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• Establishing whether the BEH mechanism and its boson is 
SM-like will be of outmost importance for the run of the LHC.

Higgs physics at the LHC

• Higgs-boson production modes at the LHC:

Gluon fusion TTH   Higgs strahlung VBF
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• Establishing whether the BEH mechanism and its boson is 
SM-like will be of outmost importance for the run of the LHC.

Higgs physics at the LHC

• Higgs-boson production modes at the LHC:

Gluon fusion TTH   Higgs strahlung VBF

Dominant production mode at the LHC

• We want to know the gluon-fusion cross section precisely!
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Higgs physics at the LHC

µATLAS = 1.18+0.15
�0.14

µCMS = 1.00± 0.14

stat. = +0.10
�0.10

sys. (inc. theo.) =

+0.11
�0.10

theory =

+0.08
�0.07

[M. Dührssen @ Moriond EW 2015]
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The gluon fusion cross section
• Known at NLO and NNLO, but plagued by large perturbative 

uncertainties.
[Dawson; Djouadi, Spira, Zerwas; Harlander, Kilgore; Anastasiou, Melnikov; 

Ravindran, Smith, van Neerven]
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• The dominant Higgs production mechanism 
at the LHC is gluon fusion.

The gluon fusion cross section

➡ Loop-induced process.

• For a light Higgs boson, the dimension five operator 
describing a tree-level coupling of the gluons to the Higgs 
boson

L = LQCD,5 �
1
4v

C1 H Ga
µ⌫ Gµ⌫

a

• In the rest of the talk, I will only concentrate on the 
effective theory.

• Top-mass corrections known at NNLO.
[Harlander, Ozeren; Pak, Rogal, Steinhauser; Ball, Del Duca, 
Marzani, Forte, Vicini; Harlander, Mantler, Marzani, Ozeren]
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• The gluon fusion cross section is given in perturbation 
theory by

The gluon fusion cross section

� = ⌧
X

ij

Z 1

⌧

dz

z
Lij(⌧/z)

�̂ij(z)

z ⌧ =
m2

H

S
' 10�4

z =
m2

H

ŝ

➡ Main contribution 
from region where 
tttttttt.      z ' 1

➡ Physically:	


production at 
threshold + 
emission of soft 
partons.0.2 0.4 0.6 0.8 1.0

z

1×106

2×106

3×106

4×106

L

Lgg(⌧/z)

Lgu(⌧/z)

Lgd(⌧/z)
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Outline

•           Compute cross section as a series around threshold!Goal:

•                   Outline:

➡ The threshold expansion at N3LO.	



➡ A first glimpse at Higgs phenomenology at N3LO.

• Details about the computational methods:

➡ Mistlberger (Wed).	



➡ Furlan (Thu).
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The threshold 	


expansion at N3LO
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The gluon fusion cross section

Triple virtual

Double real 
virtual

Real-virtual 
squared

Double virtual 
real

Triple real

• At            , there are five contributions:  N3LO



!
!

!
!

Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:
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Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:

• The coefficients in the expansion are not constants, but 
they are polynomials in                  . log(1� z)

➡ At N3LO: �̂(N)
ij =

5X

k=0

c(N)
ijk log

k
(1� z)

➡ Coefficients in this polynomial are zeta values.
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Systematics of the expansion

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

•           Compute enough terms to establish convergence.Goal:

• The coefficients in the expansion are not constants, but 
they are polynomials in                  . log(1� z)

➡ At N3LO: �̂(N)
ij =

5X

k=0

c(N)
ijk log

k
(1� z)

➡ Coefficients in this polynomial are zeta values.

• The first term is called the                     term and is 
distribution-valued:

soft-virtual

➡ At N3LO: �̂SV
= a �(1� z) +

5X

k=0

bk

"
log

k
(1� z)

1� z

#

+
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• Contributes to the gluon-channel only.

The soft-virtual contribution

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

�̂ij(z)

z
= ˆ jg +

1X

N=0

�̂(N)
ij (1� z)N

• Plus-distributions already known a decade ago.
➡ Soft gluon emissions.

[Anastasiou, CD, Dulat, Furlan, Gehrmann, Herzog, Mistlberger]
• delta-function contribution computed last year.

➡ Later confirmed independently by[Li, von Manteuffel, Schabinger, Zhu]

➡ Contains the complete three-loop corrections.

�̂SV
= a �(1� z) +

5X

k=0

bk

"
log

k
(1� z)

1� z

#

+

➡ See talk by Ravindran on thursday!
[Baikov, Chetyrkin, Smirnov , Steinhauser; Gehrmann, Glover, Huber, Ikizlerli, Studerus]2

[Moch, Vogt; Laenen, Magnea]
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• Describes subleading soft emissions.

The regular contributions

= �̂SV �ig �jg
�̂ij(z)

z
= ˆ

�̂ij(z)

z
= �̂SV �ig �jg +

1X

N=0

�̂(N)
ij (1� z)N

• Single-emission contributions known exactly.
[Anastasiou, CD, Dulat, Herzog, Mistlberger; Kilgore; Gehrmann, Glover, 

Jaquier, Koukoutsakis, CD, Gehrmann, Jaquier; Dulat, Mistlberger]

�̂(N)
ij =

5X

k=0

c(N)
ijk log

k
(1� z)

• Double- and triple-emissions only known as an expansion 
around threshold. [Anastasiou, CD, Dulat, Herzog, Mistlberger]

➡ Exact result for qq’ channel was recently published.
[Anzai, Hasselhuhn, Hoff, Höschele, Kilgore, Steinhauser, Ueda]
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Threshold expansion

➡ See talks by Furlan and 
Mistlberger for more detail on the 

expansion and its convergence.
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A first glimpse at Higgs 
phenomenology at N3LO
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p
S = 13TeV

LO NLO NNLO NNNLO
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Scale variation
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Energy variation
LO NLO NNLO NNNLO
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Energy variation
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Scale vs. PDF uncertainty
2

range 56–99%.
In the binned maximum-likelihood fit, the statisti-

cal uncertainty of the H ! �� event yield is modeled
using a Gaussian distribution, while the event yield
in the H ! ZZ⇤ ! 4` channel follows a Poisson dis-
tribution due to the small sample size. Experimen-
tal and theoretical systematic uncertainties a↵ecting the
signal yields, detector e�ciencies, branching fractions
and fiducial acceptance corrections are taken into ac-
count in the likelihood as constrained nuisance param-
eters. Nuisance parameters describing the same uncer-
tainty sources are treated as fully correlated between
bins and channels. Systematic uncertainties on the
H ! �� and H ! ZZ⇤ ! 4` background estimates and
e�ciency correction factors, as well as the uncertainty
on the integrated luminosity, are described in detail in
Refs. [8, 9]. The branching fraction uncertainty due to
the assumed quark masses and other theoretical uncer-
tainties are evaluated following the recommendations of
Ref. [16], considering uncertainty correlations between
the H ! �� and H ! ZZ⇤ ! 4` decay channels. Un-
certainties on the acceptance correction related to the
choice of PDF set are evaluated by taking the envelope
of the sum in quadratures of eigenvector variations of
the baseline (CT10 [17]) and the central values of alter-
native (MSTW2008NLO [18] and NNPDF2.3 [19]) PDF
sets. Uncertainties on the acceptance correction asso-
ciated with missing higher-order corrections are evalu-
ated by varying the renormalization and factorization
scales coherently and individually by factors of 0.5 and
2 from their nominal values, and by reweighting the pHT
distribution from Powheg-box to the prediction of the
HRes 2.2 calculation [20, 21]. The envelope of the max-
imum deviation of the combined scale variations and the
pHT reweighting is used as the systematic variation. To
account for the uncertainty in the mass measurement,
the Higgs boson mass is varied by ±0.4 GeV. To as-
sess the systematic uncertainty due to the assumption of
SM cross-section fractions of the Higgs boson production
modes, the VBF and VH fractions are varied by factors of
0.5 and 2 from the SM prediction and the fraction of tt̄H
is varied by factors of 0 and 5. These factors are based
on current experimental bounds [22–26]. The total un-
certainties on the acceptance correction range from 1%
to 6%, depending on the channel, distribution and bin.

The total systematic uncertainties on the combined dif-
ferential cross sections range from 4% to 12%, depending
on the distribution and bin. For the kinematic variables
pHT and |yH|, the largest systematic uncertainties on the
di↵erential cross sections are due to the luminosity and
the background estimates in both channels. For the jet
variables Njets and pj1T , the largest systematic uncertain-
ties on the di↵erential cross sections are due to the jet en-
ergy scale and resolution. In the shape combination, the
normalization uncertainties including luminosity, branch-
ing fractions, and e�ciency uncertainties do not apply.

Data LHC-XS ADDFGHLM
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FIG. 1. Measured total cross section of Higgs boson produc-
tion compared to two calculations of the ggF cross section.
Contributions from other relevant Higgs boson production
modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions
are presented in Table I.

Statistical uncertainties dominate all resulting distribu-
tions, ranging from 23% to 75%.

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLL a,b,c

ADDFGHLM [27–30] N3LO a,b,c

Analytical di↵erential cross-section predictions

HRes 2.2 [20, 21] NNLO+NNLL a,e,f

STWZ [31], BLPTW [32] NNLO+NNLL c,d,e,g,h

JetVHeto 2.0 [33–35] NNLO+NNLL a,c,e

Monte Carlo event generators

SHERPA 2.1.1 [36, 37] H + 0, 1, 2 jets @NLO i,j

MG5 aMC@NLO [38, 39] H + 0, 1, 2 jets @NLO i,k,l

Powheg Nnlops [40, 41] NNLO�0j , NLO e,l,m
�1j

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g In the notation of Ref. [31], this corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme [42–44]
k Software version 2.2.1, NLO merged using FxFx scheme [39]
l Interfaced with Pythia8 for parton showering
m Uses Minlo method & yH reweighting to HNNLO [41, 45, 46].
The total pp ! H cross section is determined in the

H ! �� channel to be 31.4±7.2 (stat)±1.6 (sys) pb and
in the H ! ZZ⇤ ! 4` channel to be 35.0 ± 8.4 (stat) ±
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Uncertainties

• Perturbative QCD uncertainties are drastically reduced at 
N3LO!

• Other sources of uncertainty could now be of the same size.

➡ Threshold resummation / missing higher orders.	



➡ Top-mass corrections.	



➡ Electroweak corrections.	



➡ Top-bottom interference.

• Scale uncertainty negligible compared to PDF +       
uncertainties at N3LO. 

↵S



!
!

!
!

Threshold resummation

• Soft gluon emissions exponentiate in Mellin space!

�̂SV
= a �(1� z) +

5X

k=0

bk

"
log

k
(1� z)

1� z

#

+

ã+

6X

k=1

˜bk log

k N

�̂resum
gg = g0(↵s) exp

"
1

↵2
s

1X

k=1

↵k
s gk(↵s logN)

#

• Resummation functions     known up to N3LL (k=4).gi

[Catani, Trentadue; Sterman]

[Moch, Vermaseren, Vogt; Bonvini, Marzani; Catani, Cieri, de Florian, Ferrara, Grazzini]
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Threshold resummation

• Soft gluon emissions exponentiate in Mellin space!

�̂SV
= a �(1� z) +

5X

k=0

bk

"
log

k
(1� z)

1� z

#

+

ã+

6X

k=1

˜bk log

k N

�̂resum
gg = g0(↵s) exp

"
1

↵2
s

1X

k=1

↵k
s gk(↵s logN)

#

• Resummation functions     known up to N3LL (k=4).gi

• N3LL resummation needs 4-loop cusp anomalous dimension.
➡ Only known via Pade approximation, assuming Casimir 

scaling.	



➡ Casimiar scaling assumption likely to fail at four loops.	



➡ Numerical impact small!

[Catani, Trentadue; Sterman]

[Moch, Vermaseren, Vogt]

[Moch, Vermaseren, Vogt; Bonvini, Marzani; Catani, Cieri, de Florian, Ferrara, Grazzini]
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N3LL threshold resummation
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Scale uncertainty

➡ Reduced scale uncertainty compared to              .	



➡ Series seems to converge.	



➡ Negligible impact of soft-gluon resummation.	



➡ Current recommendation of HXSWG:              .	

µ = mH

• Scale uncertainty negligible compared to PDF +       
uncertainties at N3LO. 

↵S

•                   seems to be a good scale choice.µ = mH/2

• We are reaching the point where we should critically assess 
our method of estimating the uncertainty by scale variation!

µ = mH
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Other sources of uncertainties

➡ Gives tiny contributions at NNLO.

• Finite top-mass effects:
[Harlander, Ozeren; Pak, Rogal, Steinhauser; 

Ball, Del Duca, Marzani, Forte, Vicini; 
Harlander, Mantler, Marzani, Ozeren]
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Other sources of uncertainties

➡ Gives tiny contributions at NNLO.

• Finite top-mass effects:

➡ Leads to a shift in the cross section by a few percent.	



[Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Ball, Del Duca, Marzani, Forte, Vicini; 
Harlander, Mantler, Marzani, Ozeren]

• Electroweak corrections:
➡ Two-loop corrections partially known.

[Djouadi, Gambino, Kniehl; Aglietti, Bonciani, Degrassi; Degrassi, Maltoni; 
Anastasiou, Boughezal, Petriello; Actis, Passarino, Sturm, Uccirati]
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Other sources of uncertainties

➡ Gives tiny contributions at NNLO.

• Finite top-mass effects:

➡ Leads to a shift in the cross section by a few percent.	



[Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Ball, Del Duca, Marzani, Forte, Vicini; 
Harlander, Mantler, Marzani, Ozeren]

• Electroweak corrections:
➡ Two-loop corrections partially known.

• Top-bottom interference:

➡ Currently unknown beyond NLO, but could give rise to a 
few percent.	



[Djouadi, Gambino, Kniehl; Aglietti, Bonciani, Degrassi; Degrassi, Maltoni; 
Anastasiou, Boughezal, Petriello; Actis, Passarino, Sturm, Uccirati]
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Conclusion

• The era of QCD Higgs phenomenology at N3LO has 
started!
➡ QCD scale uncertainty immensely reduced!

• It is time to think about other effects that give rise to similar 
uncertainties:

➡ Threshold resummation / missing higher orders.	



➡ Electroweak corrections.	



➡ Top-mass corrections.	



➡ Top-bottom interference.	



➡ PDF +       uncertainties.↵S
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NNLO vs. N3LO PDFs?
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XS order
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Figure 1: The cross section for Higgs production in gluon fusion, computed varying the
perturbative order of the matrix element. The label on the x-axis denotes the order of
the matrix element, while in each case the three points from left to right are obtained
respectively using LO, NLO, and NNLO PDFs. The uncertainties are obtained varying
the renormalization scale by a factor two about µR = mH . The N3LO result is the
approximation of Ref. [4].

Gluon fusion, the dominant Higgs production channel at the LHC, has a slowly con-
vergent expansion in perturbative QCD: the inclusive cross section is currently known up
to next-to-next-to-leading order (NNLO) [1–3], and a recent approximate determination
of the N3LO result has been presented [4], while rapid progress on the exact computation
has been reported [5].

With N3LO results around the corner, it is natural to ask whether these will be of
any use, given that fully consistent N3LO parton distributions (PDFs) are not likely to be
available any time soon, essentially because the determination of N3LO anomalous dimen-
sions would require a fourth-order computation, for instance of deep-inelastic structure
functions, or Wilson coefficients. Clearly, this question is related to the more general issue
of theoretical uncertainties on PDFs: current PDF uncertainties [6] only reproduce the
uncertainty in the underlying data, and of the procedure used to propagate it onto PDFs,
but not that related to missing higher-order corrections in the theory used for PDF deter-
mination. Henceforth in this paper we will call ‘theoretical uncertainty’ the uncertainty
due to the fixed-order truncation of the perturbative expansion, sometimes [7] also called
missing higher-order uncertainty, or MHOU.

Here we address this set of issues in the specific context of Higgs production in gluon
fusion. We use the dependence on the perturbative order of the prediction for this process
as either the PDF or the matrix element are taken at different orders as an estimate the
theoretical uncertainty on either. We then address the more general issue of how one may
estimate theoretical uncertainties on PDFs and matrix elements, specifically by using the
approach of Cacciari and Houdeau [8].

We first compute the cross-section using the ggHiggs code [4,9], with default settings 1.

1We have checked that similar results are obtained using ihixs [10] version 1.3.3. Note that previous

2

[Plot from Forte, Isgrò, Vita; N3LO is approximate] 
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Comparison to Approximate N3LO

[Plot from HXSWG] 
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Comparison to Approximate N3LO
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