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ATLAS DRAFT

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC54

using large-radius jets with b-tagged subjets. This topology has been used for calibrating b-tagging in55

dense environments [50–52] and has been studied phenomenologically [53, 54]. This measurement uses56

data collected by the ATLAS detector from
p

s = 13 TeV pp collisions to build on these studies to perform57

the first di�erential cross-section measurement of g ! bb̄ at high transverse momentum inside jets –58

see Fig. 1 for a representative Feynman diagram. Small-radius jets built from charged particle tracks are59

used as proxies for the b-quark fragmentation and allow for a precision probe of the small opening angle60

regime.61

This paper is organized as follows. After a brief introduction to the ATLAS detector in Sec. 2, the data and62

simulations used for the measurement are documented in Sec. 3. Section 4 describes the event selection63

and Sec. 5 lists and motivates the observables to be measured. The key challenge in the measurement is the64

estimation of background processes, which is performed using a data-driven approach illustrated in Sec. 6.65

The data are unfolded to correct for detector distortions to allow for direct comparisons to particle-level66

predictions. This procedure is explained in Sec. 7 and the associated systematic uncertainties are detailed67

in Sec. 8. The results are presented in Sec. 9 and the paper concludes in Sec. 10.68
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Figure 1: A representative Feynman diagram for the high pT g ! bb̄ process targeted in this paper.

2 ATLAS detector69

The ATLAS detector [55] is a multi-purpose particle detector with a forward/backward-symmetric cyl-70

indrical geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking71

detector, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector is72

surrounded by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity73

range of |⌘ | < 2.5. The inner detector is composed of silicon pixel and microstrip detectors as well as a74

transition radiation tracker. For the LHC
p

s = 13 TeV run, the silicon pixel detector has been upgraded75

to include an additional Iayer close to the beam interaction point [56]. The lead/liquid-argon (LAr)76

electromagnetic sampling calorimeters with high granularity measure electromagnetic energies for the77

pseudorapidity region of |⌘ | < 3.2. Hadron energies are measured by a hadronic (iron/scintillator tile)78

calorimeter with |⌘ | < 1.7. The forward and endcap regions with 1.5 < |⌘ | < 4.9 are instrumented with79

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 2: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.
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Figure 3: Profile likelihood test statistic �2D logL scan in data as a function of the Higgs and
Z bosons signal strengths (µH, µZ).

Table 2: Fitted signal strength, expected and observed significance of the Higgs and Z boson
signal. The 95% confidence level upper limit (UL) on the Higgs boson signal strength is also
listed.

H H no pT corr. Z
Observed signal strength 2.3+1.8

�1.6 3.2+2.2
�2.0 0.78+0.23

�0.19
Expected UL signal strength < 3.3 < 4.1 —
Observed UL signal strength < 5.8 < 7.2 —
Expected significance 0.7s 0.5s 5.8s
Observed significance 1.5s 1.6s 5.1s
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Figure 2: Postfit plot of the SM Higgs boson, V + jets, tt̄ and QCD fit comparison to data. The middle panel shows
the postfit and data distributions with the QCD and tt̄ components subtracted. The lower panel shows the same
distributions when also the V + jets component is subtracted.
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ATLAS-CONF-2018-052

as an important background

Search for boosted H → bb
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distributions in data for the failing (left) and passing (right) regions and
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Figure 2: Postfit plot of the SM Higgs boson, V + jets, tt̄ and QCD fit comparison to data. The middle panel shows
the postfit and data distributions with the QCD and tt̄ components subtracted. The lower panel shows the same
distributions when also the V + jets component is subtracted.
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Figure 1: (a) Predicted flavour composition of the dijet background in the SR based on the truth-matched hadron
content of the two leading-pT track-jets associated to the signal candidate large-R jet, with the B/C labels indicating
the presence of a b/c-quark and L indicating the presence of a light quark or a gluon. (b) The expected shape of the
dijet background in the SR and CRQCD normalised to the same event count between 70 GeV < mJ < 230 GeV.

Next the large-R jet assumed to contain the decay products of the Z 0 or Higgs boson, referred to as the
signal jet candidate in the following, is chosen as the highest-pT large-R jet among those passing the
following requirements: large-R jet pT > 480 GeV, at least two associated track-jets and 2mJ/pT < 1
with mJ being the invariant mass of the large-R jet. The last requirement ensures that boosted decays are
selected.

The events are further classified based on the number of b-tagged jets in the two leading-pT track-jets
associated to the signal jet candidate. Events with exactly 0 loose b-tagged track-jets form the control
region for the non-resonant background estimation studies (CRQCD). Events with exactly 2 tight b-tagged
track-jets form the signal region (SR). The 77% b-tagging working point used in the SR was optimised for
best signal significance. The mass range considered in the analysis is from 70 GeV to 230 GeV. The lower
bound is selected to avoid turn-on e�ects while the upper bound excludes high masses not resulting in
merged decays.

Figure 1 (left) shows how the dijet background in the SR is dominated by double b-quarks plus combinations
of (b- or c-) quarks. Events with no heavy (b- or c-) quarks make up only 5%. Figure 1 (right) shows
the simulated distribution of the signal candidate large-R jet mass of the dijet background in the SR and
CRQCD and how the shapes are close to each other in the mass range of interest. The signal region has a
higher turn-on curve ending roughly at 70 GeV which is not included in the analysis.

The e�ciencies and yields in the CRQCD and SR for the considered resonant backgrounds and the Higgs
boson and Z 0 signals are shown in Table 1. The composition of the vector boson, tt̄ and H ! bb̄ resonant
components in the SR and CRQCD is shown in Table 2. The vector boson component is dominated by the
W boson in the CRQCD. However, as expected by imposing the b-tagging requirement, Z ! bb̄ is the
main contribution in the SR. The tt̄ contribution is divided equally in the two regions with ⇠ 60% coming
from hadronic decays, ⇠ 40% from semi-leptonic events and only a small percentage from di-leptonic
decays of the top quarks. The H ! bb̄ component is mainly produced via ggF in all regions, contributing
53% of the Higgs boson signal in the SR. The alternative production mechanisms also contribute in a
non-negligible manner; VBF production contributes 25% and Higgs-strahlung the remaining 22%. This

6

Mostly low-
angle g → bb

as an important background

(currently not understood well 
enough to be used ~at all!)



�5Motivation I as an important background

Many top quark 
physics analyses and 

top-like searches where 
extra b’s from gluon 

splitting are a nuisance. 
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σ

→

∆

×

SHERPA 1.43

Eur. Phys. J. C 76 (2016) 670

as an interesting QCD probe

ATLAS and CMS have measured 
di-bjet cross-sections, but the 
small-angle region is largely 

~unprobed (even by e.g. LEP)

… gives us a direct 
probe of massive QCD 

splitting function.

This measurement
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ATLAS DRAFT

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC54

using large-radius jets with b-tagged subjets. This topology has been used for calibrating b-tagging in55

dense environments [50–52] and has been studied phenomenologically [53, 54]. This measurement uses56

data collected by the ATLAS detector from
p

s = 13 TeV pp collisions to build on these studies to perform57

the first di�erential cross-section measurement of g ! bb̄ at high transverse momentum inside jets –58

see Fig. 1 for a representative Feynman diagram. Small-radius jets built from charged particle tracks are59

used as proxies for the b-quark fragmentation and allow for a precision probe of the small opening angle60

regime.61

This paper is organized as follows. After a brief introduction to the ATLAS detector in Sec. 2, the data and62

simulations used for the measurement are documented in Sec. 3. Section 4 describes the event selection63

and Sec. 5 lists and motivates the observables to be measured. The key challenge in the measurement is the64

estimation of background processes, which is performed using a data-driven approach illustrated in Sec. 6.65

The data are unfolded to correct for detector distortions to allow for direct comparisons to particle-level66

predictions. This procedure is explained in Sec. 7 and the associated systematic uncertainties are detailed67

in Sec. 8. The results are presented in Sec. 9 and the paper concludes in Sec. 10.68
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Figure 1: A representative Feynman diagram for the high pT g ! bb̄ process targeted in this paper.

2 ATLAS detector69

The ATLAS detector [55] is a multi-purpose particle detector with a forward/backward-symmetric cyl-70

indrical geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking71

detector, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector is72

surrounded by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity73

range of |⌘ | < 2.5. The inner detector is composed of silicon pixel and microstrip detectors as well as a74

transition radiation tracker. For the LHC
p

s = 13 TeV run, the silicon pixel detector has been upgraded75

to include an additional Iayer close to the beam interaction point [56]. The lead/liquid-argon (LAr)76

electromagnetic sampling calorimeters with high granularity measure electromagnetic energies for the77

pseudorapidity region of |⌘ | < 3.2. Hadron energies are measured by a hadronic (iron/scintillator tile)78

calorimeter with |⌘ | < 1.7. The forward and endcap regions with 1.5 < |⌘ | < 4.9 are instrumented with79

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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ATLAS DRAFT

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC54

using large-radius jets with b-tagged subjets. This topology has been used for calibrating b-tagging in55

dense environments [50–52] and has been studied phenomenologically [53, 54]. This measurement uses56

data collected by the ATLAS detector from
p

s = 13 TeV pp collisions to build on these studies to perform57

the first di�erential cross-section measurement of g ! bb̄ at high transverse momentum inside jets –58

see Fig. 1 for a representative Feynman diagram. Small-radius jets built from charged particle tracks are59

used as proxies for the b-quark fragmentation and allow for a precision probe of the small opening angle60

regime.61

This paper is organized as follows. After a brief introduction to the ATLAS detector in Sec. 2, the data and62

simulations used for the measurement are documented in Sec. 3. Section 4 describes the event selection63

and Sec. 5 lists and motivates the observables to be measured. The key challenge in the measurement is the64

estimation of background processes, which is performed using a data-driven approach illustrated in Sec. 6.65

The data are unfolded to correct for detector distortions to allow for direct comparisons to particle-level66

predictions. This procedure is explained in Sec. 7 and the associated systematic uncertainties are detailed67

in Sec. 8. The results are presented in Sec. 9 and the paper concludes in Sec. 10.68

q

g

q

b

b̄

Figure 1: A representative Feynman diagram for the high pT g ! bb̄ process targeted in this paper.

2 ATLAS detector69

The ATLAS detector [55] is a multi-purpose particle detector with a forward/backward-symmetric cyl-70

indrical geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking71

detector, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector is72

surrounded by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity73

range of |⌘ | < 2.5. The inner detector is composed of silicon pixel and microstrip detectors as well as a74

transition radiation tracker. For the LHC
p

s = 13 TeV run, the silicon pixel detector has been upgraded75

to include an additional Iayer close to the beam interaction point [56]. The lead/liquid-argon (LAr)76

electromagnetic sampling calorimeters with high granularity measure electromagnetic energies for the77

pseudorapidity region of |⌘ | < 3.2. Hadron energies are measured by a hadronic (iron/scintillator tile)78

calorimeter with |⌘ | < 1.7. The forward and endcap regions with 1.5 < |⌘ | < 4.9 are instrumented with79

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

12th August 2018 – 15:20 5

anti-kt R = 0.2 track jets as 
proxies for the b-quarks

anti-kt R = 1.0 trimmed 
jets as proxy for gluon

b-tag (60% efficiency) one of the track jets (increase stats 
relative to double tag) & in situ extraction of flavor fractions

Measure (unfold) kinematic properties of jets, 
acting as proxies for the quarks and gluons.

pT > 450 GeV (trigger)

pT > 10 GeV

MV2c10 ~ O(1000) rejection
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Usual suspects: DR(b,b), r = m/pT, z(pT) = pT,1 / (pT,1+pT,2)
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Usual suspects: DR(b,b), r = m/pT, z(pT) = pT,1 / (pT,1+pT,2)
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The signed impact parameter significance is 
used for the leading and sub-leading jet.

use track with second highest value; 
better modeling, though consistent 
with leading and sub-sub leading.

significances are nearly 
independent for the two 

jets given the flavor.
fitting for these!

L(data|f)

There are 9 in total (BB, BC, BL, …) but we 
merge similar ones and fit for 3: BB, B, LC. 

L =
X

j2flavor

fj

nbinsY

i=1

p
lead jet

(sd0,i
sub|j)⇥ p

sublead jet

(ssubd0,i|j)

sd0 = sign⇥ d0
�d0
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The signed impact parameter significance is 
used for the leading and sub-leading jet.

Excellent description of the data post-fit.
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This procedure is 

repeated for each bin 
of each observable.

BB ~ 20%; slightly 
over-estimated in MC, 
but shape mostly okay.

B and L+C inverted 
between data and MC.

Uncertainties from template 
shapes, fit range, etc. 
(more on this shortly)
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Similar trends for each observable.



�15Systematic uncertainties



�16Systematic uncertainties

- Uncertainties up to 300 GeV using “usual” calibration 
schemes (e.g. ttbar events for b-jet efficiency)

- Extrapolation uncertainties using simulation variations.

- As the flavor fractions are constrained with the fit, there 
is little sensitivity to these flavor tagging uncertainties.

(N.B. our fit is only post-tagging, so there is still a small dependence on the flavor tagging uncertainty)



�17Systematic uncertainties
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�18Systematic uncertainties

- Additional cross-checks: leading and sub-sub leading 
sd0; fit in bins of jet pT; re-weight jet kinematic properties.

- Vary the fit range and vary the way the templates are 
merged from 9 (BB, BC, BL, …) to 3 (BB, B, CL).
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�20Results - angular observables

Data seems to exhibit “less polarization” 
than Pythia, closer to Sherpa.
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�21Results - momentum scale observables

Significant disagreement for 
unequal sharing and low mass.



�22Conclusions and outlook

ATLAS DRAFT

The high transverse momentum and low angular separation regime for g ! bb̄ can be probed at the LHC54

using large-radius jets with b-tagged subjets. This topology has been used for calibrating b-tagging in55

dense environments [50–52] and has been studied phenomenologically [53, 54]. This measurement uses56

data collected by the ATLAS detector from
p

s = 13 TeV pp collisions to build on these studies to perform57

the first di�erential cross-section measurement of g ! bb̄ at high transverse momentum inside jets –58

see Fig. 1 for a representative Feynman diagram. Small-radius jets built from charged particle tracks are59

used as proxies for the b-quark fragmentation and allow for a precision probe of the small opening angle60

regime.61

This paper is organized as follows. After a brief introduction to the ATLAS detector in Sec. 2, the data and62

simulations used for the measurement are documented in Sec. 3. Section 4 describes the event selection63

and Sec. 5 lists and motivates the observables to be measured. The key challenge in the measurement is the64

estimation of background processes, which is performed using a data-driven approach illustrated in Sec. 6.65

The data are unfolded to correct for detector distortions to allow for direct comparisons to particle-level66

predictions. This procedure is explained in Sec. 7 and the associated systematic uncertainties are detailed67

in Sec. 8. The results are presented in Sec. 9 and the paper concludes in Sec. 10.68

q

g

q

b

b̄

Figure 1: A representative Feynman diagram for the high pT g ! bb̄ process targeted in this paper.

2 ATLAS detector69

The ATLAS detector [55] is a multi-purpose particle detector with a forward/backward-symmetric cyl-70

indrical geometry. The detector has a nearly 4⇡ coverage in solid angle1 and consists of an inner tracking71

detector, electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector is72

surrounded by a superconducting solenoid providing a 2 T magnetic field and covers a pseudorapidity73

range of |⌘ | < 2.5. The inner detector is composed of silicon pixel and microstrip detectors as well as a74

transition radiation tracker. For the LHC
p

s = 13 TeV run, the silicon pixel detector has been upgraded75

to include an additional Iayer close to the beam interaction point [56]. The lead/liquid-argon (LAr)76

electromagnetic sampling calorimeters with high granularity measure electromagnetic energies for the77

pseudorapidity region of |⌘ | < 3.2. Hadron energies are measured by a hadronic (iron/scintillator tile)78

calorimeter with |⌘ | < 1.7. The forward and endcap regions with 1.5 < |⌘ | < 4.9 are instrumented with79

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

12th August 2018 – 15:20 5

Data are public (+Rivet routine) 
… hopefully will improve 

modeling & our understanding 
of QCD in the future!   

(already discussing with Vincia, Herwig, and Sherpa authors)

We have performed a 
first differential 

measurement of g → bb 
at small opening angles.

- Flavor fractions significantly 
disagree with MC

- Significant disagreement 
for gluon polarization, low 

mbb, and unequal 
momentum sharing.
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