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p
cut
? [GeV] VBF VH tt̄H

400 �17.80% �19.05% �6.95%

450 �19.43% �20.83% �7.75%

500 �21.05% �22.50% �8.49%

550 �22.34% �24.07% �9.11%

600 �23.73% �25.56% �9.91%

650 �25.03% �26.98% �10.67%

700 �26.29% �28.30% �11.37%

750 �27.35% �29.60% �11.94%

800 �28.42% �30.83% �12.51%

Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
corrections as a function of the cut in p?.
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Figure 4: Cumulative cross section for the production of a Higgs boson as a function of the lowest
Higgs boson transverse momentum. The cross section due to the gluon-fusion (green), VBF (red),
vector boson associated (blue) and top-quark pair associated (magenta) production mode are shown
in absolute values (left) and relative size (right).

can be affected differently by new-physics effects. It is therefore desirable in experimental analyses
to avoid subtracting different Higgs production channels from the experimental measurement as a
way of assessing the gluon-fusion contribution. Such a subtraction can only be done under strong
theoretical assumptions. An unbiased way of reporting the experimental results necessarily involves
quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo
event generators in Table 5 and find good agreement within the quoted uncertainties. This implies
that one can safely use the predictions from the considered event generators with the associated
theoretical errors in the simulation of the boosted Higgs cross section. Additional values of the
gluon-fusion cross section are also reported in Appendix A up to scales of 1.25 TeV.

We stress that we did not account here for other sources of theoretical uncertainties (such as
the top mass scheme, PDF and couplings uncertainties, and EW corrections to the gluon-fusion
process), which must be included in the overall systematics. Therefore, further in-depth studies are
required for future precise determinations of the boosted Higgs cross section.
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• VH has high cross section at high 


• Largest branching ratios for all VH 
channels, making it the most 
sensitive channel at high .


• Possible access to new physics, 
including modified Higgs self-coupling. 


• Test  excess from SM recently 
observed in VBF channel [JHEP 12 
(2024) 035].
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CMS PAS BTV-22-001

pick two leading  large-radius jets  GeVpT > 450

Higgs and Vector Boson 
Candidates are selected 
using ParticleNet-MD 
tagging scores
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1 Introduction
The observation at the CERN LHC of a Higgs boson (H) consistent with the standard model
(SM) expectation and the subsequent measurements of its properties [1–6] have advanced the
understanding of electroweak (EW) symmetry breaking and the origin of the mass of funda-
mental particles [7–14]. Higgs boson production at high momentum transfer can be a sensi-
tive probe of beyond the SM (BSM) physics at high energy scales, and measurements in this
regime provide important input for effective field theory interpretations of H interactions [15–
20]. Thus, studying Higgs bosons at high transverse momentum (pT) has become an integral
part of the physics program at the LHC.

The Higgs boson decay to a bottom quark-antiquark pair (bb) has the highest branching frac-
tion of any H decay mode in the SM [21]. When the Higgs boson is produced with high mo-
mentum, the H → bb decay products are merged into a single large-radius jet. This distinctive
boosted jet topology can be identified by its substructure and heavy flavor properties, and as
a result the H → bb decay provides an important channel for the exploration of Higgs boson
production at high pT.

Leading order (LO) Feynman diagrams of the three H production mechanisms with highest
cross section in proton-proton (pp) collisions are shown in Fig. 1: gluon fusion (ggF), vector
boson fusion (VBF), and vector boson associated production (VH). A small contribution to the
H cross section also arises from associated production with a top quark-antiquark pair (ttH).
The dominant SM contribution comes from ggF, which contributes 87% of the H cross section
at

↑
s = 13 TeV when considering the full range of Higgs boson pT. However, the relative

contribution from ggF is expected to decrease with the pT of the Higgs boson, contributing
only 50 (30)% of the cumulative H cross section for pT > 450 (1200) GeV [22]. While the relative
contribution from VH increases as a function of Higgs boson pT, that of VBF has minimal pT de-
pendence. Each of these production mechanisms provides a different probe of H interactions,
and precise measurement of each one is necessary to investigate all possible manifestations of
BSM physics in the Higgs sector.
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Figure 1: Leading order Feynman diagrams of the three Higgs production modes with highest cross section in 13 TeV proton-

proton collisions. From left to right: gluon-gluon fusion, vector boson fusion, Higgs-strahlung.
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Figure 1: Lowest order Feynman diagrams of the Higgs boson production modes with highest
cross section in 13 TeV proton-proton collisions, from left to right: gluon fusion, vector boson
fusion, and vector boson associated production.

Existing searches in the boosted H → bb channel from the ATLAS and CMS experiments have
focused on inclusive Higgs boson production [23–25] or associated production with a vector
boson [26–28]. This work extends, for the first time, high-pT Higgs boson measurements in
the H → bb channel to VBF production. The analysis is performed using pp collision data
collected with the CMS detector at the LHC in 2016–2018, corresponding to an integrated lumi-
nosity of 138 fb↓1 [29–31]. The VBF process, which is sensitive to H couplings to vector bosons,
and the ggF process, which is primarily sensitive to H couplings to top quarks and gluons, are

bb jet 

qq jet 

https://cds.cern.ch/record/2866276/files/BTV-22-001-pas.pdf
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4

Sideband Sideband 

Binned in Vector Boson Jet Mass

Z peak
Z peak

ttbar 

ttbar Z peak

Higgs peak

W,Z mass rangeLow V mass High V mass

Fit to Higgs Jet 
mass distribution 

Signal region

QCD QCD QCD



68 GeV

ParticleNet-MD 
Xbb Score

Soft-drop mass 

Pass

Fail

Higgs Jet 
Xbb

Vector Boson Jet mSD

110 GeV

QCD 
background 
estimation. 

SR

CRSideband 1

Sideband 2

Sideband 3

Sideband 4

TF

Signal & Control Region

5

Partitioned space into 6 regions 
= 3 V mass bins x 2 ParticleNet-MD Xbb pass/fail
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Figures we want to show in the paper 

10

Supplementary plots
68 GeV < mJet 2

SD < 110 GeV

PNetpass
Xbb

110 GeV < mJet 2
SD < 201 GeV

PNetpass
Xbb

40 GeV < mJet 2
SD < 68 GeV

PNetpass
Xbb

PNetfail
Xbb

40 GeV < mJet 2
SD < 68 GeV

PNetfail
Xbb PNetfail

Xbb
40 GeV < mJet 2

SD < 68 GeV 40 GeV < mJet 2
SD < 68 GeV68 GeV < mJet 2

SD < 110 GeV

138 fb−1

PNetfailXbb
68 GeV < mJet 2

SD < 110 GeV

Figures we want to show in the paper 

9

68 GeV < mJet 2
SD < 110 GeV

PNetpass
Xbb

Main plot

Figures we want to show in the paper 

9

68 GeV < mJet 2
SD < 110 GeV

PNetpass
Xbb

Main plot
138 fb−1

PNetpassXbb
68 GeV < mJet 2

SD < 110 GeV

Figure 1: The post-fit Higgs boson candidate mSD mass distribution in the PNetXbb fail region
(left) and pass region (right), both in the region with V candidate mass between (68 GeV to 110
GeV), summed in all data-taking periods.

1.2–2.5% individual uncertainties [29–31], while the overall uncertainty for the 2016 – 2018195

period is 1.6%. The jet energy scale and resolution uncertainties range from 0.5–4.0%, and are196

treated as independent from the mSD uncertainties. Variations in the amount of pileup obtained197

by adjusting the total inelastic cross section, modeling of the trigger efficiency, and the isolation198

and identification of the veto leptons are also considered, and contribute only a few percent to199

the total uncertainty.200

In addition to experimental uncertainties, theoretical uncertainties are included in the final fit to201

account for inaccuracy in the modeling of SM processes. The dominant theoretical uncertainty202

is due the renormalization and factorization scales chosen for the simulated H and Di-boson203

NLO (VV) samples. These uncertainties are applied to all H and VV production processes204

(ggF, VBF, VH, ttH, VV). This uncertainty is propagated to the total expected yield of the205

VH and VZ signas according to the prescription recommended in Ref. [21]. Uncertainties in206

the signals processes due to initial- and final-state radiation are also calculated by varying the207

renormalization scale and non-singular term using the PYTHIA 8 showering algorithm [88].208

The Hessian PDF uncertainty is also applied to signal yield, according to the prescription of209

Ref. [89].210

Theoretical uncertainties on the W+jets and Z+jets processes account for missing higher-order211

QCD and mixed QCD-EW effects beyond the corrections described in Section 3, following the212

prescription of Ref. [54].213

All theoretical uncertainties are considered to be correlated across all data-taking periods, and214

experimental systematic uncertainties are considered to be uncorrelated, with the exception of215

correlated components of the uncertainties in the integrated luminosity.216

The dedicated control region dominated by merged W-boson production is also used to derive217

a nominal value and uncertainty on the jet mass scale and resolution: in the final statistical218

analysis, the peak position and resolution are each allowed to vary within the derived uncer-219

tainties.220

The selection isolates a region with resonant W(qq) jets from tt events and a smoothly falling221

background from nonresonant sources, such as W(µν)+jets and tt events without hadronic W222

decays. The mSD distributions for events passing and failing the p(QCD) requirement are fitted223

Best sensitivity at high  for all VH channelspT

Results
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No 
excess!
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Back up
7



• QCD multijet: from data with 
“rhalphabet” method.


• W(qq)/Z(qq)/Z(bb)/H(bb)+ jets 
from MC.


• TTbar, Single T: 
simultaneously fitting TTbar 
CR.


• Jet-tagged scale factors for 
V(qq)V(qq)/V(qq)H(bb)/
V+jets/H+jets: W-enriched 
CR.


• Small: W(lv) + jets, DY + jets, 
etc.
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Expected sensitivity from HIG-20-001
CMS AN-2019/229 - Figure 282

A rough combination 
of uncertainty here is: 

σVpT>400
ZH = 0.572 + 0.272 = 0.63

σVpT>400
WH = 0.592 + 0.422 = 0.72

σtot =
1

1
(σVpT>400

ZH )2
+ 1

(σVpT>400
WH )2

= 0.47

It could get slightly worse if the 
systematics are correlated



Moving from 400 to 450 GeV
The cross section here falls by 
roughly a factor of 2 moving 
from 400 to 450 GeV. 


So the estimated uncertainty 
would be:


0.47 × 2 = 0.66

https://arxiv.org/pdf/1312.1669

Meanwhile, the all-hadronic 
expted signal strength:


1 ± 0.57
Therefore, all hadronic VH is 
mostly equivalent, if not better 
than semileptonic VH to probe 
high  regime.pT

https://arxiv.org/pdf/1312.1669

