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Higgs at High pT

Higgs production above top threshold: 
• Dominated by gluon fusion (VBF becomes 

larger above ~800 GeV) 
• Gluon fusion cross section sensitive to 

anomalous couplings effects in the top loop 
at high pT! 

• Distinctive boosted signature: opportunity 
for inclusive H→bb measurement

[arXiv:1501.04103]

https://arxiv.org/abs/1501.04103
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Other Boosted bb Signatures

Great ATLAS exotics program looking for low mass 
boosted resonances + ISR! 

• Usually looking for leptophobic DM mediator 
models with democratic Z’→qq decays 

• How can we improve? 

Look for resonances decaying to heavy flavor! 
• Great way to reduce background 
• Maybe DM mediator has Higgs like (coupling ~ 

mass), so heavy flavor decays favored 

SM Z→bb is also there! 
• Great way to reduce background
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Event Selection

Trigger on large-R jets  
At least 1 large-R jet with 

offline pT > 480 GeV 
(~100% efficient for 

2015+16+17 triggers)

Recoiling jet and muon 
veto 

At least two large-R jets 
with pT > 250 GeV, and 
veto on isolated muons

Signal Jet 
At least one large-R jet 

with pT > 480 GeV, two VR 
track jets, and 2m/pT < 1 

Signal Region 
Two track jets are b-

tagged (77%WP MV2c10)

QCD Control Region 
Two track jets fail b-tagged 

(85%WP MV2c10)
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Signal Region

Very rich signal region 
• Many “peaky" SM contributions: W/Z and top → can be estimated with MC-based templates 
• After b-tagging, QCD in signal region is over 60% of gluon splitting to bb → needs data-driven description
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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
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A Data/MC comparisons in the signal region

Comparisons between some key distributions in the data and simulated background samples in the SR,
for illustration only as the non-resonant dijet MC is not used for background estimation in the analysis,
are shown in Figure 6. The considered backgrounds are the non-resonant dijet, Z + jets, W + jets and tt̄

processes. Good modelling of the dijet background is not is expected. The normalization is corrected
by fitting, in the range 70 GeV < mJ < 230 GeV, the signal candidate large-R jet mass distribution with
an overall normalisation scale factor which is found to be 0.903 for SR. This factor is applied in the
distributions in Figure 6. Uncertainties in the ratio plots are only statistical.

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

fatjetN

1−10

1

10

210

310

410

510

610

710

Ev
en

ts
 [ 

/ 1
 ]

W Z
tt QCD

MC Stat DataSR
-1 = 13 TeV, 80.5 fbs

 PreliminaryATLAS

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
fatjetN

0.5

1

1.5

D
at

a/
M

C
(a)

500 600 700 800 900 1000
 [GeV]

T
 jet pRSignal candidate large-

1−10

1

10

210

310

410

510

610

Ev
en

ts
 [ 

/ 1
0 

G
eV

]

W Z
tt QCD

MC Stat DataSR
-1 = 13 TeV, 80.5 fbs

 PreliminaryATLAS

500 600 700 800 900 1000
 [GeV]

T
 jet pRSignal candidate large-

0.8
1

1.2

D
at

a/
M

C

(b)

80 100 120 140 160 180 200 220

 jet mass [GeV]RSignal candidate large-

1−10

1

10

210

310

410

510

610

Ev
en

ts
 [ 

/ 5
 G

eV
]

W Z
tt QCD

MC Stat DataSR
-1 = 13 TeV, 80.5 fbs

 PreliminaryATLAS

80 100 120 140 160 180 200 220
 jet mass [GeV]RSignal candidate large-

0.8
1

1.2

D
at

a/
M

C

(c)

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

trkjetN

10

210

310

410

510

610

710

Ev
en

ts
 [ 

/ 1
 ]

W Z
tt QCD

MC Stat DataSR
-1 = 13 TeV, 80.5 fbs

 PreliminaryATLAS

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
trkjetN

0.5

1

1.5

D
at

a/
M

C

(d)

Figure 6: The data vs MC comparison in the SR (a) of the number of large-R jets with pT > 250 GeV in the event, (b)
of the leading signal candidate jet pT and (c) large-R jet mass, and (d) the number of track-jets associated to the
signal candidate are shown. All the distributions are extracted by looking at the SR. The simulated dijet contribution
is scaled by a constant factor of 0.90 in all the distributions, as determined when fitting the candidate large-R jet mass
distribution. Uncertainties in the ratio plots are only statistical. The gray band is the uncertainty from Monte Carlo
statistics.
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Multijet Background

Multijet background modeled with parametric fit of 
exponential polynomial with 5 free parameters: 

• x = (mJ - 150 GeV)/80 GeV 
• Fit starts at 70 GeV to avoid turn-on due to VR track 

jets b-tagging 

Multijet modeling hypothesis tested in QCD control 
region 

• After 70 GeV, CRqcd expected to reproduce well SR 
shape 

• To match SR stats, CRqcd is divided into slices  
• Signal injection and spurious signal tests show that 

model is unbiased
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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
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fQCD (x |θ) = θ0 exp (
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ttbar Modeling

Don’t trust ttbar MC normalization! 
• Define CRttbar with only one VR b-tag in the signal 

jet, an isolated muon requirement (pT > 40 GeV & 
Δɸ(μ, sigJet) > 2π/3), and an extra VR b-tag in the 
recoiling jet 

• Template fit (with full systematics) in CRttbar to 
extract k-factor with statistical and systematic 
uncertainties

Large-R  
jet

b-tagged VR  
track jets

Recoiling 
large-R jet

Isolated muon
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Systematic Uncertainties

contribute both to the uncertainties in the overall yield (“normalisation”) and di�erential shape of the
large-R jet mass observable (“shape”) that is used in the statistical procedure for the final search.

Systematic uncertainties associated with the QCD background are estimated with pseudoexperiments.
Poissonian toys are generated from the QCD component of the fit in the SR containing all components
(QCD, V + jets, tt̄ and exotic signal or Higgs boson components) and no nuisance parameters. The toys are
refitted with the nominal QCD function, and an alternative parametric function (formal Laurent series [66]).
These two sets of fits to toys, nominal and alternative, provide a measure of the statistical uncertainty on
the QCD parametrization (the spread of fit parameters) and of the systematic uncertainty from the choice
of fitting function (the di�erence between the two fitted shapes).

Uncertainties a�ecting all MC templates are related to the large-R jet energy and mass calibrations [67] and
the calibration of the MV2c10 algorithm [61], which impacts di�erent jet flavors with di�erent magnitudes.
Large-R jet energy and mass calibration uncertainties a�ect both the shape and normalisation of the utilized
MC templates, therefore, their impact on the analysis is assessed by varying the jet energy and mass
within their uncertainties and propagating those variations through the analysis chain. The e�ect of the jet
energy resolution uncertainty is also tested and found to be negligible. The impact of uncertainties on the
calibration of MV2c10 have been found to be independent of the large-R jet mass for both the signal and
background samples, and hence only a�ecting the signal normalisation.

Extra shape uncertainties are applied to the V + jets and tt̄ MC templates related to modeling uncertainties.
To assess these uncertainties, the large-R jet mass shapes from two di�erent MC generators are compared
in both cases. For the V + jets component, the nominal shape, generated using S����� 2.1.1, is compared
to an alternative shape, generated using Herwig++ 2.7. Similarly, for the tt̄ component, the comparison is
performed between the nominal P�����-B�� 2 shape, and the S����� 2.2.1 alternative shape.

Impact on Signals (
p
��2/µ)

Source Type V+jets Higgs Z’ (100 GeV) Z’ (175 GeV)

Jet energy and mass scale Norm. & Shape 15% 14% 23% 18%
Jet mass resolution Norm. & Shape 20% 17% 30% 20%
V + jets modeling Shape 9% 4% 4% < 1%

tt̄ modeling Shape < 1% 1% < 1% 11%
b-tagging (b) Normalisation 11% 12% 11% 15%
b-tagging (c) Normalisation 3% 1% 3% 5%
b-tagging (l) Normalisation 4% 1% 4% 7%
tt̄ scale factor Normalisation 2% 3% 2% 58%
Luminosity Normalisation 2% 2% 2% 3%

Alternative QCD function Norm. & Shape 4% 4% 3% 17%
W/Z and QCD (Theory) Normalisation 14% – – –

Higgs (Theory) Normalisation – 30% – –

Table 3: Summary of the impact of the main systematic uncertainties on the uncertainty � on the measurement of the
signal strength µ for the V + jets, Higgs boson and Z

0 signals.

As previously mentioned, the tt̄ normalisation in the signal region is constrained with the scale factor
obtained in the tt̄ enriched control region. The tt̄ scale factor has been measured with an uncertainty
of 13%, which is treated as a systematic uncertainty on the tt̄ normalisation.

9

Rank by impact on expected significance

La
rg

es
t s

ys
te

m
at

ic
 u

nc
er

ta
in

tie
s!



 9

Exotics Search

Limits on production cross section of Z’ decaying to bb, and on the Z’ couplings to quarks
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Figure 4: The reconstructed mass distribution mJ with the event reconstruction and selection as described in the text.
The solid red line depicts the background prediction, consisting of the non-resonant dijet, V + jets and tt̄ processes.
The vertical blue lines indicate the most discrepant interval identified by the B���H����� algorithm. Without
including systematic uncertainties, the probability that fluctuations of the background model would produce an excess
at least as significant as the one observed in the data anywhere in the distribution, the B���H����� probability, is
0.54. The low panel shows the bin-by-bin significances of the di�erences between the data and the fit, considering
only statistical fluctuations.
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What about the Higgs?

Gluon fusion is > 50% of our expected Higgs signal 

Very difficult to properly calculate gluon fusion Higgs 
cross section at very high pT 

• Can’t trust HEFT, need resolved top loop/top mass 
effects 

• Need high order QCD corrections on H+j process

3

where the sum runs over all final state partons i. This
scale is known to give a good convergence of the pertur-
bative expansion and stable di↵erential K-factors (ratio
of NLO to LO predictions) in the e↵ective theory [68].
To estimate the theoretical uncertainty we vary indepen-
dently µF and µR by factors of 0.5 and 2, and exclude
the opposite variations. The total uncertainty is taken
to be the envelope of this 7-point variation.

To better highlight the di↵erences arising from the two-
loop massive contributions, we compare the new results
with full top-quark mass dependence, which we label as
“full theory result” or simply “full” in the following, to
two di↵erent approximations. In addition to predictions
in the e↵ective theory, which are referred to as HEFT in
the following, we show results in which everything but
the virtual amplitudes is computed with full top-quark
mass dependence. In this latter case only the virtual
contribution is computed in the e↵ective field theory and
reweighted by the full theory Born amplitude for each
phase space point. Following Ref. [69] we call this predic-
tion “approximated full theory” and label it as FTapprox

from now on.
We start by presenting the total cross sections, which

are reported in Table I. For comparison we present results
also for the HEFT and FTapprox approximations.

Theory LO [pb] NLO [pb]

HEFT: �LO = 8.22+3.17
�2.15 �NLO = 14.63+3.30

�2.54

FTapprox: �LO = 8.57+3.31
�2.24 �NLO = 15.07+2.89

�2.54

Full: �LO = 8.57+3.31
�2.24 �NLO = 16.01+1.59

�3.73

Table I. Total cross sections at LO and NLO in the HEFT and
FTapprox approximations and with full top-quark mass depen-
dence. The upper and lower values due to scale variation are
also shown. More details can be found in the text.

Together with the prediction obtained with the central
scale defined according to Eq. (1) we show the upper and
lower values obtained by varying the scales. While at LO
the top-quark mass e↵ects lead to an increase of 4.3%, at
NLO this increase is of the order of 9% compared to the
HEFT approximation, and there is an increase of about
6% in the total NLO cross section when comparing the
FTapprox result with the full theory one. It is important
to keep in mind that when taking into account massive
bottom-quark loop contributions, the interference e↵ects
are sizable and cancel to a large extent the increase in the
total cross section observed here between the HEFT and
the full theory results (see e.g. the results in Ref. [13]).
Note, however, that the bottom-quark mass e↵ects at
LO are of the order of 2% or smaller above the top quark
threshold.

Considering more di↵erential observables, it is well
known that very significant e↵ects due to resolving the
top-quark loop are displayed by the Higgs boson trans-
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Figure 1. Higgs boson transverse momentum spectrum at LO
and NLO in QCD in HEFT and with full top-quark mass de-
pendence. The upper panel shows the di↵erential cross sec-
tions, in the middle panel we normalize all distributions to
the LO HEFT prediction and in the lower panel we show the
di↵erential K-factors for both the HEFT and the full theory
distributions. More details can be found in the text.

verse momentum distribution, which is softened for larger
values of pt,H by the full top-quark mass dependence. By
considering the high energy limit of a point-like gluon-
gluon Higgs interaction and one mediated via a quark
loop it is possible to derive the scaling of the squared
transverse momentum distribution d�/dp

2

t,H [70, 71],
which drops as (p2t,H)

�1 in the e↵ective theory, and goes
instead as (p2t,H)

�2 in the full theory. This fact was shown
to hold numerically at LO for up to three jets in Ref. [13].
It is interesting to verify this also after NLO QCD cor-
rections are applied. To do so, in Figure 1 we show the
transverse momentum spectrum of the Higgs boson at
LO and NLO in the HEFT approximation and with the
full top-quark mass dependence.

In the upper panel we display each di↵erential distri-
bution with the theory uncertainty band originating from
scale variation. To highlight the di↵erent scaling in pt,H,
in the middle panel we normalize all the distributions to
the LO curve in the e↵ective theory. It is thus possible
to see that for low transverse momenta the full theory
predictions overshoot slightly the e↵ective theory ones.
For pt,H > 200 GeV the two predictions start deviating
more substantially. At LO the two uncertainty bands do
not overlap any more above 400 GeV, whereas at NLO
this happens already around 340 GeV due to reduction of
the uncertainty at this order. The logarithmic scale also
allows to see that the relative scaling behavior within

[arXiv:1802.00349]

Process CRQCD E�. (%) CRQCD Yield CRQCD Yield SR E�. (%) SR Yield
80.5 fb�1 1.4 fb�1 80.5 fb�1

Z ! qq̄ + jets 46.2 84400 1470 3.4 6200
W ! qq̄ + jets 51.3 219000 3810 0.4 1500
tt̄ 25.9 110900 1929 2.5 10550
H ! bb̄ (ggF) 23.6 140 2 19.4 115
H ! bb̄ (V BF) 15.8 41 1 20.7 53
H ! bb̄ (WH) 32.4 71 1 12.0 26
H ! bb̄ (ZH) 30.5 40 1 15.8 21
H ! bb̄ (Total) 24.3 292 5 17.9 216
Z
0 (m = 100 GeV) 43.9 87700 1530 4.1 8200

Z
0 (m = 125 GeV) 43.6 82800 1440 3.8 7300

Z
0 (m = 150 GeV) 43.5 78300 1360 3.7 6700

Z
0 (m = 175 GeV) 42.8 71100 1240 3.3 5550

Z
0 (m = 200 GeV) 41.8 64800 1127 3.2 4910

Data 38.7 29883000 519710 0.6 484600

Table 1: The e�ciencies and yields in the CRQCD and SR for the non-QCD background, the Higgs boson and Z
0

boson signals and data. The yields in the CRQCD are given for the full luminosity 80.5 fb�1and for the luminosity
employed, as explained in Section 6, for the background estimate of the non-resonant dijet process. The e�ciencies
are relative to leading large-R jet pT > 480 GeV requirement.

CRQCD SR

V + jets Z + jets 0.28 0.80
W + jets 0.72 0.20

tt̄

All hadronic 0.58 0.63
Semi-leptonic 0.38 0.34
Dileptonic 0.04 0.03

H ! bb̄

ggF 0.49 0.53
V BF 0.17 0.25
WH 0.21 0.12
ZH 0.12 0.10

Table 2: The fractional composition of the di�erent resonant contributions in the defined regions. The fraction is
evaluated using the given contribution type as the total.

indicates that a dedicated Higgs boson analysis with selection optimized for each of the production modes
could improve the sensitivity of the search.

6 Background modelling

The dominant background contribution in the SR is the non-resonant dijet process. Its estimate through
MC is not reliable due to the statistical precision and the underlying accuracy of the event generation. A
data-driven estimate is therefore employed by fitting the mass distribution mJ in the SR with a parametric
function and by validating the procedure using the data in the CRQCD. The shapes of the Z + jets and
W + jets contributions are taken from MC while their normalisation is fitted to data. The tt̄ contribution is
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are relative to leading large-R jet pT > 480 GeV requirement.

CRQCD SR

V + jets Z + jets 0.28 0.80
W + jets 0.72 0.20

tt̄

All hadronic 0.58 0.63
Semi-leptonic 0.38 0.34
Dileptonic 0.04 0.03

H ! bb̄

ggF 0.49 0.53
V BF 0.17 0.25
WH 0.21 0.12
ZH 0.12 0.10

Table 2: The fractional composition of the di�erent resonant contributions in the defined regions. The fraction is
evaluated using the given contribution type as the total.

indicates that a dedicated Higgs boson analysis with selection optimized for each of the production modes
could improve the sensitivity of the search.

6 Background modelling

The dominant background contribution in the SR is the non-resonant dijet process. Its estimate through
MC is not reliable due to the statistical precision and the underlying accuracy of the event generation. A
data-driven estimate is therefore employed by fitting the mass distribution mJ in the SR with a parametric
function and by validating the procedure using the data in the CRQCD. The shapes of the Z + jets and
W + jets contributions are taken from MC while their normalisation is fitted to data. The tt̄ contribution is

7

% of signal  
in SR

https://arxiv.org/abs/1802.00349
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LHCHXSWG Recommendations

From LHCHXSWG: 
• NNLO calculations with top mass effect now 

available! 
• HJ-MiNLO procedure (Powheg HJ [inclusive NLO] + 

multi-scale improved NLO “matching”) matches FO 
calculation within uncertainties 

From ATLAS: 
• Available ggF H->bb samples already produced 

with HJ-MiNLO procedure! 
• No reweighting needed to match 

recommendations 

Uncertainties on production taken from generator 
(about 25%)

22

‣ Boosted regime dominated by real corrections 

‣ MC (currently w/o virtual corrections) expected to do a good job 

‣ Standard generators simulate boosted regime correctly
[In preparation …]

Boosted Higgs: Monte Carlo generators
NB: numbers in the previous 
slide refer to reconstruction 

level results

[Jones et al. ’18] [Chen et al. ’16]

[P.F.Monni, HC2018]

https://indico.cern.ch/event/732102/contributions/3092577/attachments/1761758/2858751/HiggsCouplings_2018.pdf
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Higgs Results (1)

Boosted V+Jets peak with 5σ observed (4.8σ expected)! 
• V+jets peak = 80% Z, 20% W 
• Validates analysis results 
• Sensitivity is dominated by systematic uncertainties 

- Helps constraining uncertainties for Higgs (and 
exotics) search 

Sensitivity to SM Higgs: 1.6σ observed (0.28σ expected)!
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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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Higgs Results (2)

Combined fit compatible with SM (μV = μH = 1) within 2σ!

5− 0 5 10 15
H
µ

0.5

1

1.5

2

2.5

3

3.5

V
µ Best Fit Value

SM Prediction
68% CL
95% CL

ATLAS Preliminary
-1 = 13 TeV, 80.5 fbs

Signal Region

Figure 3: Combined probability distribution of µH and µV from the signal region fit.

from the background found by the B���H����� algorithm, as depicted in Figure 4, is found for a large-R
mass value around 125 GeV, although with a small statistical significance. The corresponding global
p-value is found to be 0.54.

This analysis also sets 95% confidence level limits on signals from dark matter mediators that decay
democratically to quarks, with masses between 100 and 200 GeV. These limits are shown in Figure 5,
in terms of cross section times branching ratio, acceptance and e�ciency (left), and in terms of the gq
parameter that controls the coupling of the DM mediator to quarks and thus determines the cross-section
(right).

9 Conclusion

A search for boosted resonances decaying to two b-quarks and produced in association with an extra jet
with high transverse momentum is performed. The analysis uses an integrated luminosity of 80.5 fb�1of
proton-proton collisions with a center-of-mass energy of

p
s = 13 TeV recorded by the ATLAS detector at

the Large Hadron Collider. The search probes the mass range between 70 and 230 GeV. The observed
signal strenght for the V + jets process is µV = 1.5± 0.22 (stat.) +0.29

�0.25 (syst.) ± 0.18 (th.), corresponding to
a significance of 5 standard deviations. For the SM Higgs boson process, the observed signal strength is
µH = 5.8 ± 3.1 (stat.) ± 1.9 (syst.) ± 1.7 (th.), consistent with the background-only hypothesis at 1.6 �.
No evidence of a significant excess of events above the expected SM processes is found and limits on
leptophobic Z

0 with democratic axial couplings to all quark generations (gq) are set in the probed mass
range.

12

μV = 1.5 ± 0.22 (stat) +0.29
−0.25 (syst) ± 0.18 (th)

μH = 5.8 ± 3.1 (stat) ± 1.9 (syst) ± 0.17 (th)
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Boosted H Results from CMS
CMS ggF reweighting procedure: 

• (1) Start with Powheg HJ normalized (inclusively) to N3LO 
• (2) Powheg pT spectrum reweighted to 0–2 jet CKKW-L 

merged LO GGF process (w/ finite top quark mass) 
• (3) Cross section corrected by the approximate NLO to LO 

ratio, obtained by expanding in powers of 1/mt2 up to 1/mt4  
• (4) Cross section corrected by the effective NNLO to NLO 

ratio in the infinite top quark mass approximation.  
• 30% uncertainty on final cross section 

"The overall pT-dependent correction to the initial N3LO 
Powheg GGF spectrum is found to be 1.27 ± 0.38, resulting in a 

GGF cross section times BR of 31.7 ± 9.5 fb for 
reconstructed Higgs boson pT > 450 GeV and |η| < 

2.5” (~56 fb w/o BR) 

[PhysRevLett.120.071802]

systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðb̄bÞ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðb̄bÞ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðb̄bÞ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78 $ 0.14ðstatÞþ 0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85 $ 0.16ðstatÞþ 0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-btag 4% (Z) 4%
Jet energy scale/
resolution

10/15% 10/15%

Jet mass scale (pT) 0.4%/100 GeV (pT) 0.4%/100 GeV (pT)
Simulation sample
size

2–25% 4–20% (GGF)

H pT correction … 30% (GGF)
NLO QCD
corrections

10% …

NLO EW
corrections

15–35% …

NLO EW W/Z
decorrelation
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FIG. 1. 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 ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.

PHYSICAL REVIEW LETTERS 120, 071802 (2018)

071802-4

Higgs (exp): 1.5 (0.7) σ, Z (exp): 5.1 (5.8) σ [36 fb-1]

http://inspirehep.net/record/1624166/files/10.1103_PhysRevLett.120.071802.pdf
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CMS vs ATLAS

Two results consistent with SM within ~2σ

consistent within uncertainties with the SM production
cross section of 1.09! 0.11 pb [30]. Likewise, the
measured Higgs boson signal strength is μH¼2.3!
1.5ðstatÞþ 1.0

−0.4ðsystÞ and includes the corrections to the
Higgs boson pT spectrum described earlier. The corre-
sponding observed (expected) upper limit on the Higgs
boson signal strength at a 95% confidence level is 5.8 (3.3),
while the observed (expected) significance is 1.5σ (0.7σ).
The observed μH implies a measured GGF cross section
times Hðbb̄Þ branching fraction for jet pT > 450 GeV and
jηj < 2.5 of 74! 48ðstatÞþ 17

−10ðsystÞ fb, assuming the SM
values for the ratios of the different Hðbb̄Þ production
modes. This measurement is consistent within uncertainties
with the SM GGF cross section times Hðbb̄Þ branching
fraction of 31.7! 9.5 fb.
Table II summarizes the measured signal strengths and

significances for the Higgs and Z boson processes. In
particular, they are also reported for the case in which no
corrections to the Higgs boson pT spectrum are applied.
Figure 2 shows the profile likelihood test statistic scan in
data as function of the Higgs and Z boson signal strengths
(μH, μZ).

In summary, an inclusive search for the standard model
Higgs boson with pT > 450 GeV decaying to bottom
quark-antiquark pairs and reconstructed as a single,
large-radius jet is presented. The Z þ jets process is
observed for the first time in the single-jet topology with
a significance of 5.1σ. The Higgs production is measured
with an observed (expected) significance of 1.5σ (0.7σ)
when including Higgs boson pT spectrum corrections
accounting for higher-order and finite top quark mass
effects. The measured cross section times branching frac-
tion for the gluon fusion Hðbb̄Þ production for recon-
structed pT and jηj < 2.5 is 74! 48ðstatÞþ 17

−10ðsystÞ fb,
which is consistent with the SM prediction within
uncertainties.
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TABLE II. Fitted signal strength, expected and observed
significance of the Higgs and Z boson signal. The 95% con-
fidence level upper limit (UL) on the Higgs boson signal strength
is also listed.

H
H no pT
corrections Z

Observed signal strength 2.3þ 1.8
−1.6 3.2þ 2.2

−2.0 0.78þ 0.23
−0.19

Expected UL signal strength <3.3 <4.1 & & &
Observed UL signal strength <5.8 <7.2 & & &
Expected significance 0.7σ 0.5σ 5.8σ
Observed significance 1.5σ 1.6σ 5.1σ
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Figure 3: Combined probability distribution of µH and µV from the signal region fit.

from the background found by the B���H����� algorithm, as depicted in Figure 4, is found for a large-R
mass value around 125 GeV, although with a small statistical significance. The corresponding global
p-value is found to be 0.54.

This analysis also sets 95% confidence level limits on signals from dark matter mediators that decay
democratically to quarks, with masses between 100 and 200 GeV. These limits are shown in Figure 5,
in terms of cross section times branching ratio, acceptance and e�ciency (left), and in terms of the gq
parameter that controls the coupling of the DM mediator to quarks and thus determines the cross-section
(right).

9 Conclusion

A search for boosted resonances decaying to two b-quarks and produced in association with an extra jet
with high transverse momentum is performed. The analysis uses an integrated luminosity of 80.5 fb�1of
proton-proton collisions with a center-of-mass energy of

p
s = 13 TeV recorded by the ATLAS detector at

the Large Hadron Collider. The search probes the mass range between 70 and 230 GeV. The observed
signal strenght for the V + jets process is µV = 1.5± 0.22 (stat.) +0.29

�0.25 (syst.) ± 0.18 (th.), corresponding to
a significance of 5 standard deviations. For the SM Higgs boson process, the observed signal strength is
µH = 5.8 ± 3.1 (stat.) ± 1.9 (syst.) ± 1.7 (th.), consistent with the background-only hypothesis at 1.6 �.
No evidence of a significant excess of events above the expected SM processes is found and limits on
leptophobic Z

0 with democratic axial couplings to all quark generations (gq) are set in the probed mass
range.
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Conclusions

Exciting prospect for measuring H->bb process 
inclusively! 

• Boosted topology is challenging but helps 
reducing background 

Higgs at high pT puts the top loop under a 
microscope 

• Sensitive to anomalous couplings, and new 
particles in the gluon fusion process 

First set of recommendations from LHCHXSWG 
on high pT ggF modeling used in recent ATLAS 
result [Conf Note]!
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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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systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðb̄bÞ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðb̄bÞ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðb̄bÞ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78 $ 0.14ðstatÞþ 0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85 $ 0.16ðstatÞþ 0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-btag 4% (Z) 4%
Jet energy scale/
resolution

10/15% 10/15%

Jet mass scale (pT) 0.4%/100 GeV (pT) 0.4%/100 GeV (pT)
Simulation sample
size

2–25% 4–20% (GGF)

H pT correction … 30% (GGF)
NLO QCD
corrections

10% …

NLO EW
corrections

15–35% …

NLO EW W/Z
decorrelation

5–15% …
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FIG. 1. 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 ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.

PHYSICAL REVIEW LETTERS 120, 071802 (2018)

071802-4

[PhysRevLett.120.071802][ATLAS-CONF-2018-052]

https://cds.cern.ch/record/2649081/files/ATLAS-CONF-2018-052.pdf
http://inspirehep.net/record/1624166/files/10.1103_PhysRevLett.120.071802.pdf
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Systematics

systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðb̄bÞ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðb̄bÞ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðb̄bÞ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78 $ 0.14ðstatÞþ 0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85 $ 0.16ðstatÞþ 0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-btag 4% (Z) 4%
Jet energy scale/
resolution

10/15% 10/15%

Jet mass scale (pT) 0.4%/100 GeV (pT) 0.4%/100 GeV (pT)
Simulation sample
size

2–25% 4–20% (GGF)

H pT correction … 30% (GGF)
NLO QCD
corrections

10% …

NLO EW
corrections

15–35% …

NLO EW W/Z
decorrelation

5–15% …
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FIG. 1. 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 ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.
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contribute both to the uncertainties in the overall yield (“normalisation”) and di�erential shape of the
large-R jet mass observable (“shape”) that is used in the statistical procedure for the final search.

Systematic uncertainties associated with the QCD background are estimated with pseudoexperiments.
Poissonian toys are generated from the QCD component of the fit in the SR containing all components
(QCD, V + jets, tt̄ and exotic signal or Higgs boson components) and no nuisance parameters. The toys are
refitted with the nominal QCD function, and an alternative parametric function (formal Laurent series [66]).
These two sets of fits to toys, nominal and alternative, provide a measure of the statistical uncertainty on
the QCD parametrization (the spread of fit parameters) and of the systematic uncertainty from the choice
of fitting function (the di�erence between the two fitted shapes).

Uncertainties a�ecting all MC templates are related to the large-R jet energy and mass calibrations [67] and
the calibration of the MV2c10 algorithm [61], which impacts di�erent jet flavors with di�erent magnitudes.
Large-R jet energy and mass calibration uncertainties a�ect both the shape and normalisation of the utilized
MC templates, therefore, their impact on the analysis is assessed by varying the jet energy and mass
within their uncertainties and propagating those variations through the analysis chain. The e�ect of the jet
energy resolution uncertainty is also tested and found to be negligible. The impact of uncertainties on the
calibration of MV2c10 have been found to be independent of the large-R jet mass for both the signal and
background samples, and hence only a�ecting the signal normalisation.

Extra shape uncertainties are applied to the V + jets and tt̄ MC templates related to modeling uncertainties.
To assess these uncertainties, the large-R jet mass shapes from two di�erent MC generators are compared
in both cases. For the V + jets component, the nominal shape, generated using S����� 2.1.1, is compared
to an alternative shape, generated using Herwig++ 2.7. Similarly, for the tt̄ component, the comparison is
performed between the nominal P�����-B�� 2 shape, and the S����� 2.2.1 alternative shape.

Impact on Signals (
p
��2/µ)

Source Type V+jets Higgs Z’ (100 GeV) Z’ (175 GeV)

Jet energy and mass scale Norm. & Shape 15% 14% 23% 18%
Jet mass resolution Norm. & Shape 20% 17% 30% 20%
V + jets modeling Shape 9% 4% 4% < 1%

tt̄ modeling Shape < 1% 1% < 1% 11%
b-tagging (b) Normalisation 11% 12% 11% 15%
b-tagging (c) Normalisation 3% 1% 3% 5%
b-tagging (l) Normalisation 4% 1% 4% 7%
tt̄ scale factor Normalisation 2% 3% 2% 58%
Luminosity Normalisation 2% 2% 2% 3%

Alternative QCD function Norm. & Shape 4% 4% 3% 17%
W/Z and QCD (Theory) Normalisation 14% – – –

Higgs (Theory) Normalisation – 30% – –

Table 3: Summary of the impact of the main systematic uncertainties on the uncertainty � on the measurement of the
signal strength µ for the V + jets, Higgs boson and Z

0 signals.

As previously mentioned, the tt̄ normalisation in the signal region is constrained with the scale factor
obtained in the tt̄ enriched control region. The tt̄ scale factor has been measured with an uncertainty
of 13%, which is treated as a systematic uncertainty on the tt̄ normalisation.
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