872) production, compared
to CMS results at

√
s = 7TeV. The blue circles are the results shown in this paper, while the green

squares show CMS results [10, 34].
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Figure 6. Measured cross section times branching fractions as a function of pT for (a) prompt
X(3872) compared to NLO NRQCD predictions with the X(3872) modelled as a mixture of χc1(2P )
and a D0D̄∗0 molecular state [12], and (b) non-prompt X(3872) compared to the FONLL [28] model
prediction, recalculated using the branching fraction estimate from ref. [11] as described in the text.
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Figure 7. Measured non-prompt fractions for (a) ψ(2S) and (b) X(3872) production, compared
to CMS results at

√
s = 7TeV. The blue circles are the results shown in this paper, while the green

squares show CMS results [10, 34].
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Figure 6. Measured cross section times branching fractions as a function of pT for (a) prompt
X(3872) compared to NLO NRQCD predictions with the X(3872) modelled as a mixture of χc1(2P )
and a D0D̄∗0 molecular state [12], and (b) non-prompt X(3872) compared to the FONLL [28] model
prediction, recalculated using the branching fraction estimate from ref. [11] as described in the text.
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Figure 7. Measured non-prompt fractions for (a) ψ(2S) and (b) X(3872) production, compared
to CMS results at

√
s = 7TeV. The blue circles are the results shown in this paper, while the green

squares show CMS results [10, 34].
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The ψ(2S) cross-section measurements show good consistency with the theoretical

predictions based on NLO NRQCD and FONLL for prompt and non-prompt production,

respectively. The predictions from the kT factorisation model with the colour-octet com-

ponent tuned to 7TeV CMS data describe the prompt ψ(2S) measurement fairly well,

while NNLO* colour-singlet model calculations underestimate the data, especially at higher

transverse momenta.

The prompt X(3872) cross-section measurement shows good agreement with the CMS

result for transverse momenta 10GeV < pT < 30GeV where they overlap, and extends

the range of transverse momenta up to 70GeV. Good agreement is found with theoretical

predictions within the model based on NLO NRQCD, which considers X(3872) to be a

mixture of χc1(2P ) and a D0D̄∗0 molecular state, with the production being dominated by

the χc1(2P ) component and the normalisation fixed through the fit to CMS data.

The non-prompt production of ψ(2S) is described by the FONLL predictions within

the uncertainties. But the same predictions, recalculated for X(3872) using the branching

fraction extracted from the Tevatron data, overestimate the non-prompt production of

X(3872), especially at large transverse momenta.

Two models of lifetime dependence of the non-prompt production are considered: a

model with a single effective lifetime, and an alternative model with two distinctly different

effective lifetimes. The two models give compatible results for the prompt and non-prompt

differential cross sections of ψ(2S) and X(3872).

Within the single-lifetime model, assuming that non-prompt ψ(2S) and X(3872) orig-

inate from the same mix of parent b-hadrons, the following result is obtained for the ratio

of the branching fractions:

R1L
B =

B(B → X(3872) + any)B(X(3872) → J/ψπ+π−)

B(B → ψ(2S) + any)B(ψ(2S) → J/ψπ+π−)
= (3.95± 0.32(stat)± 0.08(sys))× 10−2.

(9.1)

In the two-lifetime model, the two lifetimes are fixed to expected values for X(3872)

originating from the decays of Bc and from long-lived b-hadrons, respectively, with their

relative weight determined from the fits to the data. The ratio of the branching fractions

RB is determined from the long-lived component alone:

R2L
B =

B(B → X(3872) + any)B(X(3872) → J/ψπ+π−)

B(B → ψ(2S) + any)B(ψ(2S) → J/ψπ+π−)
= (3.57± 0.33(stat)± 0.11(sys))× 10−2.

(9.2)

In the two-lifetime model, the fraction of the short-lived non-prompt component in

X(3872) production, for pT > 10GeV, is found to be

σ(pp → Bc + any)B(Bc → X(3872) + any)

σ(pp → non-prompt X(3872) + any)
= (25±13(stat)±2(sys)±5(spin))%. (9.3)

The invariant mass distributions of the dipion system in ψ(2S) → J/ψπ+π− and

X(3872) → J/ψπ+π− decays are also measured. The results disfavour a phase-space

distribution in both cases, and point strongly to the dominance of the X(3872) → J/ψρ0

mode in X(3872) decays.
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Non-prompt J/ψ production fraction at √s = 13 TeV
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I Fraction increases with p

T

I No variation with rapidity within the precision of the measurement
I No significant change between

p
s = 7 TeV and

p
s = 13 TeV

I Significant difference with measurements at lower energies
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fraction vs pT 
at various |y| intervals

fraction vs pT at central |y| region 
for ATLAS at various energies and CDF

‣ No apparent y-dependence 
‣ Fraction increases with pT 

‣ No significant change between √s = 7 TeV and √s = 13 TeV 

‣ Noticeable difference with measurements at lower energies
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B+ ! J/ K+

Candidate selection

I 2 muons fitted to a common vertex to form J/ candidates
I The 2 muons and a track fitted to a common vertex with

B

+ ! J/ K+ hypothesis

Mass fit

I Signal � double Gauss
I Combinatorial background �

linear function
I Partially reconstructed decays

B ! J/ X � hyperbolic
tangent

I Resonance background
B

± ! J/ ⇡± � Gauss (fixed
shape)

I Parameters determined from
MC:

� final-state selection as signal
� trigger prescale weights
� kinematic weights (Bp

T

and y dependent),
derived from MC and data
(sideband-subtraction)

I Relative fraction (f
B⇡ = 3.7%),

from acceptance (MC) and
external branching ratio
measurement (LHCb)
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B± mass reconstruction in B± → J/ψK±

14

the entire rapidity interval, which is shown in Figure 2, right. A B± mass value of 5279.31 ± 0.11 MeV is
determined using the weighted mean of the mass values obtained from the individual fits to each rapidity
interval, where the error is statistical only.
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Figure 1: Per-candidate mass errors for B± ! J/ K± as a function of y. These errors are calculated from track
measurements after they are re-fitted to a common B± vertex, with the vertex fit constrained by fixing the invariant
mass calculated from the two muon tracks to the world average J/ mass. The per-candidate mass errors are not
taken into account in the current mass fit. The distribution only illustrates changes of mass resolution over rapidity.
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Figure 2: (Left) B± mass fitted in several bins of y value of the B± . Errors shown in figures are statistical errors
of the fit. (Right) Mass of the B± ! J/ K± for the entire rapidity sample. The fit functions are constructed as
a weighted sum of the individual fits in y bins. The blue line shows the total fit, the green area shows the signal
component; while the blue area shows the contribution from B± ! J/ ⇡± decays. The total background is shown
as a red dashed line and the red area is a background contributions of partially reconstructed B-hadrons decaying to
J/ X , where one hadron was reconstructed while others escaped the reconstruction.

Analogously the fits are applied to B± ! J/ K± mass candidates after applying a selection cut on the
transverse decay length, L

xy

> 0.2 mm. The results are shown in Figure 3. The value of the extracted B±

mass is 5279.34 ± 0.09 MeV, where the error is statistical only.

Our two results in Table 2, the B± mass extracted from events with and without an L
xy

cut, are consistent

4

‣ 3.2 fb-1 of 13 TeV data 

‣ unbinned maximum likelihood fit with 4 components
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I The fit is stable at excellent precision (relative deviations < 0.001)
I ) excellent momentum calibration of the Inner Detector
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Fit with Lxy > 0.20mm
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B+ ! J/ K+. Fit result

Comparisons to other experiments

I Comparison to world average (PDG)
I Comparison to best single measurement (LHCb)
I Self-consistency of our result (with and without the L

xy

cut)

I The systematic uncertainty is evaluated to be 0.25 MeV
I The latter doesn’t include that of the momentum scale and vertexing

A. Maevskiy, MSU, 12.04.2016, DIS16 23/28
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‣ Good stability of the mass fit over rapidity (deviations less 
than 0.1%) 
➡ Excellent ID momentum calibration 

‣ ATLAS result is in agreement with PDG and LHCb 
‣ Systematic uncertainty estimated to be 0.25 MeV. Not full: 

• Momentum scale and vertexing uncertainties not included
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Resolution based on Bs→J/ψ(µ+µ–)φ(K+K–) events
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Summary

18

A number of heavy flavour ATLAS results presented: 

‣ A measurement of b-hadron pair production 
• Predictions for 3-µ cross-section compared to the data 
• Best overall agreement with 4-flavour MADGRAPH5_AMC@NLO+PYTHIA8 

‣ Prompt J/ψ pair production 
• A model with LO DPS + NLO-colour singlet SPS describes the data 

reasonably well 
‣ ψ(2S) and X(3872) production 

• ψ(2S) production agrees well with NLO NRQCD and FONLL predictions for 
prompt and non-prompt production, respectively 

• Prompt X(3872) agrees well with CMS and NLO NRQCD 
• FONLL prediction overestimates the non-prompt X(3872) production 

‣ Non-prompt J/ψ production fraction and B± mass reconstruction 
• One of the first Run-2 results#
• Excellent detector performance



Thank you
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DPS extraction

21

‣ Purely data-driven approach 

‣ Assumptions made: 
• In the DPS the two J/ψ are produced 

independently 
• DPS dominates and SPS is negligible in the 

region: Δy ≥ 1.8; Δφ ≤ π/2 

‣ Data templates obtained by 
combining J/ψ from two different 
random events 

‣ Templates normalised to data in 
region Δy ≥ 1.8; Δφ ≤ π/2 

‣ Subtracted to obtain SPS templates 

‣ SPS and DPS weight obtained as 
function of Δy and Δφ
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Fig. 7 The 2-D data-driven templates of !y against !φ for a DPS
obtained by combining J/ψ pairs from different events and normalis-
ing to the data and b SPS obtained by subtracting the normalised DPS

template from the data. The data-driven templates are used to calculate
the DPS and SPS event weights

where NData is the number of the background-subtracted and
bias corrected di-J/ψ data events, and NDPS(SPS) are the
number of background-subtracted and corrected DPS (SPS)
events in the normalised template.

By applying these weights as well as the PP weight, and
then extracting the di-J/ψ signal from the 2-D mass fits
in bins of the chosen variable one can extract the PP SPS-
weighted and DPS-weighted distributions of the kinematic
variables studied.

From these weights, the value of fDPS is determined.
These weighted distributions are then compared to the sum
of the LO DPS and NLO* SPS predicted distributions with
fDPS fixed to the measured experimental value. Finally, the
effective cross-section is calculated and compared to the cur-
rent measured values.

6 Systematic uncertainties

Sources of systematic uncertainty and their relative percent-
age are summarised in Table 1 for the di-J/ψ cross-section
and Table 2 for the fDPS measurement. Many of the system-
atic uncertainties cancel in the fDPS measurement.

Trigger The systematic uncertainty due to the trigger selec-
tion is estimated by creating one thousand MC templates,
varying each bin within the statistical uncertainty of the trig-
ger efficiency and determining the effect on the yield. Addi-
tionally the spatial and vertex correction are varied within
their uncertainty. Finally, a conservative uncertainty for the
MC correction is determined by calculating the efficiency
weighted yield without the application of the MC correction.
This systematic uncertainty accounts for the use of different
low-pT single-muon triggers in the MC simulation that are
not present in data and covers the possible range of trigger

Table 1 The summary of relative systematic uncertainties in the di-
J/ψ cross-section in the central and forward rapidity regions of the sub-
leading J/ψ . The systematic uncertainties for the branching fraction
and luminosity are treated separately

Systematic uncertainty: di-J/ψ cross-section [%]
Source |y(J/ψ2)| < 1.05 1.05 ≤ |y(J/ψ2)| < 2.1

Trigger ±7.5 ±8.3

Muon reconstruction ±1.1 ±1.3

Kinematic acceptance ±0.4 ±1.1

Mass model ±0.1 ±0.1

Mass bias ±0.2 ±0.2

Prompt–prompt model ±0.2 ±0.01

Differential fPP corr. ±0.6 ±0.3

Pile-up ±0.03 ±0.4

Total ±7.7 ±8.5

Branching fraction ±1.1 ±1.1

Luminosity ±1.9 ±1.9

corrections. This is the dominant source of the systematic
uncertainty due to the trigger selection.

Muon reconstruction The estimation of the systematic
uncertainty due to the two muon reconstruction efficiency
correction used in the analysis, described in Sect. 4.1, uses
the same MC method as for the trigger efficiency measure-
ment. The dominant source uncertainty comes from the sta-
tistical error in the tag-and-probe fit of Z → µµ data for
high-pT muons and J/ψ → µµ data for low-pT muons.

Kinematic acceptance Comparing the ratio with and with-
out the acceptance correction for the SPS and DPS MC
samples gives the systematic uncertainty for the assumption
that the acceptance correction can be applied independently
for each J/ψ candidate. This assumption affects only SPS
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Trigger The systematic uncertainty due to the trigger selec-
tion is estimated by creating one thousand MC templates,
varying each bin within the statistical uncertainty of the trig-
ger efficiency and determining the effect on the yield. Addi-
tionally the spatial and vertex correction are varied within
their uncertainty. Finally, a conservative uncertainty for the
MC correction is determined by calculating the efficiency
weighted yield without the application of the MC correction.
This systematic uncertainty accounts for the use of different
low-pT single-muon triggers in the MC simulation that are
not present in data and covers the possible range of trigger

Table 1 The summary of relative systematic uncertainties in the di-
J/ψ cross-section in the central and forward rapidity regions of the sub-
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and luminosity are treated separately
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corrections. This is the dominant source of the systematic
uncertainty due to the trigger selection.

Muon reconstruction The estimation of the systematic
uncertainty due to the two muon reconstruction efficiency
correction used in the analysis, described in Sect. 4.1, uses
the same MC method as for the trigger efficiency measure-
ment. The dominant source uncertainty comes from the sta-
tistical error in the tag-and-probe fit of Z → µµ data for
high-pT muons and J/ψ → µµ data for low-pT muons.
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