
The Precision Higgs Frontier

Daniel de Florian
ICAS - UNSAM 

Argentina 

1st COFI Workshop on Precision Electroweak
July 17, 2019



Higgs Boson Mass in H→γγ
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
CMS stat. uncert. smaller as core resol., syst. smaller due to homogen. ECAL.
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Mass measurement categories

ATLAS

ATLAS PRD 90 (2014) 052004
CMS EPJ C 74 (2014) 3076

 ATLAS:  MHγγ = 126.02 ± 0.43 (stat.) ± 0.27 (syst.) = 126.02 ± 0.51 GeV      
 CMS:      MHγγ = 124.70 ± 0.31 (stat.) ± 0.15 (syst.) = 124.70 ± 0.34 GeV
                 ΔMH(ATLAS-CMS) =  1.3 ± 0.6 GeV (2.1σ)
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This time last year, the 125 GeV boson had been “rediscovered”

with up to 15 fb�1
of 13 TeV data!
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However, in most cases Run 1 measurements were still superior and several

“mysteries” persisted...

Measurements in the H ! �� channel

Available on the CERN CDS information server
CMS PAS HIG-16-040

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch

2017/05/15

Measurements of properties of the Higgs boson in the

diphoton decay channel with the full 2016 data set

The CMS Collaboration

Abstract

Measurements of properties of the Higgs boson SM(125) in the H ! �� de-

cay channel are reported. The analysis uses the data collected by the CMS ex-

periment in proton-proton collisions during the 2016 LHC running period. The

data sample corresponds to an integrated luminosity of 35.9 fb�1 at
� s = 13 TeV.

The measured signal strength relative to the standard model prediction is

1.16+0.15
�0.14 = 1.16 +0.11

�0.10(stat.) +0.09
�0.08(syst.) +0.06

�0.05(theo.). Signal strengths associated with

the different Higgs boson production mechanisms, coupling modifiers to bosons and

fermions, and effective couplings to photons and gluons are also measured.

Available on the CERN CDS information server
CMS PAS HIG-17-015CMS Physics Analysis SummaryContact: cms-pag-conveners-higgs@cern.ch

2017/03/30Measurement of differential fiducial cross sections for

Higgs boson production in the diphoton decay channel in

pp collisions at
�

s = 13TeV
The CMS Collaboration

AbstractA measurement of the integrated and differential fiducial production cross sections

for the Higgs boson in the diphoton decay channel at �
s = 13 TeV is performed

using 35.9 fb�1 of pp collisions data collected by the CMS experiment at the CERN

LHC. Differential cross sections are measured as a function of the diphoton transverse

momentum and jet multiplicity. All cross sections are measured within a fiducial

phase space defined by the requirements on the photons kinematics, their isolation,

and the event topology. The measured cross sections are compared to state of the

art theoretical predictions for the Standard Model Higgs bosons. A good agreement

between observations and predictions is observed.

ATLAS NOTE

ATLAS-CONF-2017-045

July 5, 2017

Measurements of Higgs boson properties in the diphoton decay

channel with 36.1 fb�1 pp collision data at the center-of-mass

energy of 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Properties of the Higgs boson are measured in the two-photon final state using 36.1 fb�1

of proton–proton collision data recorded at
� s = 13 TeV by the ATLAS experiment at the

Large Hadron Collider. The ATLAS and CMS mass measurement of 125.09 ± 0.24 GeV

is used and signals are extracted in a diphoton mass range of 105–160 GeV. Production

cross section measurements for a Higgs boson rapidity |yH| < 2.5 and in the full phase

space for gluon fusion (ggH), vector boson fusion (VBF), and Higgs boson production in

association with a vector boson or a top-quark pair are reported. The signal strength, defined

as the ratio of the observed signal yield to the expected signal yield, is measured for the

same production processes as well as inclusively. The global signal strength measurement

of 0.99± 0.14 improves on the precision of the previous ATLAS measurement by a factor of

2, and ggH (VBF) production is measured to be 1 � below (2 � above) the Standard Model

expectation. Measurements of simplified template cross sections, designed to measure the

di�erent Higgs boson production processes in specific regions of phase space, are reported.

The fiducial cross section is measured to be 54.7±10.2 fb for a Higgs boson decaying to two

isolated photons that have transverse momentum greater than 35% and 25% of the diphoton

invariant mass and each with absolute pseudorapidity |�| < 2.37, excluding the region 1.37 <

|�| < 1.52. Fiducial regions probing Higgs boson production in vector boson fusion or

in association with large missing transverse energy, leptons or top-quark pair are reported.

Finally, di�erential cross sections dominated by ggH production are measured as a function

of diphoton kinematic variables sensitive to quantum chromodynamics and the spin of the

Higgs boson. These are compared with state-of-the-art Standard Model predictions, where

no significant deviations are observed.

c� 2017 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS and CMS have updated their analyses with over 35 fb�1 of 13 TeV data!
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Higgs discovered, re-discovered and re-re-discovered



Higgs Boson Mass in H→γγ
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
CMS stat. uncert. smaller as core resol., syst. smaller due to homogen. ECAL.
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Mass measurement categories

ATLAS

ATLAS PRD 90 (2014) 052004
CMS EPJ C 74 (2014) 3076

 ATLAS:  MHγγ = 126.02 ± 0.43 (stat.) ± 0.27 (syst.) = 126.02 ± 0.51 GeV      
 CMS:      MHγγ = 124.70 ± 0.31 (stat.) ± 0.15 (syst.) = 124.70 ± 0.34 GeV
                 ΔMH(ATLAS-CMS) =  1.3 ± 0.6 GeV (2.1σ)
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 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Combined Higgs Boson Mass
δMH  precision below 0.3% level for single A&C and 0.2% level for combined. 
Already at impressive accuracy (PDG2014: δMW~190ppm, δMZ~23ppm, δMtop~0.5%).
Need to further improve in future? (Mtop more important) For Higgs BR in ILC? 

 ATLAS:      MH = 125.36 ± 0.37 (stat.) ± 0.18 (syst.) = 125.36 ± 0.41 GeV      
 CMS:          MH = 125.02 ± 0.27 (stat.) ± 0.15 (syst.) = 125.02 ± 0.30 GeV
 Combined: MH = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) = 125.09 ± 0.24 GeV
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arXiv:1503.07589 

Weight

19%
40%
18%
23%

ATLAS-HIGG-2014-14, CMS-HIG-14-042

‣Uncertainty in mass ~ 0.2% , better than for top (~0.5%)!

‣ Run 1 mass combination: ATLAS and CMS (2015)   125.09 GeV 

This time last year, the 125 GeV boson had been “rediscovered”

with up to 15 fb�1
of 13 TeV data!
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However, in most cases Run 1 measurements were still superior and several

“mysteries” persisted...

Measurements in the H ! �� channel

Available on the CERN CDS information server
CMS PAS HIG-16-040

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch

2017/05/15

Measurements of properties of the Higgs boson in the

diphoton decay channel with the full 2016 data set

The CMS Collaboration

Abstract

Measurements of properties of the Higgs boson SM(125) in the H ! �� de-

cay channel are reported. The analysis uses the data collected by the CMS ex-

periment in proton-proton collisions during the 2016 LHC running period. The

data sample corresponds to an integrated luminosity of 35.9 fb�1 at
� s = 13 TeV.

The measured signal strength relative to the standard model prediction is

1.16+0.15
�0.14 = 1.16 +0.11

�0.10(stat.) +0.09
�0.08(syst.) +0.06

�0.05(theo.). Signal strengths associated with

the different Higgs boson production mechanisms, coupling modifiers to bosons and

fermions, and effective couplings to photons and gluons are also measured.

Available on the CERN CDS information server
CMS PAS HIG-17-015CMS Physics Analysis SummaryContact: cms-pag-conveners-higgs@cern.ch

2017/03/30Measurement of differential fiducial cross sections for

Higgs boson production in the diphoton decay channel in

pp collisions at
�

s = 13TeV
The CMS Collaboration

AbstractA measurement of the integrated and differential fiducial production cross sections

for the Higgs boson in the diphoton decay channel at �
s = 13 TeV is performed

using 35.9 fb�1 of pp collisions data collected by the CMS experiment at the CERN

LHC. Differential cross sections are measured as a function of the diphoton transverse

momentum and jet multiplicity. All cross sections are measured within a fiducial

phase space defined by the requirements on the photons kinematics, their isolation,

and the event topology. The measured cross sections are compared to state of the

art theoretical predictions for the Standard Model Higgs bosons. A good agreement

between observations and predictions is observed.

ATLAS NOTE

ATLAS-CONF-2017-045

July 5, 2017

Measurements of Higgs boson properties in the diphoton decay

channel with 36.1 fb�1 pp collision data at the center-of-mass

energy of 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Properties of the Higgs boson are measured in the two-photon final state using 36.1 fb�1

of proton–proton collision data recorded at
� s = 13 TeV by the ATLAS experiment at the

Large Hadron Collider. The ATLAS and CMS mass measurement of 125.09 ± 0.24 GeV

is used and signals are extracted in a diphoton mass range of 105–160 GeV. Production

cross section measurements for a Higgs boson rapidity |yH| < 2.5 and in the full phase

space for gluon fusion (ggH), vector boson fusion (VBF), and Higgs boson production in

association with a vector boson or a top-quark pair are reported. The signal strength, defined

as the ratio of the observed signal yield to the expected signal yield, is measured for the

same production processes as well as inclusively. The global signal strength measurement

of 0.99± 0.14 improves on the precision of the previous ATLAS measurement by a factor of

2, and ggH (VBF) production is measured to be 1 � below (2 � above) the Standard Model

expectation. Measurements of simplified template cross sections, designed to measure the

di�erent Higgs boson production processes in specific regions of phase space, are reported.

The fiducial cross section is measured to be 54.7±10.2 fb for a Higgs boson decaying to two

isolated photons that have transverse momentum greater than 35% and 25% of the diphoton

invariant mass and each with absolute pseudorapidity |�| < 2.37, excluding the region 1.37 <

|�| < 1.52. Fiducial regions probing Higgs boson production in vector boson fusion or

in association with large missing transverse energy, leptons or top-quark pair are reported.

Finally, di�erential cross sections dominated by ggH production are measured as a function

of diphoton kinematic variables sensitive to quantum chromodynamics and the spin of the

Higgs boson. These are compared with state-of-the-art Standard Model predictions, where

no significant deviations are observed.

c� 2017 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS and CMS have updated their analyses with over 35 fb�1 of 13 TeV data!
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Most precisely determined with H→γγ and 4 lepton channels.
CMS stat. uncert. smaller as core resol., syst. smaller due to homogen. ECAL.
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ATLAS

ATLAS PRD 90 (2014) 052004
CMS EPJ C 74 (2014) 3076

 ATLAS:  MHγγ = 126.02 ± 0.43 (stat.) ± 0.27 (syst.) = 126.02 ± 0.51 GeV      
 CMS:      MHγγ = 124.70 ± 0.31 (stat.) ± 0.15 (syst.) = 124.70 ± 0.34 GeV
                 ΔMH(ATLAS-CMS) =  1.3 ± 0.6 GeV (2.1σ)
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Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Combined Higgs Boson Mass
δMH  precision below 0.3% level for single A&C and 0.2% level for combined. 
Already at impressive accuracy (PDG2014: δMW~190ppm, δMZ~23ppm, δMtop~0.5%).
Need to further improve in future? (Mtop more important) For Higgs BR in ILC? 

 ATLAS:      MH = 125.36 ± 0.37 (stat.) ± 0.18 (syst.) = 125.36 ± 0.41 GeV      
 CMS:          MH = 125.02 ± 0.27 (stat.) ± 0.15 (syst.) = 125.02 ± 0.30 GeV
 Combined: MH = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) = 125.09 ± 0.24 GeV
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Weight
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23%

ATLAS-HIGG-2014-14, CMS-HIG-14-042

‣Uncertainty in mass ~ 0.2% , better than for top (~0.5%)!

‣ Run 1 mass combination: ATLAS and CMS (2015)   125.09 GeV 

This time last year, the 125 GeV boson had been “rediscovered”

with up to 15 fb�1
of 13 TeV data!
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However, in most cases Run 1 measurements were still superior and several

“mysteries” persisted...

Measurements in the H ! �� channel

Available on the CERN CDS information server
CMS PAS HIG-16-040

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch

2017/05/15

Measurements of properties of the Higgs boson in the

diphoton decay channel with the full 2016 data set

The CMS Collaboration

Abstract

Measurements of properties of the Higgs boson SM(125) in the H ! �� de-

cay channel are reported. The analysis uses the data collected by the CMS ex-

periment in proton-proton collisions during the 2016 LHC running period. The

data sample corresponds to an integrated luminosity of 35.9 fb�1 at
� s = 13 TeV.

The measured signal strength relative to the standard model prediction is

1.16+0.15
�0.14 = 1.16 +0.11

�0.10(stat.) +0.09
�0.08(syst.) +0.06

�0.05(theo.). Signal strengths associated with

the different Higgs boson production mechanisms, coupling modifiers to bosons and

fermions, and effective couplings to photons and gluons are also measured.

Available on the CERN CDS information server
CMS PAS HIG-17-015CMS Physics Analysis SummaryContact: cms-pag-conveners-higgs@cern.ch

2017/03/30Measurement of differential fiducial cross sections for

Higgs boson production in the diphoton decay channel in

pp collisions at
�

s = 13TeV
The CMS Collaboration

AbstractA measurement of the integrated and differential fiducial production cross sections

for the Higgs boson in the diphoton decay channel at �
s = 13 TeV is performed

using 35.9 fb�1 of pp collisions data collected by the CMS experiment at the CERN

LHC. Differential cross sections are measured as a function of the diphoton transverse

momentum and jet multiplicity. All cross sections are measured within a fiducial

phase space defined by the requirements on the photons kinematics, their isolation,

and the event topology. The measured cross sections are compared to state of the

art theoretical predictions for the Standard Model Higgs bosons. A good agreement

between observations and predictions is observed.

ATLAS NOTE

ATLAS-CONF-2017-045

July 5, 2017

Measurements of Higgs boson properties in the diphoton decay

channel with 36.1 fb�1 pp collision data at the center-of-mass

energy of 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Properties of the Higgs boson are measured in the two-photon final state using 36.1 fb�1

of proton–proton collision data recorded at
� s = 13 TeV by the ATLAS experiment at the

Large Hadron Collider. The ATLAS and CMS mass measurement of 125.09 ± 0.24 GeV

is used and signals are extracted in a diphoton mass range of 105–160 GeV. Production

cross section measurements for a Higgs boson rapidity |yH| < 2.5 and in the full phase

space for gluon fusion (ggH), vector boson fusion (VBF), and Higgs boson production in

association with a vector boson or a top-quark pair are reported. The signal strength, defined

as the ratio of the observed signal yield to the expected signal yield, is measured for the

same production processes as well as inclusively. The global signal strength measurement

of 0.99± 0.14 improves on the precision of the previous ATLAS measurement by a factor of

2, and ggH (VBF) production is measured to be 1 � below (2 � above) the Standard Model

expectation. Measurements of simplified template cross sections, designed to measure the

di�erent Higgs boson production processes in specific regions of phase space, are reported.

The fiducial cross section is measured to be 54.7±10.2 fb for a Higgs boson decaying to two

isolated photons that have transverse momentum greater than 35% and 25% of the diphoton

invariant mass and each with absolute pseudorapidity |�| < 2.37, excluding the region 1.37 <

|�| < 1.52. Fiducial regions probing Higgs boson production in vector boson fusion or

in association with large missing transverse energy, leptons or top-quark pair are reported.

Finally, di�erential cross sections dominated by ggH production are measured as a function

of diphoton kinematic variables sensitive to quantum chromodynamics and the spin of the

Higgs boson. These are compared with state-of-the-art Standard Model predictions, where

no significant deviations are observed.

c� 2017 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS and CMS have updated their analyses with over 35 fb�1 of 13 TeV data!
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Higgs discovered, re-discovered and re-re-discovered

mH - Latest ATLAS measurement (ATLAS-CONF-2017-046)

Combined measurement in H ! 4` and H ! �� channels:
mH = 124.98 ± 0.19 (stat.) ± 0.21 (syst.) GeV

Per-event method used in H ! 4` case,
cross-checked with template method

Likelihood fit with analytical PDF used
for H ! �� channel

Uncertainty on combined mH value
dominated by systematics

Source Systematic uncertainty on mH [MeV]

LAr cell non-linearity 90
LAr layer calibration 90
Non-ID material 60
ID material 50
Lateral shower shape 50
Z ! ee calibration 30
Muon momentum scale 20
Conversion reconstruction 20

 [GeV]
H

m

124 124.5 125 125.5 126 126.5

Total Stat. Syst.
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

��Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

 [GeV]Hm
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)
Λ

-2
ln

(
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14 Combined
 4l→ ZZ* →H 

γγ →H 
Stat. only

ATLAS  Preliminary
-1 = 13 TeV, 36.1 fbs

σ1

σ2

Improved precision from both experiments, while H ! 4` still very much statistically
limited, the ATLAS H ! �� uncertainty is now dominated by systematics!
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now similar precision in one exp



µ =
�

�SM
Signal strength

Cross sections in “agreement” with SM in all channels (large errors yet)

�

�SM
⌘ µ = 1.09± 0.07(stat)± .04(syst)

±.03(th bckd)+.07
�.06(th signal)

similar for Run 2



Searches targeting the fermion Yukawa couplings
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Run 1 LHC
CMS and ATLAS

This time last year, the Run 1 ATLAS and CMS couplings combination summarised
our best knowledge of the fermion couplings

Notable unsatisfactorily large uncertainty on muon coupling while b quark coupling
seems to deviate slightly from the Yukawa trend

What progress has been made recently?
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Couplings
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H->ττ:	results

10

Best Fit signal strength : 1.06 ± 0.25

log(S/S+B) plot has been made from every bin from the unrolled 2-D
distributions

Expected (postfit) significance is 4.7 σ

Observed significance is 4.9 σ
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Best Fit signal strength : 1.06 ± 0.25
5.9 when combined with CMS Run1

~36 fb-1
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Figure 20: Local p-value and significance as a function of the SM Higgs boson mass hypothesis.
The observation (red, solid) is compared to the expectation (blue, dashed) for a Higgs boson
with a mass mH = 125.09 GeV. The background includes Higgs boson decays to pairs of W
bosons, with mH = 125.09 GeV.
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Figure 21: Best fit signal strength per category (left) and channel (right), for mH = 125.09 GeV.
The constraints from the global fit are used to extract each of the individual best fit signal
strengths. The combined best fit signal strength is µ = 1.09+0.27

�0.26.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Phys. Lett. B 786 (2018) 59
DOI: 10.1016/j.physletb.2018.09.013

CERN-EP-2018-215
2nd October 2018

Observation of H ! bb̄ decays and VH production
with the ATLAS detector

The ATLAS Collaboration

A search for the decay of the Standard Model Higgs boson into a bb̄ pair when produced in
association with a W or Z boson is performed with the ATLAS detector. The data, corres-
ponding to an integrated luminosity of 79.8 fb�1 were collected in proton–proton collisions
during Run 2 of the Large Hadron Collider at a centre-of-mass energy of 13 TeV. For a Higgs
boson mass of 125 GeV, an excess of events over the expected background from other Stand-
ard Model processes is found with an observed (expected) significance of 4.9 (4.3) standard
deviations. A combination with the results from other searches in Run 1 and in Run 2 for
the Higgs boson in the bb̄ decay mode is performed, which yields an observed (expected)
significance of 5.4 (5.5) standard deviations, thus providing direct observation of the Higgs
boson decay into b-quarks. The ratio of the measured event yield for a Higgs boson decaying
into bb̄ to the Standard Model expectation is 1.01 ± 0.12(stat.)+0.16

�0.15(syst.). Additionally, a
combination of Run 2 results searching for the Higgs boson produced in association with a
vector boson yields an observed (expected) significance of 5.3 (4.8) standard deviations.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Table 12: Expected and observed significance values (in standard deviations) for the H ! bb̄ channels fitted
independently and their combination using the 7 TeV, 8 TeV and 13 TeV data.

Channel Significance

Exp. Obs.

VBF+ggF 0.9 1.5
tt̄H 1.9 1.9
VH 5.1 4.9

H ! bb̄ combination 5.5 5.4

bb→H
µ

0 1 2 3 4 5 6 7

Comb.
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ttH

VBF+ggF

0.20−
+0.201.01    , 0.12−

+0.12                                0.15−
+0.16                                                 (                 )         
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+0.220.98    , 0.14−

+0.14                                0.16−
+0.17                                                 (                 )         

0.54−
+0.561.00    , 0.27−

+0.28                                0.46−
+0.48                                                 (                 )         

1.12−
+1.161.68    , 1.00−

+1.01                                0.51−
+0.57                                                 (                 )         

  Tot. ( Stat., Syst. )
Total Stat.

ATLAS bb→H = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

Figure 7: The fitted values of the Higgs boson signal strength µH!bb for mH = 125 GeV separately for the VH,
tt̄H and VBF+ggF analyses along with their combination, using the 7 TeV, 8 TeV and 13 TeV data. The individual
µH!bb values for the di�erent production modes are obtained from a simultaneous fit with the signal strengths for
each of the processes floating independently. The probability of compatibility of the individual signal strengths is
83%.
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7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T regions and
number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),

25

5.4σ

~80 fb-1

observed significance
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Figure 5: Weighted diphoton invariant mass spectrum for the sum of all BDT categories observed in 139 fb�1 of 13
TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT category is the expected signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09±0.24 GeV. The non-resonant and total background components of the fit
are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and background-only
curves shown here are obtained from the weighted sum of the individual curves in each BDT category.

Table 3: Observed number of events in the di�erent categories for the cross section times branching ratio measurement,
using 13 TeV data corresponding to an integrated luminosity of 139 fb�1(“Data”). The observed yields are compared
with the sum of expected tt̄H signal, background from non-tt̄H Higgs boson production, and other background
sources. The numbers are counted in the smallest m�� window containing 90% of the expected signal. The
background yield is extracted from the fit with freely floating signal. The BDT bins are labeled such that the category
with the highest signal purity in each of the “Had” and “Lep” regions is labeled as category 1, while that with the
lowest signal purity is labeled with the largest number.

Category tt̄H Signal non-tt̄H Higgs Continuum Background Total (Expected) Data
tt̄H “Lep” Category 1 7.9 ± 1.5 0.42 ± 0.12 4.6 ± 0.9 12.9 ± 1.8 15
tt̄H “Lep” Category 2 3.9 ± 0.6 0.43 ± 0.15 7.5 ± 1.2 11.8 ± 1.3 11
tt̄H “Lep” Category 3 1.45 ± 0.24 0.49 ± 0.19 7.5 ± 1.2 9.5 ± 1.2 6
tt̄H “Had” Category 1 6.9 ± 1.6 0.8 ± 0.5 4.5 ± 0.9 12.2 ± 1.9 15
tt̄H “Had” Category 2 5.6 ± 1.0 1.1 ± 0.8 16.5 ± 1.7 23.2 ± 2.3 31
tt̄H “Had” Category 3 7.7 ± 1.3 3.1 ± 2.2 56.0 ± 3.0 67 ± 4 82
tt̄H “Had” Category 4 4.9 ± 0.8 5 ± 4 101 ± 4 111 ± 6 105
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Statistical, experimental and theoretical uncertainties are determined from the di�erence (in quadrature) of
the uncertainty obtained from the unconditional fit and that obtained when the relevant nuisance parameters
are fixed to their best fit values.

The observed cross section times branching ratio �t t̄H ⇥B�� is measured using the same formalism as above.
Here, the likelihood function does not include any nuisance parameters representing theoretical uncertainties
on the total ttH(! ��) production cross section or on the H ! �� branching ratio. Uncertainties on the
kinematic distributions, which may lead to migration between BDT categories or may change the fraction
of tt̄H events passing the fiducial requirements, are included in the likelihood function.

The measured cross section times branching ratio is:

�t t̄H ⇥ B�� = 1.59+0.43
�0.39 fb = 1.59+0.38

�0.36 (stat.) +0.15
�0.12 (exp.) +0.15

�0.11 (theo.) fb.

This is compared to the Standard Model prediction of tt̄H(! ��) = 1.15+0.09
�0.12 fb. The breakdown of

contributions to the measurement from each group of uncertainties is shown in Table 2.

All results are calculated with the Higgs boson mass fixed to 125.09 ± 0.24 GeV, the value measured by
the ATLAS and CMS Collaborations [69]. As a cross check, the significance, µ, and �t t̄H ⇥ B�� were
remeasured with the Higgs boson mass and the signal resolution allowed to be determined directly from
data; the results were found to be compatible with the nominal fit.

Table 2: The contribution of groups of systematic uncertainties to the total error on the observed cross section times
branching ratio. This is shown as the uncertainty due to each group of systematic uncertainties (��), as a fraction of
the total observed cross section (�). For each group of uncertainties, asymmetric errors are assigned. Here ��high
(��low) shows the e�ect of systematic variations that increase (decrease) �.

Uncertainty source ��low/� [%] ��high/� [%]
Theory uncertainties 6.6 9.7

Underlying Event and Parton Shower (UEPS) 5.0 7.2
Modeling of Heavy Flavor Jets in non-tt̄H Processes 4.0 3.4
Higher-Order QCD Terms (QCD) 3.3 4.7
Parton Distribution Function and ↵S Scale (PDF+↵S) 0.3 0.5
Non-tt̄H Cross Section and Branching Ratio to �� (BR) 0.4 0.3

Experimental uncertainties 7.8 9.1
Photon Energy Resolution (PER) 5.5 6.2
Photon Energy Scale (PES) 2.8 2.7
Jet/Emiss

T 2.3 2.7
Photon E�ciency 1.9 2.7
Background Modeling 2.1 2.0
Flavor Tagging 0.9 1.1
Leptons 0.4 0.6
Pileup 1.0 1.5
Luminosity and Trigger 1.6 2.3
Higgs Boson Mass 1.6 1.5
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4.9σ signal strength : 1.38 ± 0.41

   observation!tt̄H ~139 fb-1

direct access to
H-top coupling



even Searching for

‣second generation much more difficult

upper limit of 1.7x SM-BR (95% cl)
 μ = 0.5 ± 0.7

H → μ+μ− H → cc̄



Everything looks SM-like within (large) uncertainties

‣There is plenty of room for discoveries yet



SM

BSM

SM
BSM

Search for new states 
Resonances: “Descriptive TH”

Search for new interactions 
Deviations: “Precision TH”

•less known (room for surprises!)
•more sensitive (Portal) to new physics
•Potential : look at multiple Higgs production

• Explore Higgs sector with precision

• EXP and TH : (for Higgs) Precision is the name of the game

Everything looks SM-like within (large) uncertainties

‣There is plenty of room for discoveries yet
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HL-LHC Projections 
(S2) TH uncertainties scaled down by factor 2, EXP scaled according to

 3

Precision Theory Challenges
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Precision becomes even more critical 
TH: Do we miss sources of uncertainty? (HTL, EW corr., PDF MHOU, Schemes, …) 
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ℒ

TH errors 
may 

dominate

‣Precision becomes critical

‣TH: can we improve calculations? are we missing sources of uncertainty?
‣EXP: using the most accurate results?

‣HL-LHC projections ~20 years from now!
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Production Channels at the LHC

๏ Gluon-gluon fusion dominates 
    due to large gluon luminosity

gg fusion

vector boson fusion

associated production with W,Z

associated production with heavy quarks

Production channels
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ŝ
−

M
2φ
+

iM
φ Γ

φ
g

φt ,
C

✷
=

g
φ

1
t

g
φ

2
t

,
(16)

w
h
ere

φ
d
en

otes
th

e
H

iggs
p
articles

of
th

e
s-ch

an
n
el

contrib
u
tion

s.
T

h
e

trilin
ear

cou
p
lin

gs
λ

φ
1 φ

2 φ
an

d
th

e
n
orm

alized
Y

u
kaw

a
cou

p
lin

gs
g

φt
can

b
e

fou
n
d

in
R

ef.
[10].

T
h
e

in
d
ivid

u
al

exp
ression

s
in

th
e

h
eavy-qu

ark
lim

it
can

b
e

su
m

m
arized

as:

7

φ
1

φ
2

φ
,Z

g g

t,b

φ
1

φ
2

g g

t,b

F
igu

re
2:

G
en

eric
diagram

s
describin

g
n
eutral

H
iggs-boson

pair
production

in
gluon

–
gluon

collision
s

(φ
,φ

i
=

h
,H

,A
).

w
h
ere

θ
is

th
e

scatterin
g

an
gle

in
th

e
p
arton

ic
c.m

.
system

w
ith

invariant
m

ass
Q

,
an

d

λ
(x

,y,z)
=

(x
−

y
−

z)
2−

4yz.
(13)

T
h
e

integration
lim

its

t̂
±

=
−

12

[Q
2−

m
21 −

m
22 ∓

√
λ
(Q

2,m
21 ,m

22 ) ]
(14)

in
E

q.
(11)

corresp
on

d
to

cos
θ

=
±

1.
T

h
e

scale
p
aram

eter
µ

is
th

e
ren

orm
alization

scale.
T

h
e

com
p
lete

d
ep

en
d
en

ce
on

th
e

ferm
ion

m
asses

is
contain

ed
in

th
e

fu
n
ction

s
F
△

,F
✷
,
an

d
G

✷
.

T
h
e

fu
ll

exp
ression

s
of

th
e

form
factors

F
△

,
F

✷
,
G

✷
,
in

clu
d
in

g
th

e
exact

d
ep

en
d
en

ce
on

th
e

ferm
ion

m
asses,

can
b
e

fou
n
d

in
R

ef.
[10].

T
h
e

cou
p
lin

gs
C

△
an

d
C

✷
an

d
th

e
form

factors
F
△

,F
✷
,G

✷
in

th
e

h
eavy-qu

ark
lim

it
are

given
by:

(i)
S
M

:

C
△

=
λ

H
H

H
M

2Z

ŝ
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For light Higgs can use effective Lagrangian : one loop less!

mtop ! 1approximation

H

Q

p
1 p
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p
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2

HQ
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M   >>  M

mtop

mtop → ∞

O(α3

S)

Leff = −
1

4

[

1 −
αS

3π

H

v
(1 + ∆)

]

TrGµνG
µν

Effective vertex

• Higher order QCD corrections very challenging due
to heavy quark loop at LO

• Work in the MH/4Mt ≪ 1 approximation: effective
ggH vertex (1 loop less)

H

Q

p
1 p

1

p
2p

2

H

m   >>  M
Q H

*

C(   )!
s

• C(αs) known to O(α4
s) Chetyrkin, Kniehl, Steinhauser (1998)

C(αs) = −
1
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π

{
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4
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+
(

αs
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)2
[
2777
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16
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+ nF

(
−

67

96
+

1

3
ln
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R

m2
t

)]

+
(

αs

π

)3

...

}

C(�s,Mt)

•  Effective Lagrangian
Ellis, Gaillard, Nanopoulos (1976)

Voloshin, Zakharov, Shifman (1979) 

• Approximation works at the percent level for ‘top’



Graudenz, Spira, Zerwas (1993)Dawson (1991); Djouadi, Spira, Zerwas (1991)NLO exact
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Higgs production at NLO
Djouadi,Spira,Zerwas,Dawson

• Compute Next to leading order NLO QCD corrections to LO processes

dσ̂ab(ŝ,m
2
h, µF , µR) = dσ̂

(0)
ab (ŝ,m2

h, µR)

[

1 +
αs(µR)

4π
∆

(1)
ab (ŝ,m2

h, µF , µR)

]

LO NLO

g + ḡ → h g + g → h + one loop
g + g → h + g
q + g → h + q
q + q → h + g

• Heavy quarks in the loops make the computation difficult.

• All the soft and collinear divergences are regulated in dimensional regularisation
n = 4 + ε.

• Collinear mass factorisation is done in MS scheme.
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dσ̂ab(ŝ,m
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(0)
ab (ŝ,m2

h, µR)
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1 +
αs(µR)

4π
∆

(1)
ab (ŝ,m2

h, µF , µR)

]

LO NLO

g + ḡ → h g + g → h + one loop
g + g → h + g
q + g → h + q
q + q → h + g

• Heavy quarks in the loops make the computation difficult.

• All the soft and collinear divergences are regulated in dimensional regularisation
n = 4 + ε.

• Collinear mass factorisation is done in MS scheme.

Harlander, Kilgore (2002)
Anastasiou, Melnikov (2002) 
Ravindran, Smith, van Neerven (2003)

NNLO computed using effective 

- p. 20/50

Processes at NNLO
Harlander, Kilgore, Anastasiou, Melnikov, van Neerven, Smith,

V.Ravindran

Double Virtual:

⊗ ⊗ + 148 terms;

Real Virtual:

⊗ ⊗ + 635 terms;

Double Real:

⊗

⊗ + 594 terms.

In addition:

q + g → h + X(q, q, g) qi + qj(qj) → h + X(q, q, g)

Improved by Threshold Resummation Catani, deF., Grazzini, Nason (2003)



Higgs at N3LO Anastasiou, Duhr, Dulat, Herzog, Mistlberger (2015)

Few facts about N3LO
• O(100000) interference diagrams (1000 at NNLO)

• 68273802 loop and phase space integrals (47000 at NNLO)

• about 1000 master integrals (26 at NNLO) 

68273802 loop and
 phase space integrals

‣Threshold expansion (very high order) 
‣Now full calculation Mistlberger (2018)

‣Within heavy top approximation

Impressive calculation : new techniques

Very relevant observable called for higher orders (slow convergence)

‣Inclusive over parton radiation
‣Observe stabilization
‣Small correction (2% at MH/2)
‣Scale variation at N3LO ~2%

µ/MH

LO NLO NNLO NNNLO
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10

20

30

40

50

μ/mh

σ
/p
b

LHC@ 13TeV
pp→h+X gluon fusion
MSTW08 68cl
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p
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µ = µF = µR

13 TeV�



Improved Higgs Cross-section  @ LHC

‣ Great improvement over the last years

‣ Without QCD corrections : fail by more than a factor of 2

Higgs Cross-Section WG✓at 13 TeV

 4

Higgs - Gluon-Fusion

mq(Q0)/GeV Q0/GeV

t 162.7 162.7
b 4.18 4.18
c 0.986 3.0

Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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further improve 
- N3LO PDFS 
- Full Mass dependence at NNLO 
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
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Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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values of the collider energy.
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4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by
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Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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uncertainty on the cross section. iHixs provides detailed estimates for the
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‣Need to attack in many fronts to further improve: pdf, top mass, EW

uncertainties



Improved Higgs Cross-section  @ LHC

‣ Great improvement over the last years

‣ Without QCD corrections : fail by more than a factor of 2
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iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
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Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by
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and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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b 4.18 4.18
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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collider energy. according to eqs. (26)-(28).
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Important electroweak corrections arise from two-loop diagrams containing an internal

quark loop where the Higgs boson couples to W - and Z-bosons. An example diagram is

shown in Fig. (1); we henceforth refer to these corrections as light-quark electroweak con-

tributions, while the quark Yukawa coupling dependent terms discussed above are denoted

as heavy-quark QCD contributions. The light-quark diagrams are not suppressed by quark

Yukawa couplings, and therefore have a multiplicity enhancement from summing over light

quarks. The inclusion of these contributions modifies the term proportional to G(0)
ij (z) in

Eq. (2.2). The partonic cross section becomes

σ̂ij = σ(0)
EW G(0)

ij (z) + σ(0)
∞
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G2l
lf is the expression for the two-loop light-quark contributions; its analytic form in terms

of generalized harmonic polylogarithms can be found in Ref. [17]. A calculation of the

corrections with the light-quark loop replaced by a top-quark, or the top-bottom doublet

in the case of the W -boson, was first performed in Ref. [27]. A careful numerical study of

these electroweak corrections utilizing the complex-mass scheme to handle the threshold

regions MH ≈ 2MW,Z was performed recently in Ref. [19]; this study also includes effects

from internal top quarks coupling to the W and Z. The full corrections increase the

leading-order cross section by +5−6% for Higgs boson masses in the range 120−160GeV.
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Figure 1: Example two-loop light-quark diagram contributing to the Higgs boson production cross
section via gluon fusion.

The cross section in Eq. (2.7) includes corrections to the leading-order result valid

through O(α) in the electroweak couplings and to O(α2
s) in the QCD coupling constant in

the large top-mass limit upon inclusion of the known results for G(1,2)
ij . Since the perturba-

tive corrections to the leading-order result are large, it is important to quantify the effect

of the QCD corrections on the light-quark electroweak contributions. This would require

knowledge of the mixed O(ααs) corrections, which arise from 3-loop diagrams. In lieu of

such a calculation, the authors of Ref. [19] studied two assumptions for the effect of QCD

corrections on the 2-loop light-quark diagrams.

• Partial factorization: no QCD corrections to the light-quark electroweak diagrams

are included, so that the cross section is given by the expression in Eq. (2.7). With

this assumption, electroweak diagrams contribute only a +1 − 2% increase to the

Higgs boson production cross section.
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from internal top quarks coupling to the W and Z. The full corrections increase the

leading-order cross section by +5−6% for Higgs boson masses in the range 120−160GeV.

H

g

g

W, Z

Figure 1: Example two-loop light-quark diagram contributing to the Higgs boson production cross
section via gluon fusion.

The cross section in Eq. (2.7) includes corrections to the leading-order result valid

through O(α) in the electroweak couplings and to O(α2
s) in the QCD coupling constant in

the large top-mass limit upon inclusion of the known results for G(1,2)
ij . Since the perturba-

tive corrections to the leading-order result are large, it is important to quantify the effect

of the QCD corrections on the light-quark electroweak contributions. This would require

knowledge of the mixed O(ααs) corrections, which arise from 3-loop diagrams. In lieu of

such a calculation, the authors of Ref. [19] studied two assumptions for the effect of QCD

corrections on the 2-loop light-quark diagrams.

• Partial factorization: no QCD corrections to the light-quark electroweak diagrams

are included, so that the cross section is given by the expression in Eq. (2.7). With

this assumption, electroweak diagrams contribute only a +1 − 2% increase to the

Higgs boson production cross section.

– 4 –

σ = σ(QCD)(1 + δEW /σ(LO))

EW corrections

total factorization EW
including HQ

additive EW

differ by mixed QCD-EW effects: estimated in   EFT limitMV ≫ MH

σ = σ(QCD) + δEW ~2% effect

~5% effect

support total factorization

‣Add them to QCD result, how?

Anastasiou, Boughezal, Petriello (2009)

Figure 2: Examples of QCD corrections to the LO QCD-EW Higgs gluon fusion.

(a) Quark loop connection. (b) Two separate quark loops.

Figure 3: Typical diagrams that may provide Z- but not W -boson contributions to mixed QCD-EW
corrections.

axial current). We note that in the latter case, because of the axial anomaly, the contribution
of the b-quark is not well defined without the top quark; in this paper we ignore this issue and
completely discard all contributions that lead to diagrams of the type (Fig. 3b) but we include
the b-quark in all other three-loop QCD-EW diagrams that we consider in this paper. After these
simplifications, there remain 47 three-loop non-vanishing diagrams for both W -bosons and the Z-
bosons. All the relevant contributions can be obtained by considering diagrams where a massive
vector boson interacts with the quark loop through a vector current.

3 Topologies and master integrals

It is straightforward to compute contributions of individual diagrams to the invariant form factor
F using Eq. (2.6). Upon doing so, we find that the form factor F is given by a linear combination
of Feynman integrals that we write as follows

Z
ddk1 ddk2 ddk3⇥
i⇡d/2�(1 + ")

⇤3
JY

j=1

1

[j]aj
. (3.1)

The [j]s denote inverse Feynman propagators that we specify in Appendix A. Since W and Z
bosons never appear in the same Feynman diagram, we use a generic notation M for the mass of
the vector bosons when we discuss Feynman diagrams and integrals. All Feynman integrals are
analytic functions in the variables s = (p1 + p2)2 and M2 . Discontinuities common to all parent
topologies occur at s � 0 (on-shell massless intermediate states), s � M2 (production of an on-shell

4

3

singularities by renormalization of the parton distribu-
tion functions, one finds [15, 16]

G(z, µ,αs) = δ(1− z)

+
αs

2π

[

8CA

(

D1(z) +
D0(z)

2
ln

m2
H

µ2

)

+

(

2π2

3
CA + V

)

δ(1 − z)

]

.

(7)

Here, CA = 3 is the number of colors and D0 = [1/(1 −
z)]+, D1 = [ln(1− z)/(1− z)]+ are plus distributions. V
is the ratio of the infra-red subtracted virtual corrections
to the leading order cross section. Note that this quan-
tity V represent the only non-universal contribution in
the soft limit, which means that it is this quantity that
may, potentially, change the relative size of electroweak
corrections to Higgs production cross section at lead-
ing and next-to-leading orders in perturbative QCD. The
infra-red subtracted virtual corrections are obtained from
the results for NLO QCD corrections to mixed QCD-
electroweak contributions reported in Ref. [14] and from
the known NLO QCD corrections to leading order pro-
duction cross section [3]. We write

V = 2Re(A1,finA
∗
0)/|A0|2, (8)

where

A1,fin =
11

2
−

3α2v2

32m2
H sin4 θW

(

CWA(1)
W + CZA

(1)
Z

)

, (9)

and [14]

A(1)
W = −11.315691− i 54.029527,

A(1)
Z = −2.975666− i 41.195540.

(10)

In principle, the above results allow us to compute
the Higgs boson cross section in the soft gluon approx-
imation. However, it is known that the soft gluon ap-
proximation underestimates the NLO corrections. An
attempt to improve on this by constructing subleading
terms was undertaken in Ref. [17]. It was argued there,
using analiticity considerations in Mellin space and in-
formation on universal subleading terms in the z → 1
limit that arise from soft-gluon kinematics and, also, from
the collinear splitting kernels, that a useful extension of
the soft approximation is obtained by replacing the plus-
distribution D1(z) that appears in Eq.(7) with

D1(z) → D1(z) + δD1(z), (11)

where

δD1(z) = (2−3z+2z2)
ln((1 − z)/

√
z)

1− z
−
ln(1 − z)

1− z
. (12)

Note that δD1(z) is an integrable function of z and not
a plus-distribution.

It is now straightforward to use the above results
to estimate the NLO QCD corrections to mixed QCD-
electroweak contribution in the soft gluon approximation.
We take s = (13TeV)2. We use NNPDF30 sets [18] to
compute the gluon fusion cross section and we use LO and
NLO parton distribution functions to perform computa-
tions in respective perturbative orders. We set the values
of the factorization and the renormalization scales equal
to each other. The central value for both scales is taken
to be µ = mH/2. We note, however, that our main result
– the relative change in QCD cross sections due to mixed
QCD-EW contributions – is practically independent of
the central scale. Computing the Higgs production cross
section using Eq. (1), we obtain the following results

σLO
QCD = 20.6 pb, σLO

QCD/EW = 21.7 pb,

σNLO
QCD = 32.66 pb, σNLO

QCD/EW = 34.41 pb.
(13)

It follows from these numbers that the electroweak-QCD
contributions increase both the LO and NLO cross sec-
tions by 5.3− 5.5 percent. This result is consistent with
the estimate of the impact of mixed QCD-EW corrections
obtained in Ref. [1].
As a check on the robustness of this result, we repeat

the same computation setting δD1(z) in Eq.(12) to zero.
Since, as we explained earlier, by introducing δD1(z) we
attempt to describe radiation beyond the soft limit, by
removing it from the computation we check the sensi-
tivity of the result to the part of computation that we
poorly control. We find (δD1 → 0)

σNLO
QCD = 26.30 pb, σNLO

QCD/EW,= 27.70 pb. (14)

It follows that also in this case the mixed QCD-
electroweak contribution e xceeds the QCD cross section
by about 5.35 percent.
Finally, we can also check what happens if we use the

exact NLO results for QCD contributions, and only em-
ploy the soft approximation to describe the mixed QCD-
EW contribution. The corresponding NLO QCD cross
section can be obtained with MCFM [20]. For µ = mH/2,
the result reads2 σNLO,full

QCD = 35.4 pb. The change in
NLO QCD cross section caused by QCD-EW contribu-
tions is obtained from Eqs.(13,14). We find δσNLO

QCD−EW =
1.6 − 2 pb, depending on whether we include improved
or unimproved soft approximation. Computing the ra-
tio δσNLO

QCD−EW/σQCD,full
NLO , we obtain (4.7 − 5.5) × 10−2,

consistent with other estimates described above.
The soft approximation for real gluon emission that we

employ here does not describe correctly the structure-
dependent radiation that arises when gluons are emit-
ted from the “interior” of the loop amplitude. However,

2 All partonic channels are now included.

‣NEW: 3-loop QCD-EW corrections computed
Bonetti, Melnikov, Tancredi (2018-2019)

combined with real using soft approximation

+5.3% at LO

+5.3% at NLO
total factorization
at NLO

but one source of uncertainty

~5% at LO

Actis, Passarino, Sturm, Uccirati (2008)
Aglietti, Bonciani, Degrassi, Vicini (2004)



‣Higgs Precision Era : DISTRIBUTIONS

Differential cross section combination
● Combined differential cross section measured in different final states to increase statistical power
● 30-40% uncertainty per bin (up to 25% better than H→γγ alone at low pT); 
● 60% at high pT because of ggHbb

[1812.06504]
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Figure 6: Rapidity distribution of the Higgs boson computed using the qT subtraction formalism
up to N3LO. The seven-point scale variation bands (as stated in Table 1) of the LO, NLO, NNLO
and N3LO (CN3) results are as follows: LO (pale grey fill), NLO (green fill), NNLO (blue hatched)
and N3LO (CN3) (red cross-hatched). The central scale (µ = MH/2) at each perturbative order
(except LO) is shown with solid lines. In the lower panel, the ratio to the NNLO prediction
is shown. While the bands for the predictions at LO, NLO and NNLO are computed with the
seven scales as detailed in the text, the N3LO (CN3) band is obtained after considering also the
uncertainties due to the variation of the qcut

T
and the CN3 coe�cient in the N3LO-only contribution.

display a considerable reduction of scale uncertainties going from NNLO to N3LO in this central
rapidity region. For the rapidity region yH > 1, however, larger di↵erences are observed between
the two calculations, where the results using the qT subtraction formalism generally yield smaller
N3LO corrections (within the NNLO scale uncertainty band). Most recently, the calculation of
the threshold expansion including the first six terms was completed in Ref. [16], which exhibits a
stabilisation of the perturbative series together with a reduction of scale uncertainties. Comparing
Fig. 6 with the results obtained in Ref. [16], we observe very good agreement between the two
calculations.

5 Conclusions and outlook

In this paper we have performed a detailed study of Higgs boson production at the LHC using the
qT subtraction formalism at N3LO. We systematically describe the qT subtraction formalism for a
generic colourless and massive system F ({qi}) produced at hadron colliders. Fully di↵erential cross
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
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1) Cieri et al. - Assumes 3rd order collinear 
function uniform in rapidity 
2) Dulat et al. - Soft expansion 

Remarkably flat K-factor (as expected) 

Cieri et al. relies on      subtraction, calculation 
rather time consuming (~7M CPU h) 

Future: with decays & in fiducial region 
How good are predictions currently used by EXP? 
Best way to use improved TH predictions… 

qT

Rapidity @ N3LO

Cieri,  Chen, Gehrmann, Glover, Huss (2018)

Dulat, Mistlberger, Pelloni (2018) Threshold expansion

‣relies on qT subtraction method
  (assumption on 3rd order coeff.)

‣will include decay and fiducial

‣Flat K-factor (expected)

agrees with 

‣similar features as inclusive
   convergence, scale dependence
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NNPDF2.3, 8 TeV

d
�
/d

p
?
,�
�

[f
b
/1
0
G
eV

] LO
NLO

NNLO

0

0.05

0.1

0.15

0.2

p?,�� [GeV]

NLO

LO

NNLO

NLO

1
1.25
1.5

0 25 50 75 100 125 150

Figure 2: Higgs boson rapidity (left) and transverse momentum (right) distributions at the 8 TeV

LHC. The insets show ratios of di↵erential cross sections at di↵erent orders in perturbation theory

for the factorization and the renormalization scales set to the mass of the Higgs boson.

in perturbation theory. An acceptance is defined as the ratio of a fiducial to total cross

section A = �fid/� for H + j production. When ratios of cross sections are computed,

many sources of theoretical uncertainties cancel out and it is in general not possible to

properly estimate the uncertainty of the result by changing factorization and renormalization

scales within a prescribed interval. For this reason, it is useful to know several orders in

the perturbative expansion of the acceptance, to estimate the precision with which it can

actually be predicted. For the 8 TeV LHC and the ATLAS setup, we find

ALO = 0.594(4), ANLO = 0.614(3), ANNLO = 0.614(4). (3)

The perturbative expansion for the acceptances exhibits good convergence. Indeed, by com-

paring the central values, we find that the NLO acceptance is larger than the LO acceptance

by 3 percent, whereas there is no change going from NLO to NNLO.

Another interesting quantity is the exclusive cross section for fixed number of jets. The

corresponding results are shown in the right pane of Fig. 1. We observe good convergence

of the perturbative expansion for the exclusive H + j and H + 2j production cross sections

at 8 TeV LHC. We can not discuss the perturbative behavior of the H + 3j cross section

since it enters our computation only at leading order in perturbative QCD.

We now turn to kinematic distributions studied by the ATLAS collaboration. They can

be divided into three categories: transverse momentum and rapidity distributions of the

Higgs boson; transverse momentum, rapidity and the transverse energy distributions of the

accompanying QCD radiation and, finally, kinematic distributions of individual photons.
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•Fiducial cross sections
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Figure 10. Transverse momentum distribution of the Higgs boson for CMS [
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R
Ldt = 36.1 fb�1] (lower-left) and

ATLAS II [
R
Ldt =79.8 fb�1] (lower-right) cuts and integrated luminosities.

imental data in this region are typically exceeding the theory predictions, especially for

p
4l

T
> 150 GeV. In this region, gluon fusion Higgs boson production is complemented by

sizeable contributions from other production processes (vector boson fusion and associated

production with a vector boson), which are not included in the present study.

3.3 Lepton transverse momentum distributions

The future increase of the LHC data set will enable multi-di↵erential measurements in spe-

cific Higgs-boson final states, thereby opening up novel opportunities for precision studies

of Higgs boson production and decay. The interpretation of such future measurements will

rely on theory predictions for the relevant fiducial distributions. To illustrate that such

types of fiducial distributions can be reliably predicted using NNLOJET, we present in

Fig. 11 the individual transverse momentum distributions of all four leptons in Higgs-plus-

jet production, computed for the ATLAS II fiducial cuts. The leptons are ordered by their

transverse momentum, and summed over charge and flavour. The theory uncertainties are

obtained from the common seven-point scale variation and the numerical integration errors

are indicated on the central values as error bars. The distributions for the leading and sub-

leading leptons are very stable throughout the plotted region. The statistics for the third

and fourth leptons drop drastically beyond 300 and 200 GeV respectively, exhibiting rela-

tively large residual integration errors. All four leptons must satisfy the fiducial selection

criterion and are identified as isolated leptons. Each of the lepton transverse momen-

tum distribution can be integrated to the same total cross section (within corresponding

– 16 –
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H+Jet Computed at NNLO QCD (HTL) by 3 groups 
1) Antenna subtraction  

2) Sector improved residue subtraction 

3) N-Jetiness 

Long standing discrepancy between 1/2 and 3 finally seems to have been resolved 
(issue with implementations of H+2j, too large       )
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of Higgs boson production and decay. The interpretation of such future measurements will

rely on theory predictions for the relevant fiducial distributions. To illustrate that such

types of fiducial distributions can be reliably predicted using NNLOJET, we present in

Fig. 11 the individual transverse momentum distributions of all four leptons in Higgs-plus-

jet production, computed for the ATLAS II fiducial cuts. The leptons are ordered by their

transverse momentum, and summed over charge and flavour. The theory uncertainties are

obtained from the common seven-point scale variation and the numerical integration errors

are indicated on the central values as error bars. The distributions for the leading and sub-

leading leptons are very stable throughout the plotted region. The statistics for the third

and fourth leptons drop drastically beyond 300 and 200 GeV respectively, exhibiting rela-

tively large residual integration errors. All four leptons must satisfy the fiducial selection

criterion and are identified as isolated leptons. Each of the lepton transverse momen-

tum distribution can be integrated to the same total cross section (within corresponding
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Large pt - Boosted Higgs

Expect               approximation to fail, resolve loop 
Known at NLO in 2 approaches: 
1) Expansion valid for 

2) Exact result (numerical)

mT → ∞

m2
H, m2

T ≪ |s | ∼| t | ∼| u |
(Lindert), Kudashkin, Melnikov, Wever 17,18; Neumann 18

SPJ, Kerner, Luisoni 18

Large K-factor ~ 2 
For the scale choice                : 
- K-factor very similar to HTL 
- K-factor nearly flat at large  
- ~8% increase from including      in virtuals

μ = HT /2

pT
mT

Several open questions… 
Combination with NNLO HTL 
Top-quark mass scheme uncertainty  
Background processes (V+jets,…) 
Electroweak corrections 
How well do PS really do (esp. for LO accurate 
variables)?

OS/MS

sensitivity to 
loop structure
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Figure 8. Jet multiplicity in Higgs-plus-jet production compared to preliminary 13 TeV ATLAS
data [20]. Left panel is the absolute cross section, right panel is normalized to �H .
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Figure 9. Transverse momentum distributions of the leading jet produced in association with a
Higgs boson compared to preliminary 13 TeV ATLAS data [20]. Left panel is the absolute cross
section, right panel is normalized to �H .

uncertainty.

The transverse momentum distribution of the leading jet, Figure 9, and of the Higgs

boson 10 were both measured by ATLAS up to transverse momenta of 200 GeV. The mea-

surements agree well with our NNLO predictions in shape and normalisation already for

the absolute distributions, except for the highest bin in the Higgs transverse momentum

distribution, which is measured to be about two standard deviations above the theory pre-

diction. As already observed for the jet multiplicity at 13 TeV, this quantitative agreement

persists for the normalised distributions.
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bottom-top quark interference in pp ! H + jet

 10

Higgs - Top/Bottom Interference

resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
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resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
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resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
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resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
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resummed result. However at smaller values, p? <⇠ 30GeV we observe a marked difference between
the two results. The error for the full matched result is close to 10% for p? <⇠ 30 GeV and close to
⇠ 20% at larger p?. We stress however that the uncertainty on the dominant top contribution can
be further reduced by employing the results of Refs. [7–11, 29, 55].
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
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qT

‣ Convergence spoiled when two scales are very different (small qT)

Transverse momentum distribution

soft and collinear origin↵n

s
log2n

M2
H

q2
T

C0↵
0
s + C1↵

1
s + C2↵

2
s + C3↵

3
s + ...

‣ Converge of perturbative expansion restored after resummation
                     sum “dominant logarithms” to all orders in coupling constant

fixed order resummed 

Catani, deF, Grazzini, Ferrera
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µR = µF = mH/2, Q = mH/2
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uncertainties with µR, µF, Q variations
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Figure 7. Comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3LL+NNLO for a central scale choice of µR = µF = mH/2 (left) and µR = µF = mH (right). In both
cases, Q = mH/2. The lower panel shows the ratio to the N3LL+NNLO prediction.
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Figure 8. Comparison of the transverse momentum distribution for Higgs boson production between
N3LL+NNLO, NNLL+NLO, and NNLO at central scale choice of µR = µF = mH/2. The lower panel
shows the ratio to the N3LL+NNLO prediction.

notice indeed that in both cases the effect of resummation starts to be increasingly relevant for
p
H
t
. 40 GeV.
In the following we choose mH/2 as a central scale. Nevertheless, we stress that a comparison to

data (not performed here for Higgs boson production) will require a study of different central-scale
choices.

To conclude, Figure 8 reports the comparison between our best prediction (N3LL+NNLO),
the NNLL+NLO, and the NNLO distributions. The plot shows a very good convergence of the
predictions at different perturbative orders, with a significant reduction of the scale uncertainty in
the whole kinematic range considered here.

5.2 Matched predictions for fiducial H ! ��

Experimental measurements are performed within a fiducial phase-space volume, defined in order
to comply with the detector geometry and to enhance signal sensitivity. On the theoretical side it
is therefore highly desirable to provide predictions that exactly match the experimental setup. The
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• H known at N3LO
• H+jet known at N2LO
• resummation functions known at N3LL

‣qT resummation performed at (~)N3LL
Bizon et al (2018)

RadISH

‣very good convergence N2LL to N3LL
‣reduction in scale dependence (accidentally small in some cases)
‣perturbative uncertainties around 6% for 5<qT<35 GeV
‣similar results for fiducial case  H → γγ

σNaLL ∼ H(αs)NaLO × eS(log MH /qT)NaLL

+ matching with f.o. distribution O(a-1)

Bizoń, Chen, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Monni, Re, Rottoli, 
Torrielli 18

 9

Higgs - Small pt

Higgs Boson transverse momentum spectrum at small       known at NNLO + N3LL  
1) SCET based approach 
2) Direct QCD 

Resum                : remaining perturbative uncertainties ~6% for                           

pT

5 < pT < 35 GeVln(pT /mH) 5

FIG. 3. The Higgs-boson transverse momentum distribution
matched between FO and SCET. Dashed lines indicate central
scales of mH/2 and matching profile centered at 30 GeV. The
theoretical uncertainties are estimated by taking the envelope
of all scale and profile variations (see text). Ratio plots in
the lower panel presents the scale and profile variation with
respect to NNLO+N3LL (red dashed line).

the level of 1 per-mille, which imposes a strong chal-
lenge on fixed-order calculations in the infrared unstable
small pT region. We have shown excellent agreement be-
tween SCET and NNLOJET in this region, which provides
a highly nontrivial check of both calculations. The fi-
nal matched predictions show a continuous reduction of
scale uncertainties order by order, and are significantly
more precise for small pT . We expect our results will
have an important impact on understanding the detailed
properties of the Higgs boson at the LHC.
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Figure 7. Comparison of the transverse momentum distribution for Higgs boson production at NNLO and
N3LL+NNLO for a central scale choice of µR = µF = mH/2 (left) and µR = µF = mH (right). In both
cases, Q = mH/2. The lower panel shows the ratio to the N3LL+NNLO prediction.
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Figure 8. Comparison of the transverse momentum distribution for Higgs boson production between
N3LL+NNLO, NNLL+NLO, and NNLO at central scale choice of µR = µF = mH/2. The lower panel
shows the ratio to the N3LL+NNLO prediction.

notice indeed that in both cases the effect of resummation starts to be increasingly relevant for
p
H
t
. 40 GeV.
In the following we choose mH/2 as a central scale. Nevertheless, we stress that a comparison to

data (not performed here for Higgs boson production) will require a study of different central-scale
choices.

To conclude, Figure 8 reports the comparison between our best prediction (N3LL+NNLO),
the NNLL+NLO, and the NNLO distributions. The plot shows a very good convergence of the
predictions at different perturbative orders, with a significant reduction of the scale uncertainty in
the whole kinematic range considered here.

5.2 Matched predictions for fiducial H ! ��

Experimental measurements are performed within a fiducial phase-space volume, defined in order
to comply with the detector geometry and to enhance signal sensitivity. On the theoretical side it
is therefore highly desirable to provide predictions that exactly match the experimental setup. The
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Impact of resummation also studied for              (fiducial)  
Found to be rather similar to inclusive case 
Extremely small scale uncertainty due to accidental cancellation for central scale 
choice

H → γγ

μF = μR = mH /2



NNLO QCD corrections to VBF-2j production and NLO QCD corrections to VBF-3j 
production using structure function approach  

Uncovered error in earlier calculation stemming from VBF-3j piece (now fixed)

 6

VBF Higgs production

Cruz-Martinez, Gehrmann, Glover, Huss 18

NNLO Cross section ~4% smaller than NLO 
(with VBF cuts) 

VBF di-Higgs production now also known at 
N3LO and NNLO (fully differential)

Figure 4. Higgs boson transverse momentum distribution in VBF process.
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Figure 5. Transverse momentum distribution of leading and subleading jet in VBF process.

5%, while NLO corrections can be as large as 30% and lead to a substantial modification

of the shape of both jet distributions.

The spatial distribution of the two tagging jets is described by their separation in

rapidity �yjj and their angular decorrelation �j12 . The VBF-2j distributions in these two

variables are shown in Figure 6. We observe that the NLO and NNLO corrections are very

uniform in �j12 , while displaying a sizeable dependence on �yjj . For low values of this

– 7 –

Cacciari, Dreyer, Karlberg, Salam, Zanderighi 15; Figy, Hankele, Zeppenfeld 07
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Figure 1. Born-level vector boson fusion process.
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Figure 2. Examples of second order QCD corrections (RR, RV, VV) to the VBF process.

Second order QCD corrections constitute of contributions from double real radiation

(RR), single real radiation at one loop (RV) and two-loop virtual (VV), see Figure 2.

Working in the structure function approach, the corrections to the basic VBF process can

be distributed amongst the quark lines, e.g. a real emission o↵ one quark line and a virtual

correction to the other line (as in Figure 2) contributes to the RV process.

In our calculation, we implemented the matrix elements for all relevant parton-level

subprocess, and used the antenna subtraction technique [19] to construct subtraction terms

for the infrared real radiation singularities in the RR and RV contributions so that these

contributions are finite over the whole of phase space. The implicit singularities in the

subtraction terms are then rendered explicit through integration over the unresolved phase

space and then combined with the VV contribution to render this contribution also finite

and amenable to numerical integration in four space-time dimensions. The numerical

implementation is performed in the NNLOjet parton-level event generator framework,

which provides the phase-space generator, event handling and analysis routines as well

as all unintegrated and integrated antenna functions [20] that are used to construct the

subtraction terms.

3 Results

For our numerical computations, we use the NNPDF3.0 parton distribution functions [21]

with the value of ↵s(MZ) = 0.118 at NNLO, and MH = 125 GeV, which is compatible

with the combined results of ATLAS and CMS [22]. Furthermore, we use the following

– 3 –

Dreyer, Karlberg 18, 18

Common project with Jets group: 
Prospects for quark/gluon jet tagging for VBF?

VBF at NNLO
Structure function approach

Assume that lower and upper sector factorize from each other (i.e. no
cross-talk). [Han, Valencia, Willenbrock Phys.Rev.Lett. 69 (1992) 3274-3277]

One can then think of
VBFH as DIS⇥DIS.

This picture is accurate
to better than 1%.

[ Bolzoni et al. PRD85 (2012) 035002,
Ciccolini et al. PRD77 (2008) 013002,
Andersen et al. JHEP 0802 (2008) 057]

Since DIS coe�cients are inclusive over hadronic final states, this
calculation cannot provide di�erential results for the jets.

Frédéric Dreyer 2/10

These types of contributions are neglected in this limit:

‣(SF) DISxDIS like approach ~1% accurate picture

Structure function approach

Assume that lower and upper sector factorize from each other (i.e. no
cross-talk). [Han, Valencia, Willenbrock Phys.Rev.Lett. 69 (1992) 3274-3277]

One can then think of
VBFH as DIS⇥DIS.

This picture is accurate
to better than 1%.

[ Bolzoni et al. PRD85 (2012) 035002,
Ciccolini et al. PRD77 (2008) 013002,
Andersen et al. JHEP 0802 (2008) 057]

Since DIS coe�cients are inclusive over hadronic final states, this
calculation cannot provide di�erential results for the jets.

Frédéric Dreyer 2/10

These types of contributions are neglected in this limit:

neglect color exchange between lower and upper legs 

Cacciari, Dreyer, Karlberg, Salam, Zanderighi (2015)
Cruz-Martinez, Gehrmann, Glover, Huss (2018)

‣NNLO differential corrections larger (5-10%) 
  than for inclusive (1%) 
‣NNLO beyond NLO band
‣-4% correction from NNLO to NLO with VBF cuts
‣Known at N3LO for inclusive case

Uncovered error in earlier calculation 
stemming from (NLO) VBF-3j piece

F. Dreyer, A. Karlberg (2016)



‣Full NNLO production and decay (narrow width)

‣previously NNLO production and NLO decay
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Figure 1: pp → W+H + X → lνlbb̄ + X at LHC with
√
s = 13 TeV. Transverse-momentum

distribution (left panel) and invariant mass distribution (right panel) of the leading b-jet pair
computed at full NNLO (red) and partial NNLO (blue). The lower panels show the ratios of the
results. The applied cuts are described in the text.

We observe that the additional α2
S corrections included in the full NNLO prediction have an

important effect also on the shape of the pbbT distribution. In particular the cross section is increased
by around 2− 5% for pbbT ∼< 140 GeV and it is decreased by around 6− 8% for pbbT ∼> 140 GeV. The
corresponding K-factor, defined as the ratio between the full NNLO prediction in Eq. (2) and
the partial NNLO prediction in Eq. (3), is thus remarkably not constant (see the lower panel of
Fig. 1 (left)). The qualitative behaviour of these effects is not unexpected. The additional QCD
radiation in the Higgs boson decay, which is included in the full NNLO calculation, has the effect
of decreasing the transverse-momentum of the leading b-jet pair, making the pbbT distribution softer.

In Fig. 1 (right) we present the invariant mass distribution of the leading b-jet pair, Mbb. We
consider again the comparison between the full NNLO QCD prediction in Eq. (2) and the partial
NNLO prediction in Eq. (3) and we show the ratio of the two predictions in the lower panel. For
this observable the effect of the NNLO corrections to the decay rate are even more substantial.
While the position of the peak is rather stable around the value of the Higgs boson massMbb ≃ mH ,
the spectrum receives large positive corrections (up to +60%) for Mbb < mH and sizeable negative
corrections (from −30% to −10%) for Mbb ∼>mH . The large impact of these corrections can be
understood by noting that the leading order (LO) computation would produce an invariant mass
distribution which exactly fulfills the constraint Mbb = mH . Higher-order corrections to the decay
decrease the invariant mass of the leading b-jet pair. In the Mbb < mH region the partial NNLO
prediction (which contains just the NLO correction to the decay rate) is effectively a first-order
calculation and the next-order term is contained only in the full NNLO correction. Conversely,
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We now present numerical results for pp collisions at a center–of–mass energy of
√
s = 13 TeV.

For the electroweak couplings, we use the Gµ scheme and the following input parameters: GF =
1.1663787 × 10−5 GeV−2, mZ = 91.1876 GeV, mW = 80.385 GeV, ΓZ = 2.4952 GeV, ΓW =
2.085 GeV, mt = 172 GeV and mb = 4.18 GeV ¶. The mass and the width of the SM Higgs boson
are set to mH = 125 GeV and ΓH = 4.070 MeV respectively, while the H → bb̄ branching ratio is
set to Br(H → bb̄) = 0.578 [36].

As for the parton distribution functions (PDFs), we use the NNLO PDF4LHC set [44] with
αS(mZ) = 0.118. We set the renormalization and factorization scales to the dynamical value
µR = µF = MVH (i.e. the invariant mass of the VH system) and the renormalization scale for the
H → bb̄ coupling to the value µr = mH . To assess the impact of scale variation, we fix µr = mH

varying µR and µF independently in the range MV H/2 ≤ {µR, µF} ≤ 2MV H , with the constraint
1/2 ≤ µR/µF ≤ 2. We then fix µR = µF = MV H and vary the decay renormalisation scale µr

between mH/2 and 2mH . The final uncertainty is obtained by taking the envelope of the two
(production and decay) scale uncertainties. Jets are reconstructed with the flavour-kT algorithm
with R = 0.5 [43]. We define a b-jet as a jet which contains a number of b quarks different from
the number of anti-b quarks (N(b) ≠ N(b̄)).

σ (fb) NNLO(prod)+NLO(dec) full NNLO

pp → W+H +X → lνlbb̄+X 3.94+1%
−1.5% 3.70+1.5%

−1.5%

pp → ZH +X → ννbb̄ +X 8.65+4.5%
−3.5% 8.24+4.5%

−3.5%

Table 1: Cross sections and their scale uncertainties for pp → V H + X → l1l2bb̄ + X at LHC
with

√
s = 13 TeV. The applied kinematical cuts are described in the text.

We start the presentation of our results by considering W+H production and decay at the LHC
at

√
s = 13 TeV. Our choice of kinematical selection cuts on the final states closely follows the

fiducial setup considered in the CERN Yellow Report of the LHC Higgs Cross Section Working
Group [46]. We require the charged lepton to have transverse momentum plT > 15 GeV and
pseudorapidity |ηl| < 2.5 while the missing transverse energy of the event is required to be Emiss

T >
30 GeV. The W boson is required to have a transverse momentum pWT > 150 GeV. Finally we
require at least two b-jets each with pbT > 25 GeV and |ηb| < 2.5. The corresponding cross sections
in the fiducial region are reported in the first row of Table 1, where we present the full NNLO
prediction (see Eq. (2)) compared with the partial NNLO prediction (see Eq. (3)) ∥. We observe
that the inclusion of the full NNLO corrections reduces the cross section by around 6% with
respect to the partial NNLO result ∗∗.

We next consider differential distributions. In Fig. 1 (left) we present the transverse-momentum
distribution pbbT of the leading b-jet pair (i.e. the two b-jets with largest pT ). In the lower panel we
show the ratio of the two theoretical predictions defined above.

¶We consider the pole mass for the top quark (mt) and the MS scheme for the bottom quark massmb = mb(mb).
∥The results for the case of W−H production and decay are qualitative similar, with a numerical reduction of

fiducial cross section around 40%.
∗∗In particular we note that roughly 40% of the reduction is due to the combination of the NLO contributions

for production and decay and 60% is due to the NNLO contributions to the decay rate (see Eq.(̇2) and subsequent
comments).
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Width from interference  H → γγ
‣In diphoton channel, interference small for total 

cross section but asymmetry produces shift in 
invariant mass : enhanced by detector resolution

Total Higgs width ΓH from pp→ γγ Dixon, Li ’13

Interference between signal gg→ H→ γγ and bkg gg→ γγ shifts Higgs mass peak:

NLO (gg): +

+ +

LO (gg): H LO (qg):
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Mass shift ∆MH = Mγγ
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Fig. 19: Diphoton invariant mass distribution for the interference terms. The solid line is the gg channel contribu-
tion, the dotted one the qg channel, and dashed the qq̄.

For a phenomenological analysis of the results, we need to perform a convolution of the par-
tonic cross-section with the parton density functions. We use the MSTW2008 LO set [89] (five mass-
less flavours are considered), and the one-loop expression of the strong coupling constant, setting the
factorization and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . For the
sake of simplicity, the production amplitudes are computed within the effective Lagrangian approach
for the ggH coupling (relying in the infinite top mass limit), approximation known to work at the
few percent level for the process of interest. The decay into two photons is treated exactly and we
set α = 1/137. For the Higgs boson we usemH = 125GeV and ΓH = 4.2MeV. For all the histograms
we present in this section, an asymmetric cut is applied to the transverse momentum of the photons:
phard(soft)

T,γ ≥ 40(30)GeV. Their pseudorapidity is constrained to |ηγ | ≤ 2.5. We also implement the
standard isolation prescription for the photons, requesting that the transverse hadronic energy deposited
within a cone of size R =

√
∆φ2 + ∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3GeV.

Furthermore, we reject all the events with Rγγ < 0.4.
In Figure 19 we show the three contributions to the full signal-background interference as a func-

tion of the diphoton invariant massMγγ after having implemented all the cuts mentioned above. The gg
term (solid line) represents the dominant gg channel, while the qg contribution (dashed) is about 3 times
smaller in absolute magnitude, but as we can observe, has the same shape but opposite sign to the gg
channel. The qq̄ contribution (dotted) is a couple of orders of magnitude smaller than the gg one. The
position of the maximum and minimum of the distribution are located nearMγγ = MH ± ΓH/2, with a
shift at this level that remains at O(1MeV).

To simulate the smearing effects introduced by the detector, we convolute the cross-section with a
Gaussian function of mass resolution width σMR = 1.7GeV following the procedure Ref. [79].

In order to quantify the physical effect of the interferences in the diphoton invariant mass spec-
trum, we present in Figure 20 the corresponding results after adding the Higgs signal. The solid curve
corresponds to the signal cross-section, without the interference terms, but including the detector smear-
ing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV. When adding the gg
interference term, we observe a shift on the position of the peak of about 90MeV towards a lower mass

60
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Off-shell effects and interference

Aij!H AH!X +AcontinuumAij!X =

signal background

Propagator

Coming back to the framework that we are introducing, there is another important issue: when working
in the on-shell scheme one finds that the two-loop corrections to the on-shell Higgs width exceed the one-loop
corrections if the on-shell Higgs mass is larger than 900 GeV , as discussed in Ref. [18]. This fact simply
tells you that perturbation theory diverges badly, starting from approximately 1 TeV . In this work we
will also illustrate the corresponding impact on the Higgs boson lineshape (previous work can be found in
Refs. [19,20]).

Recently the problem of going beyond the zero-width approximation has received new boost from the
work of Refs. [21,22]: the program iHixs allow the study of the Higgs–boson-lineshape for a finite width
of the Higgs boson and computes the cross-section sampling over a Breit-Wigner distribution. There is,
however, a point that has been ignored in all calculations performed so far: the Higgs boson is an unstable
particle and should be removed from the in/out bases in the Hilbert space, without destroying the unitarity
of the theory. Therefore, concepts as the production of an unstable particle or its partial decay widths do not
have a precise meaning and should be replaced by a conventionalized definition which respects first principles
of Quantum Field Theory (QFT).

This paper is organized as follows. In Section 2 we introduce and discuss complex poles for unstable
particles. In Section 3 we analyze production and decay of a Higgs boson at LHC. A discussion on gauge
invariance is presented in Section 4. In Section 6 we present a short discussion on the QCD scale error.
In Section 5 we present numerical results while in Section 7 we discuss the residual theoretical uncertainty.
Finally, technical details are discussed in Appendices, in particular in Appendix B we discuss how to apply
the equivalence theorem for virtual vector-bosons and in Appendix C.1 we discuss analytic continuation in
a theory with unstable particles.

2 Propagation

To start our discussion we consider the process ij → H(→ F)+X where i, j ∈partons and F is a generic
final state (e.g. F = γγ, 4 f, etc.). For the sake of simplicity we neglect, for a moment, folding the partonic
process with parton distribution functions (PDFs). Since the Higgs boson is a scalar resonance we can split
the whole process into three parts, production, propagation and decay. In QFT all amplitudes are made out
of propagators and vertices and the (Dyson-resummed) propagator for the Higgs boson reads as follows:

∆H(s) =
[

s−M2
H + SHH

(

s,M2
t ,M

2
H,M

2
W,M2

Z

)]−1
, (1)

where Mi is a renormalized mass and SHH is the renormalized Higgs self-energy (to all orders but with
one-particle-irreducible diagrams). The first argument of the self-energy in Eq.(1) is the external momentum
squared, the remaining ones are (renormalized) masses in the loops. We define complex poles for unstable
particles as the (complex) solutions of the following system:

sH −M2
H + SHH

(

sH,M
2
t ,M

2
H,M

2
W,M2

Z

)

= 0,

sW −M2
W + SWW

(

sW ,M2
t ,M

2
H,M

2
W,M2

Z

)

= 0, (2)

etc. To lowest order accuracy the Higgs propagator can be rewritten as

∆−1
H = s− sH. (3)

The complex pole describing an unstable particle is conventionally parametrized as

si = µ2
i − i µi γi, (4)

where µi is an input parameter (similar to the on-shell mass) while γi can be computed (as the on-shell
total width), say within the Standard Model. There are other, equivalent, parametrizations [18], e.g.

√
sH =

µH − i/2 γH. Note that the the pole of ∆ fully embodies the propagation properties of a particle. We know
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Figure 3: MZZ distributions for gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV. Applied
cuts: pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T > 10GeV. Other details as
in Fig. 2.
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Figure 4: Representative Feynman graphs for the Higgs signal process (left) and the qq̄-
(center) and gg-initiated (right) continuum background processes.

cesses in Refs. [81–87].15 Due to the enhanced Higgs cross section above the V V threshold,
integrated cross sections can be affected by O(10%) signal-background interference effects,
which are hence also displayed in Figs. 2 and 3.

In the vicinity of the Higgs resonance, finite-width and Higgs-continuum interference
effects are negligible for gg (→ H) → V V if MH ≪ 2MV , as shown in Fig. 5 for gg (→
H) → W−W+ → ℓν̄ℓℓ̄νℓ. For weak boson decays that permit the reconstruction of the
Higgs invariant mass, the experimental procedure focuses on the Higgs resonance region
and for MH ≪ 2MV the enhanced off-shell region is thus typically excluded.

For H → V V channels that do not allow to reconstruct the Higgs invariant mass, the
tail contribution can nevertheless be reduced significantly by means of optimized selection
cuts. In Table 1, we demonstrate this for gg (→ H) → W−W+ → ℓν̄ℓℓ̄νℓ. Here, the

15For studies of the qq̄ and gg continuum background (see Fig. 4, center and right), we refer the reader
to Refs. [88–95] and references therein.
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Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.

using the observables (mZ1, mZ2, ~W) for a given value of m4`, where ~W denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilities Pgg

tot and P
qq
bkg for an event to

originate from either the gg ! 4` or the qq ! 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg ! 4` and qq ! 4` processes. The probability P

gg
tot for the gg ! 4` process includes

the signal (Pgg
sig), the background (Pgg

bkg), and their interference (Pgg
int), as introduced for the

discriminant computation in Ref. [37]. The discriminant is defined as

Dgg =
P

gg
tot

P
gg
tot + P

qq
bkg

=

2

41 +
P

qq
bkg

a ⇥ P
gg
sig +

p
a ⇥ P

gg
int + P

gg
bkg

3

5
�1

, (4)

where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a

to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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Figure 1: Four-lepton invariant mass distributions in gg ! ZZ process at the 13 TeV LHC. The full result
is shown as well as contributions of signal, background and interference separately. LO results are shown
in yellow, NLO results are shown in blue, and scale variation is shown for m4`/4 < µ < m4` with a central
scale µ = m4`/2. The lower pane shows the K-factors.

3. Results

We begin by presenting results for gg ! ZZ ! e+e�µ+µ� production at the
p

s = 13 TeV
LHC, to NLO in QCD. We use a dynamic scale µR = µF = m4`/2 which we vary by a factor of
two in either direction to estimate the scale uncertainty. We use minimal cuts 150 GeV  m4` 
340 GeV, pT, j < 150 GeV, and 60 GeV  m``  120 GeV. The first two cuts ensure that the heavy-
loop expansion remains valid, while the third cut removes the contributions of off-shell photons.

The signal, background, interference, and full cross sections at LO and NLO are

s sigl
LO = 0.043+0.012

�0.009 fb, s sigl
NLO = 0.074+0.008

�0.008 fb

sbkgd
LO = 2.90+0.77

�0.58 fb, sbkgd
NLO = 4.49+0.34

�0.38 fb

s intf
LO =�0.154+0.031

�0.04 fb, s intf
NLO =�0.287+0.031

�0.037 fb

s full
LO = 2.79+0.74

�0.56 fb, s full
NLO = 4.27+0.32

�0.35 fb.

(3.1)

The interference is negative and quite large, at the level of 5% of the total cross section, in spite
of the relatively low mass scale. The scale uncertainty is 20%-30% at LO, which is reduced to
around 10% at NLO. This implies that it would be difficult to observe the interference effect;
however, it is possible to design specialized cuts to enhance the interference relative to the signal
and background. We note also that the signal k-factor Ksigl = 1.72 is slightly larger than that for
the background Kbkgd = 1.55, and that interference k-factor is close to the geometric mean of the
signal and background k-factors, Kintf = 1.65 '

p
KsiglKbkgd.

The distributions in the invariant mass of the dibosons m4` is shown in Fig. 1 for the signal,
background, and interference, as well as their sum. The k-factors are relatively flat, with the ex-
ception of the interference contribution around the 2mZ threshold, where the k-factor drops from

2

‣K-factor for ZZ interference about
  geometric mean for signal and bckg
‣Larger for WW
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gg→ZZ→4ũ at NLO

+5-6% effect due to NLO correction to gg compared to NNLO

included in the MATRIX framework
p
s 8TeV 13TeV 8TeV 13TeV

� [fb] �/�NLO � 1

LO 8.1881(8)+2.4%

�3.2%
13.933(7)+5.5%

�6.4%
�27.5% �29.8%

NLO 11.2958(4)+2.5%

�2.0%
19.8454(7)+2.5%

�2.1%
0% 0%

qq̄NNLO 12.08(3)+1.1%

�1.1%
21.54(2)+1.1%

�1.2%
+6.9% +8.6%

� [fb] �/�ggLO � 1

ggLO 0.79354(8)+28.2%

�20.9%
2.0054(2)+23.5%

�17.9%
0% 0%

ggNLOgg 1.4810(9)+16.0%

�13.2%
3.627(3)+15.2%

�12.8%
+86.6% +80.9%

ggNLO 1.3901(9)+15.4%

�13.6%
3.423(3)+13.9%

�12.0%
+75.2% +70.7%

� [fb] �/�NLO � 1

NNLO 12.87(3)+2.8%

�2.1%
23.55(2)+3.0%

�2.6%
+13.9% +18.7%

nNNLO 13.47(3)+2.6%

�2.2%
24.97(2)+2.9%

�2.7%
+19.2% +25.8%

Table 3: Fiducial cross sections at di↵erent perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses;
for all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

We add a comment on the contribution of diagrams with a Higgs boson: The cuts we are applying
essentially select on-shell Z bosons, thereby forcing the Higgs boson to be o↵-shell. Nonetheless,
our calculation consistently includes also the Higgs diagrams. The signal–background interference
in the gg ! ZZ ! 4l channel is known to provide a non-negligible contribution [34]. Indeed, we
find that with our selection cuts the impact of the Higgs contribution is about �5% both in the
ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the plots are
organized according to the following pattern: There is an upper panel where absolute cross sections
at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-dotted) and nNNLO (magenta,
solid) are shown. In the central panel the nNNLO result with its scale uncertainty is normalised
to the central NNLO result. In the lower panel the NLO/LO K-factors of the loop-induced
gluon fusion contribution are shown, with (ggNLO; pink, solid) and without (ggNLOgg; brown,
dash-double-dotted) the qg contribution. The figures on the left show the 8TeV results, and the
ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in Figure 4. The
impact of the NLO corrections to the loop-induced gluon fusion contribution is largest at small
invariant masses: In the peak region they increase the NNLO cross section by about 5% (7%) at
p
s = 8 (13)TeV. As m4` increases, the impact of the ggNLO corrections decreases, and it is only

about +1% at m4` ⇠ 1TeV. This is not unexpected, since the gg contribution is largest when
gluons with smaller x are probed. On the contrary, the size of the ggNLO/ggLO K-factor in the
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  [Grazzini, Kallweit, Wiesemann, Yook '18]‣Inclusion of leptonic decay, H interference and all channels

gg→ZZ→4ũ at NLO

1. inset:
NLO gg correction large+not flat; 
moves nNNLO outside 
uncertainty band of NNLO

2. inset:
huge NLO gg K-factor (~2 & more);
impact of newly computed 
fermionic channels clearly visible
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Figure 4: Di↵erential distribution in m4` at 8TeV (left) and 13TeV (right).

lower panel is relatively stable, with a moderate increase at small m4`. In both cases, comparing
the nNNLO/NNLO and ggNLO/ggLO ratios, the scale uncertainties do not fully cover the size of
higher-order corrections in the peak region of the distribution, which demonstrates the importance
of the NLO corrections to the loop-induced gluon fusion contribution. The impact of the qg
channels on the ggNLO/ggLO K-factor is about �10%, slightly increasing with the value of m4`.

In Figure 5 we show the invariant-mass distribution of the primary (upper plots) and secondary
OSSF lepton pair (lower plots), ordered by the distance of their invariant masses to the Z-boson
mass. Both distributions are limited by the Z-mass window cut in the fiducial phase space. The
distribution of the lepton pair which is less close to mZ is broader. More precisely, when the
invariant mass of the lepton pair is mZ ± 20 GeV, the cross section is suppressed by about four
and two orders of magnitude for the primary and secondary lepton pair, respectively. Nonetheless,
the impact of QCD corrections is uniform in both cases, and independent of the collider energy.
The NNLO uncertainty bands barely overlap with the ones of the nNNLO result.

Figure 6 depicts the distribution in the rapidity separation of the two Z bosons (�yZZ). The
region of small rapidity separations, |�yZZ |⇠

< 1, is driven by centrally produced Z bosons and thus
relatively small partonic momentum fractions, which implies that the relative impact of the gluon
fusion contribution is most important there. In this region the impact of the nNNLO corrections
is quite uniform and of the order of +5% (+7%) for

p
s = 8 (13)TeV, whereas it successively

decreases in the forward region. The ggNLO/ggLO K-factor is quite flat in �yZZ , while the
relative size of the qg contributions slightly increases in the forward region.

8

Figure 7: Di↵erential distribution in pT,`1 at 8TeV (left) and 13TeV (right).

not specific to the loop-induced gluon fusion channel: We observe the same features also for the
NLO corrections to the quark annihilation channel.

Also for the transverse-momentum distributions of the Z bosons the importance of the qg channels
in the ggNLO result is evident: The pT,Z1 shape is clearly modified due to a negative qg contribution
at small pT,Z1 , and a positive qg contribution in the tail of the distribution. At large pT,Z2 the
contribution of the qg channels is as large as the one of the gg channel. However, they have
opposite signs such that they compensate each other and the ggNLO corrections almost vanish,
whereas, neglecting qg contributions, the ggNLOgg corrections show an increase of roughly 40%
wrt. ggLO instead. NNLO scale uncertainties at small pT,Z1 and pT,Z2 typically do not cover the
sizeable nNNLO corrections.

Another eye-catching feature we observe in Figure 8 is the significant drop of the transverse-
momentum distribution of both the leading and subleading Z boson above pT,Zi ⇠ 900 GeV
(i 2 {1, 2}). This is due to the interplay between the large transverse momentum of the parent
Z boson, which makes the corresponding lepton pair boosted, and the �R`` > �Rmin

``
cut in the

fiducial phase space (` 2 {e, µ}, �Rmin

``
= 0.2). Indeed, if the transverse momentum of the parent

Z boson fulfills the condition

pT,Zi ⇠
>

p
2mZ�

1� cos�Rmin

``

⇠ 900 GeV , (2)

the lepton pair is forced to be produced o↵-shell, and as a consequence the cross section is strongly
suppressed. Note that this e↵ect is independent of the collider energy.
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top exact in real, reweight on 2-loop

Grazzini, Kallweit, Wiesemann, Yook (2019)
MATRIX @NNLO

‣Large, non-flat, no overlap
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One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
µ :

W±
µ =

1√
2
(A1

µ ± A2
µ) −→ MW = g

v

2
, (26)

and for the neutral gauge boson Z0
µ:

Z0
µ =

1√
g2 + g′2

(gA3
µ − g′Bµ) −→ MZ =

√

g2 + g′2v

2
, (27)

while the orthogonal linear combination of A3
µ and Bµ remains massless and corresponds to

the photon field (Aµ):

Aµ =
1√

g2 + g′2
(g′A3

µ + gBµ) −→ MA = 0 , (28)

the gauge boson of the residual U(1)em gauge symmetry.

The content of the scalar sector of the theory becomes more transparent if one works in

the unitary gauge and eliminate the unphysical degrees of freedom using gauge invariance.

In analogy to what we wrote for the abelian case in Eq. (7), this amounts to parametrize

and rotate the φ(x) complex scalar field as follows:

φ(x) =
e

i
v
χ⃗(x)·τ⃗
√

2

⎛

⎜
⎝

0

v + H(x)

⎞

⎟
⎠

SU(2)−→ φ(x) =
1√
2

⎛

⎜
⎝

0

v + H(x)

⎞

⎟
⎠ , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν
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Consequences for the scalar field H

The scalar potential

V
(

Φ†Φ
)

= λ

(

Φ†Φ − v2

2

)2

expanded around the vacuum state

Φ(x) =
1√
2

⎛

⎝

0

v + H(x)

⎞

⎠

becomes

V =
λ

4

(

2vH + H2
)2

=
1

2
(2λv2)H2 + λvH3 +

λ

4
H4

Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.

‣Need to measure HHH and HHHH 
couplings to explore the details of SSB 
mechanism

Higgs pair production



(a) gg double-Higgs fusion: gg → HH
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(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′
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V ∗
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H
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(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗
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t
H
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q
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ

)

, (5)
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•Several recent phenomenological studies Baur, Plehn, Rainwater (2003)
Dolan, Englert, Spannowsky (2012)
Baglio et al (2012)
Papaefstathiou, Yang, Zurita (2012)

20%-30% uncertainty in 
triple Higgs coupling ?

4500 events/exp at 150 fb-1   
HH next discovery at the LHC??

More pessimistic ~ 100%  call for 100 TeV Collider with 3000 fb-1

Azatov, Contino, Panico, Son (2015)
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

CMS-II 300 fb-1

CMS-HL-II 3000 fb-1

-20 -10 10 20
kl

2

4

6

8

10

12

14

Dc2

CMS-II 300 fb-1

CMS-HL-II 3000 fb-1

-20 -10 10 20
kl

0.2

0.4

0.6

0.8

1.0

Dc2

Figure 9. In the left and right plots, respectively �
2(�) and p-value(�) for “CMS-II” (solid black

line) and “CMS-HL-II” (blue dashed line)

We repeat the same procedure for ATLAS and CMS at 300 fb�1 and 3000 fb�1, using
the uncertainties reported in Tab. 1 of [9] and, as a first step, assuming that the central
value of the measurements in every channel coincides with the predictions of the SM. In
Fig. 9 we report the two cases “CMS-II” (300 fb�1) and “CMS-HL-II” (3000 fb�1).

Within this approach, best values are by definition: 
best

�
= 1. For the 1� and 2�

intervals, and for the region where the p-value is larger than 0.05, we find that the “CMS-
II” (300 fb�1) case gives


1�

�
= [�1.8, 7.3] , 

2�

�
= [�3.5, 9.6] , 

p>0.05

�
= [�6.7, 13.8] , (5.6)

while for the “CMS-HL-II” (3000 fb�1) we obtain


1�

�
= [�0.7, 4.2] , 

2�

�
= [�2.0, 6.8] , 

p>0.05

�
= [�4.1, 9.8] . (5.7)

This simplified approach provides a first (rough) idea of the typical intervals that can be
expected. A more reliable approach consists of considering, still within the SM assumption,
all the possible central values that could be measured. To this aim, we produce a collection
of pseudo-measurements {µ̄

f

i
}, where each µ̄

f

i
is randomly generated with a gaussian dis-

tribution around the SM with a standard deviation equal to the experimental uncertainty
cited in Tab. 1 of [9]. For each pseudo-experiment we perform a fit and we determine 

best

�

and the 
1�

�
, 

2�

�
and 

p>0.05

�
intervals. In Figs. 10 and 11 we report the results out of

a collection of n = 10000 pseudo-experiment. Frequency histograms together with corre-
sponding mean and median values are provided for 

best

�
and all the extremes and widths

of the 
1�

�
, 2�

�
and 

p>0.05

�
intervals. From these plots it is clear that most likely the limits

written in Eq. (5.6) and (5.7) are pessimistic, and the LHC should be able to put even
stronger bounds.

As a last exercise, we consider an optimistic scenario where the quadratic sum of the
experimental and theoretical uncertainties amounts to one percent in total. To this aim
we employ the observables included in the data sets P1,2,3,4, and assume, as first step,
that the measured signal strength is the one of the SM with an associated 0.01 relative
uncertainty. In Fig. 12 we report the obtained �

2(�) and p-value(�). As expected,
a precise measurement of the tt̄H would lead to a sizeable improvement in the fit. For
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Figure 8. Left: �
2 for the different sets of observables presented in Tab. 5: the dotted red line

represents P1, the solid black line P2, the dashed magenta line P3, and the blue dash-dotted line
P4. The two horizontal lines represent ��

2 = 1 and ��
2 = 3.84. Right: corresponding p-value.

The various Pn data sets are colour-coded in the same way. The horizontal line is p = 0.05.

• F1: “CMS-II” (300 fb�1),

• F2: “CMS-HL-II” (3000 fb�1),

as presented in Tab. 1 of Ref. [9]. A summary of the sets of data used in each fit is presented
in Tab. 5.

As shown in Fig. 8, we identify the 1� and 2� intervals assuming a �
2 distribution.

Following this procedure and using the gluon-gluon-fusion and VBF data from Tab. 8 of
Ref. [5] (scenario P2 in Tab. 5) we obtain


best

�
= �0.24 , 

1�

�
= [�5.6, 11.2] , 

2�

�
= [�9.4, 17.0] , (5.4)

where the 
best

�
is the best value and 

1�

�
, 

2�

�
are respectively the 1� and 2� intervals.

The choice of P2 as reference set is motivated by the measured significance for the different
production processes, which in the 8 TeV analyses is above 5� only for ggF and VBF (see
Tab. 14 in Ref. [5]). Moreover, P2 returns the most stringent values for 

1�

�
and 

2�

�
. The

other data sets presented in Tab. 5 are reported in Fig. 8. Notice how the minimum of
the distribution in the figure jumps to ⇠ 10 when the tt̄H production channel is included.
This effect originates from the anomalous values presented in Ref. [5] for µ̄

f

tt̄H
, especially

with f = WW . Similarly, the low compatibility of µ̄f

V H
with SM predictions is the reason

behind larger 
1�

�
and 

2�

�
intervals in P3.

In order to ascertain the goodness of our fit, we computed the p-value as a function of
�:

p-value(�) = 1� F
�
2
(n)

(�2(�)) , (5.5)

where F
�
2
(n)

(�2(�)) is the cumulative distribution function for a �
2 distribution with n

degrees of freedom, computed at �
2(�). In the right-hand side of Fig. 8 we report the

p-value(�) corresponding to different data sets. Requiring that p > 0.05, we are able to
exclude, at more than 2�, that a model with an anomalous coupling � < �14.3 can explain
the data in P2.
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Paolo Meridiani

HH SUMMARY

34

ATLAS CMS

bbbb <29 (38) <342 (308)

bbWW <79 (89)

bb!! <28 (25)

bbɣɣ <117 (161) <19 (17)

WWɣɣ <747 (386)

σ/σSM 95% CL (exp) 

13 fb-1 3 fb-1 36 fb-1 Run2

Reaching ~ O(10) xSM sensitivity  

Will require full HL-LHC statistics to approach SM sensitivity

HH combination

[1811.09689]

● Combined upper limits on Higgs pair production
● Experiments have different sensitivities on the different channels, but similar when combined

[1906.02025]

8

HH combination
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● Combined upper limits on Higgs pair production
● Experiments have different sensitivities on the different channels, but similar when combined
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HH upper limits
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ŝ

)

, (5)
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The expressions with the complete mass dependence are rather lengthy and can be found
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The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
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Higgs-strahlung

Associated production with top

HH production channels

Gluon-gluon fusion dominates
Only some contribute with HHH

As can be inferred from the figure and also seen in Table 1 the largest cross section is
given by the gluon fusion channel which is one order of magnitude larger than the vector
boson fusion cross section. All processes are ∼ 1000 times smaller than the corresponding
single Higgs production channels, implying that high luminosities are required to probe
the Higgs pair production channels at the LHC.

√
s [TeV] σNLO

gg→HH [fb] σNLO
qq′→HHqq′ [fb] σNNLO

qq̄′→WHH [fb] σNNLO
qq̄→ZHH [fb] σLO

qq̄/gg→tt̄HH [fb]

8 8.16 0.49 0.21 0.14 0.21

14 33.89 2.01 0.57 0.42 1.02

33 207.29 12.05 1.99 1.68 7.91

100 1417.83 79.55 8.00 8.27 77.82

Table 1: The total Higgs pair production cross sections in the main channels at the LHC
(in fb) for given c.m. energies (in TeV) with MH = 125 GeV. The central scales which
have been used are described in the text.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K–factor for this process of about 1.5 − 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
of the uncertainties due to the missing higher order corrections can be obtained by a
variation of the factorization and renormalization scales of this process. In analogy to
single Higgs production studies [35,37] we have estimated the error due to missing higher
order corrections by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (21)

As can be seen in Fig. 8 we find sizeable scale uncertainties ∆µ of order ∼ +20%/−17%
at 8 TeV down to +12%/−10% at 100 TeV. Compared to the single Higgs production
case the scale uncertainty is twice as large [35,37]. However, this should not be a surprise
as there are NNLO QCD corrections available for the top loop (in a heavy top mass
expansion) in the process gg → H while they are unknown for the process gg → HH .

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical
uncertainty. First there are pure theoretical uncertainties coming from the assumptions
made on the parametrization, e.g. the choice of the parametrization, the set of input
parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility
might be to compare different parameter sets, such as MSTW [54], CT10 [55], ABM11 [56],
GJR08 [57], HERA 1.5 [58] and NNPDF 2.3 [59]. This is exemplified in Fig. 9 where
the predictions using the six previous PDF sets are displayed. As can be seen there
are large discrepancies over the whole considered c.m. energy range. At low energies
the smallest prediction comes from ABM11 which is ∼ 22% smaller than the prediction
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ≠ λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the

4
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Figure 2: Generic diagrams describing neutral Higgs-boson pair production in gluon–
gluon collisions (φ, φi = h, H, A).

where θ is the scattering angle in the partonic c.m. system with invariant mass Q, and

λ(x, y, z) = (x − y − z)2 − 4yz. (13)

The integration limits

t̂± = −
1

2

[
Q2 − m2

1 − m2
2 ∓

√
λ(Q2, m2

1, m
2
2)
]

(14)

in Eq. (11) correspond to cos θ = ±1. The scale parameter µ is the renormalization scale.
The complete dependence on the fermion masses is contained in the functions F△, F✷, and
G✷. The full expressions of the form factors F△, F✷, G✷, including the exact dependence
on the fermion masses, can be found in Ref. [10].

The couplings C△ and C✷ and the form factors F△, F✷, G✷ in the heavy-quark limit
are given by:

(i) SM:

C△ = λHHH
M2

Z

ŝ − M2
H + iMHΓH

, C✷ = 1,

F△ →
2

3
, F✷ → −

2

3
,

G✷ → 0, (15)

with the trilinear coupling λHHH = 3M2
H/M2

Z .

(ii) MSSM:

The couplings for the processes gg → φ1φ2 are generically defined as (φ, φi =
h, H, A)

Cφ
△ = λφ1φ2φ

M2
Z

ŝ − M2
φ + iMφΓφ

gφ
t , C✷ = gφ1

t gφ2
t , (16)

where φ denotes the Higgs particles of the s-channel contributions. The trilinear
couplings λφ1φ2φ and the normalized Yukawa couplings gφ

t can be found in Ref. [10].
The individual expressions in the heavy-quark limit can be summarized as:
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heavy-quark limit, including NLO corrections.
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As a further cross-check we have also calculated mass
corrections as an expansion in 1/m2

t in the following way:
we write the partonic di↵erential cross section as

d�̂exp,N =
NX

⇢=0

d�̂(⇢)

✓
⇤

mt

◆2⇢

, (13)

where ⇤ 2

np
ŝ,
p

t̂,
p

û, mh

o
, and determine the first

few terms (up to N = 3) of this asymptotic series with the
help of qgraf [23], q2e/exp [38, 39] and Matad [40],
as well as Reduze [26] and Form [24, 25].

We applied the series expansion to the virtual correc-
tions, combined with the infrared insertion operator I,
such that the expression in brackets below is infrared fi-
nite,

d�̂virt + d�̂LO(✏) ⌦ I

⇡
�
d�̂virt

exp,N + d�̂LO

exp,N (✏) ⌦ I
� d�̂LO(✏)

d�̂LO

exp,N (✏)
, (14)

such that we can set ✏ = 0 in d�̂LO/d�̂LO

exp,N . There is
some freedom when to do the rescaling, i.e. before/after
the phase-space integration and convolution with the
PDFs. We opt to do it on a fully di↵erential level, i.e. the
rescaling is done for each phase-space point individually.
The comparison of this expansion with the full result is
shown in Fig. 2.

NUMERICAL RESULTS

In our numerical computation we set µR = µF = µ =
mhh/2, where mhh is the invariant mass of the Higgs
boson pair. We use the PDF4LHC15 nlo 100 pdfas [41–
44] parton distribution functions, along with the cor-
responding value for ↵s. The masses have been set to
mh = 125GeV, mt = 173GeV, and the top-quark width
has been set to zero. We use a centre-of-mass energy of
p

s = 14 TeV and no cuts except a technical cut in the
real radiation of pmin

T = 10�4
·
p

ŝ, which we varied in the
range 10�2

 pmin

T /
p

ŝ  10�6 to verify that the contri-
bution to the total cross section is stable and independent
of the cut within the numerical accuracy.

Including the top-mass dependence, we obtain the to-
tal cross section

�NLO = 32.80+13%

�12%
fb ± 0.4% (stat.) ± 0.1% (int.).

In addition to the dependence of the result on the vari-
ation of the scales by a factor of two around the cen-
tral scale, we state the statistical error coming from the
limited number of phase-space points evaluated and the
error stemming from the numerical integration of the am-
plitude. The latter value has been obtained using error
propagation and assuming Gaussian distributed errors

and no correlation between the amplitude-level results.
The value of the cross section is 14% smaller than the
Born-improved HEFT result, �NLO

HEFT = 38.32+18%

�15%
fb.

The results for the mhh distribution are shown in
Fig. 1. We can see that for mhh beyond ⇠ 450 GeV,
the top-quark mass e↵ects lead to a reduction of the
mhh distribution by about 20-30% as compared to the
Born-improved HEFT approximation. We also observe
that the central value of the Born-improved HEFT re-
sult lies outside the NLO scale uncertainty band of the
full result for mhh & 450 GeV, while the FTapprox result,
where the real radiation contains the full mass depen-
dence, lies outside the scale uncertainty band for mhh

beyond ⇠ 550 GeV. The scale uncertainty of the Born-
improved HEFT and FTapprox does not enclose the cen-
tral value of the full result in the tail of the mhh distri-
bution.

In Fig. 2, we show the results for the renormalized
virtual amplitude including the I-operator as defined in
Ref. [34] and compare it to various orders in an expan-
sion in 1/m2

t , see Eqs. (13),(14). In the upper panel we
normalize to the virtual HEFT result, while in the lower
panel we normalize to the Born-improved HEFT result,
i.e. V 0

N = VN B/BN . The upper panel shows that the
agreement of the full result with the HEFT result is only
good well below the threshold at 2mt. The lower one
demonstrates that the deviations between the full result
and the Born-improved HEFT result are more than 30%
for mhh & 480 GeV.
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FIG. 1. Comparison of the full calculation to various approxi-
mations for the Higgs pair invariant mass distribution. “NLO
HEFT” denotes the e↵ective field theory result, i.e approxi-
mation (i) above, while “FTapprox” stands for approximation
(ii), where the top-quark mass is taken into account in the real
radiation part only. The band results from scale variations by
a factor of two around the central scale µ = mhh/2.

‣Full NLO calculation (partially numerical)

-14% wrt naive approx.
bigger for large invariant masses

• Provides solid results and distributions
• Understand approximations to be used at NNLO

Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher (2018)
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.

Again, we already included the counter-terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

z(z − 4M2
H/s)

512 π4
fqq̄(y, z, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡

III. PHENOMENOLOGY

We present here the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analysed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

‡ We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K-factors.

and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡
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parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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Again, we already included the counter-terms in the

definition of σ̂(c+)
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gq . Finally, for the quark-
antiquark subprocess we have
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The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡
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We present here the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
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H . We analysed the impact of this still unknown co-
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid

As expected, very similar pattern to single Higgs
•Large QCD corrections
•Scale band: overlap between NLO and NNLO
•Reduction in scale dependence
•Recently improved by NNLL threshold resummation
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gq . Finally, for the quark-
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The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡

III. PHENOMENOLOGY

We present here the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.
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The expressions for fqg, fgq and fqq̄ can be found in the
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Summarizing, Eqs. (3), (14), (16) and (17) contain
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NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.‡
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the perturbative
series appears, finding a non-zero overlap between the
NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K-factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections. In Table I we show the value of
the NNLO cross section for Ecm = 8, 14, 33 and 100TeV.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
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Higgs Pair - NNLO HTL Combined with NLO SM

Grazzini, Heinrich, SJ, Kallweit, Kerner, Lindert, 
Mazzitelli 18; (+NNLL) de Florian, Mazzitelli 18;
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the

10

R(ij ! HH +X) =
ABorn

Full
(ij ! HH +X)

A(0)

HEFT
(ij ! HH +X)
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Differential NNLO HTL + NLO SM 

Top quark mass effects studied using 
3 different approximations

p
s 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 +13.8%
�12.8% 32.88 +13.5%

�12.5% 127.7 +11.5%
�10.4% 1147 +10.7%

�9.9%

NLOFTapprox [fb] 28.91 +15.0%
�13.4% 34.25 +14.7%

�13.2% 134.1 +12.7%
�11.1% 1220 +11.9%

�10.6%

NNLONLO�i [fb] 32.69 +5.3%
�7.7% 38.66 +5.3%

�7.7% 149.3 +4.8%
�6.7% 1337 +4.1%

�5.4%

NNLOB�proj [fb] 33.42 +1.5%
�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%

�2.8%

NNLOFTapprox [fb] 31.05 +2.2%
�5.0% 36.69 +2.1%

�4.9% 139.9 +1.3%
�3.9% 1224 +0.9%

�3.2%

Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross
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Higgs Pair - NNLO HTL Combined with NLO SM

Grazzini, Heinrich, SJ, Kallweit, Kerner, Lindert, 
Mazzitelli 18; (+NNLL) de Florian, Mazzitelli 18;Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,

together with the NLO prediction, at 14TeV (left) and 100TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the
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Differential NNLO HTL + NLO SM 

Top quark mass effects studied using 
3 different approximations

p
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NNLOB�proj [fb] 33.42 +1.5%
�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%

�2.8%

NNLOFTapprox [fb] 31.05 +2.2%
�5.0% 36.69 +2.1%

�4.9% 139.9 +1.3%
�3.9% 1224 +0.9%

�3.2%

Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross
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ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the
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Differential NNLO HTL + NLO SM 

Top quark mass effects studied using 
3 different approximations

p
s 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 +13.8%
�12.8% 32.88 +13.5%

�12.5% 127.7 +11.5%
�10.4% 1147 +10.7%

�9.9%

NLOFTapprox [fb] 28.91 +15.0%
�13.4% 34.25 +14.7%

�13.2% 134.1 +12.7%
�11.1% 1220 +11.9%

�10.6%

NNLONLO�i [fb] 32.69 +5.3%
�7.7% 38.66 +5.3%

�7.7% 149.3 +4.8%
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�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%
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NNLOFTapprox [fb] 31.05 +2.2%
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�4.9% 139.9 +1.3%
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Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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Benchmark chhh ct ctt cggh cgghh
1 7.5 1.0 �1.0 0.0 0.0
2 1.0 1.0 0.5 �1.6

3 �0.2
3 1.0 1.0 �1.5 0.0 0.8

3

4 �3.5 1.5 �3.0 0.0 0.0
5 1.0 1.0 0.0 1.6

3
1.0
3

6 2.4 1.0 0.0 0.4
3

0.2
3

7 5.0 1.0 0.0 0.4
3

0.2
3

8a 1.0 1.0 0.5 0.8
3 0.0

9 1.0 1.0 1.0 �0.4 �0.2
10 10.0 1.5 �1.0 0.0 0.0
11 2.4 1.0 0.0 2.0

3
1.0
3

12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

Table 1: Benchmark points used for the distributions shown below.
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together with the NLO prediction, at 14TeV (left) and 100TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14TeV. The scale uncertainty is substantially reduced in the
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Differential NNLO HTL + NLO SM 

Top quark mass effects studied using 
3 different approximations

p
s 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 +13.8%
�12.8% 32.88 +13.5%

�12.5% 127.7 +11.5%
�10.4% 1147 +10.7%

�9.9%

NLOFTapprox [fb] 28.91 +15.0%
�13.4% 34.25 +14.7%

�13.2% 134.1 +12.7%
�11.1% 1220 +11.9%

�10.6%

NNLONLO�i [fb] 32.69 +5.3%
�7.7% 38.66 +5.3%

�7.7% 149.3 +4.8%
�6.7% 1337 +4.1%

�5.4%

NNLOB�proj [fb] 33.42 +1.5%
�4.8% 39.58 +1.4%

�4.7% 154.2 +0.7%
�3.8% 1406 +0.5%

�2.8%

NNLOFTapprox [fb] 31.05 +2.2%
�5.0% 36.69 +2.1%

�4.9% 139.9 +1.3%
�3.9% 1224 +0.9%

�3.2%

Mt unc. NNLOFTapprox ±2.6% ±2.7% ±3.4% ±4.6%

NNLOFTapprox/NLO 1.118 1.116 1.096 1.067

Table 1: Inclusive cross sections for Higgs boson pair production for di↵erent centre-of-mass
energies at NLO and NNLO within the three considered approximations. Scale uncertain-
ties are reported as superscript/subscript. The estimated top quark mass uncertainty of the
NNLOFTapprox predictions is also presented. The uncertainties due to the qT -subtraction and
the numerical evaluation of the virtual NLO contribution are both at the per mille level.

NNLOFTapprox, i.e. by about a factor of three. This reduction of the scale uncertainties is
stronger as we increase the collider energy, being close to a factor of five at 100TeV.

As is well known, scale uncertainties can only provide a lower limit on the true perturbative
uncertainties. In particular, from Table 1 we see that the di↵erence between the NNLO and
NLO central predictions is always larger than the NNLO scale uncertainties (although within
the NLO uncertainty bands). In any case, the strong reduction of scale uncertainties, together
with the moderate impact of NNLO corrections, suggests a significant improvement in the
perturbative convergence as we move from NLO to NNLO.

It is also worth mentioning that the three approximations have a di↵erent behaviour withp
s. For instance at 100TeV, the increase with respect to the NLO prediction for the NNLOB-proj

and NNLONLO-i approaches is 23% and 17%, respectively, values that are close to the ones for
14TeV (20% and 18%, respectively). By contrast, the NNLOFTapprox result increases the NLO
prediction by 7% at 100TeV, i.e. the correction is smaller by almost a factor of two than
at 14TeV (12%), which also means a larger separation with respect to the other two NNLO
approximations. The smaller size of the NNLO corrections in the FTapprox at higher energies
is also consistent with the observed reduction of scale uncertainties.

As was mentioned already in Section 2.2, the NNLOFTapprox result is expected to be the most
accurate one among the approximations studied in this work, and therefore it is considered to
be our best prediction. In order to estimate the remaining uncertainty associated with finite top
quark mass e↵ects at NNLO, we start by considering the accuracy of the FTapprox approximation
at NLO. At 14TeV the NLO FTapprox result (see Table 1) overestimates the full NLO total cross
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1) NNLONLO-i 

Rescale NLO by KNNLO = NNLOHTL/NLOHTL 

2) NNLOB-proj 

Project real radiation contributions to Born 
configurations, rescale by LO/LOHTL 
3) NNLOFTapprox  
NNLO HTL correction rescaled for each 
multiplicity by:

deF, Jones, Mazzitelli @ Les Houches (2019)

deF, Fabre, Mazzitelli (2018)

Buchalla, Capozi,Celis, Heinrich, Scyboz (2018)



Figure 3. Heatmaps showing the total cross section in a coloured logarithmic scale as a function
of pairs of anomalous couplings. The degenerate directions are drawn in green lines, in particular
the black region of the heatmaps shows some combination of parameters degenerate with the SM.
The points mark the grid in which the cross section was computed, and a cubic interpolation was
done elsewhere for illustrative purposes.

thus enter in two different terms in the amplitude. If we expand the square in Eq. (3.12)
setting all other couplings to their SM values, we see that the expression is quadratic
in the previously mentioned couplings, leading to an elliptic pattern of degeneracies. In
the two upper plots, the two couplings varied modify the same diagram and enter in the
final expression multiplicatively, resulting in a deformed pattern with respect to the two
lower plots. It is easy, for example, to recognize in the first plot the family of parameters
degenerated with the SM arising from the relation c3(1 + 12 cg) = 1.

A consequence of the present degeneracies on the anomalous couplings is that, even in
the case of a measurement for the total cross section compatible with the SM prediction,
it would be possible to accommodate significant departures from the SM couplings (the
dark bands on the heatmaps of Figure 3) without affecting the corresponding theoretical
prediction. This means that the total cross section is not enough to distinguish between
different scenarios and more observables are needed, e.g. differential distributions (see

– 12 –

degeneracy in dim6 with SM
in total cross section

need differential distributions to
break degeneracy (and SM vs BSM)

deF, Fabre, Mazzitelli (2018)



One (big) issue: top mas scheme definition
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Higgs Pair Production 

Seraina Glaus 13.05.2019

Uncertainty due to mt: total hadronic cross section 
Take for individual Q values the maximum / minimum differential cross section and 
integrate  

!10

Results

m
HH

[GeV]

gg ! HH at NLO QCD |
p
s = 14 TeV | PDF4LHC15

d�/dm
HH

[fb/GeV]
µ
R
= µ

F
= m

HH
/2

Full NLO results in di↵erent top-mass schemes

MS scheme with m
t
(m

t
)

MS scheme with m
t
(m

HH
/4)

MS scheme with m
t
(m

HH
)

OS scheme

�(gg ! HH) = 32.78(7)+4.0%
�17%

with PDF4LHC15

Now have two independent computations of HH at NLO QCD (both numerical) 
Good agreement between two groups
Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16; 
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher 18

Recent calculation allows      to be varied 
Large top-quark mass scheme uncertainty 
  
Questions: 
How exactly should we assess this 
uncertainty? 
How does this impact results at NNLO? 
Can we learn anything more from the 
analytic high-energy limit results? 

Towards resummation? 

mT

Partial EW results now known Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao 18

Davies, Mishima, Steinhauser, Wellmann 18 
Davies, Herren, Mishima, Steinhauser 19

Liu, Penin 17, 18

uncertainties due to mt

• transform mt → mt(µ) (MS)

→ modification of mass CT

• use mt, mt(mt) and scan Q/4 < µ < Q → uncertainty = envelope:

dσ(gg → HH)

dQ
|Q=300 GeV = 0.031(1)+10%

−22% fb/GeV,

dσ(gg → HH)

dQ
|Q=400 GeV = 0.1609(4)+7%

−7% fb/GeV,

dσ(gg → HH)

dQ
|Q=600 GeV = 0.03204(9)+0%

−26% fb/GeV,

dσ(gg → HH)

dQ
|Q=1200 GeV = 0.000435(4)+0%

−30% fb/GeV

• preliminary interpolation:

σ(gg → HH) = 32.78+4%
−17% fb (preliminary)
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M.Spira @ Les Houches

‣Sizeable uncertainties (can reach 30%), hard to reduce
higher order corrections (3-loop with top)
resummation very complicated (several regions with diff. treatments)

‣Single Higgs off-shell production affected same way: width extraction… 



• Improvements in PS (>NL) and matching with fixed order

‣Involve both signal and background

• SM and SM+EFT tools (complete framework for global fits)

• Higher Precision in pdfs (N3LO?)

• More accurate extraction of coupling constant

• More rigorous treatment of TH uncertainties 

‣Amazing progress in LHC calculations during the last 2 decades

‣But to reach the TH accuracy required by the HL-LHC we will need:

• Higher order pQCD calculations (move towards N3LO)

• Resummation improvements

• EW/QED corrections

• + many more

Conclusions. Prospects. Requirements
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