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Why the Higgs?
• The Standard Model describes the properties and 

interactions of the fundamental constituents of 
all visible matter 

• It is an highly predictive theory that has been 
validated by a huge number of collider 
experiments 

• The Higgs boson is essential for the self-
consistency of the Standard Model!  



• In the “Standard Model” description of 
electroweak symmetry breaking, all the 
couplings of the Higgs are strictly fixed 

➡ once its mass is known, all the properties  
of the Higgs boson (production cross sections, 
decay rates,..) can be predicted 

• So, why do we keep taking data if “we know 
everything”?

Why the Higgs?



• We have many hints that the Standard Model is 
not the “theory of everything” 

‣ why is the Higgs so light? 

‣ why is it there such a large hierarchy in the 
fermion masses? 

‣ what about dark matter, neutrino masses, dark 
energy? Does the Higgs play any role there? 
(e.g., can it decay into dark matter?)

Expecting surprises!
See also the talk of M. Spiropulu on Monday

https://indico.cern.ch/event/464402/contributions/1138539/attachments/1334541/2006858/Invisibles.pdf


Precision Higgs physics
• Many scenarios of “physics beyond the Standard 

Model” try to address these questions 

• They typically predict modifications in the Higgs 
phenomenology 

• These effects can be rather small (               )O(few%)



➡ to validate the Standard Model (or see hints of 
new physics) we need 

‣ very accurate measurements of the 
properties of the Higgs boson .. 

‣ .. and equally accurate theoretical predictions 
of these properties!  
 
 

Precision Higgs physics



➡ to validate the Standard Model (or see hints of 
new physics) we need 

‣ very accurate measurements of the 
properties of the Higgs boson .. 

‣ .. and equally accurate theoretical predictions 
of these properties!  
 
 

Precision Higgs physics

extremely active 
field of work



Recent progress
• Inclusive cross section for Higgs production in 

gluon fusion ➜ N3LO 

• Double Higgs production ➜ exact (full top-mass 
dependance) at NLO + differential distributions  

C. Anastasiou, C. Duhr, F. Dulat, EF, T. Gehrmann, F. Herzog,  
A. Lazopoulos, B. Mistlberger, JHEP 1605 (2016) 058

S. Borowka, N. Greiner, G. Heinrich, S. P. Jones, M. Kerner, J. Schlenk, U. Schubert, T. Zirke,  
PRL 117 (2016) no.1, 012001, Erratum: PRL 117 (2016) no.7, 079901; arXiv:1608.04798

http://inspirehep.net/author/profile/Borowka%2C%20S.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Greiner%2C%20N.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Heinrich%2C%20G.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Jones%2C%20S.%E2%80%89P.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Kerner%2C%20M.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Schlenk%2C%20J.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Schubert%2C%20U.?recid=1450011&ln=en
http://inspirehep.net/author/profile/Zirke%2C%20T.?recid=1450011&ln=en
http://arxiv.org/abs/arXiv:1608.04798
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Gluon fusion Higgs production
Inclusive cross section  

• important test of the “SM” Higgs 

• fundamental for the precise extraction of the 
Higgs couplings

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 

 WW→H 

 ZZ→H 

 bb→H 

τ τ →H 

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

CMS-NOTE-13-002 
(arXiv:1307.7135)

Scenario 1: uncertainties 
unchanged

Scenario 2:  
    theory error ➜ 1/2 
    systematics ➜ L�1/2

int
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Inclusive cross section  

• important test of the “SM” Higgs 

• fundamental for the precise extraction of the 
Higgs couplings 

• .. but very hard to compute!
Georgi et al, Higgs bosons 
from two gluon annihilation 
in proton proton collisions, 

GLUON FUSION
LO1978 �̂8TeV = 9.6pb

±25%

NLO1991 �̂8TeV = 16.7pb
±20%

NNLO2002 �̂8TeV = 19.6pb
±9%

GLUON FUSION
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LO1978 �̂8TeV = 9.6pb

±25%

NLO1991 �̂8TeV = 16.7pb
±20%

NNLO2002 �̂8TeV = 19.6pb
±9%

Dawson; Djouadi, Spira, Zerwas; 
Graudenz, Spira, Zerwas; Spira, 
Djouadi, Graudenz, Zerwas

Harlander, Kilgore; 
Anastasiou, Melnikov



Gluon fusion Higgs production
Inclusive cross section  

• important test of the “SM” Higgs 

• fundamental for the precise extraction of the 
Higgs couplings 

• .. but very hard to compute!

leading (lowest) order, “LO”  
➜ already one loop  
➜ largest contribution from 
top quark → massive particle   
➜ two external momenta



Gluon fusion Higgs production
Inclusive cross section  

• important test of the “SM” Higgs 

• fundamental for the precise extraction of the 
Higgs couplings 

• .. but very hard to compute!

2 Gluon fusion cross section

2.1 Introduction

The most relevant way for Higgs production at the LHC is gluon fusion, where two colliding
protons radiate of two gluons, which produce a top loop and then the top-antitop pair
couples to a Higgs (see figure 1). In the loop we could also have another quark than the top,
however the Yukawa coupling between the Higgs and two quarks is proportional to the mass
of the quark and the top is by far the heaviest. Thus we will simply neglect other quark
loops.
Gluon fusion in the SM has already been calculated to second order (NNLO) [5]. In this
Master thesis we are only going to look at leading order (LO) gluon fusion. In section 3 and
4 we are going to modify this calculation and we therefore need to understand how it works
in detail. It is remarkable that LO cross section is more than a factor 2 lower than NLO and
NNLO cross section and therefore not useful for precise predictions at the LHC. However in
our further analysis we only need to get a qualitative feeling how gluon fusion changes with
new physics and it would be way out of the scope of this thesis if we would try to look at
the effect of composite models on NLO or even NNLO gluon fusion.

Gb
β →

p2

Ga
α

→
p1

t̄

k − p2

t

k + p1

tk h
←
q

Figure 1: First diagram for LO gluon Fusion.

2.2 Feynman rules

There are two relevant diagrams for gluon fusion (see figures 1 and 2). We will first calculate
the contribution of the first diagram and then show that the second contributes the same.
Starting with figure 1 we can immediately apply Feynman rules. We will use the notation
from [2].
We start at the Yukawa vertex and amputate the gluon propagators. The matrix element
uncontracted with polarizations is

Mαβ
1 =

! ∞

∞

ddk

(2π)d

"

− i√
2
ytδ

lj

#"
i(̸p1 + ̸k + mt)

(p1 + k)2 −mt
2

#
$

−igsγ
αT a

ji

%

· (1)

·
"

i(̸k + mt)

k2 −mt
2

#
$

−igsγ
βT b

il

%
"

i(̸k − p̸2 + mt)

(k − p2)2 −mt
2

#

, (2)
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loops.
Gluon fusion in the SM has already been calculated to second order (NNLO) [5]. In this
Master thesis we are only going to look at leading order (LO) gluon fusion. In section 3 and
4 we are going to modify this calculation and we therefore need to understand how it works
in detail. It is remarkable that LO cross section is more than a factor 2 lower than NLO and
NNLO cross section and therefore not useful for precise predictions at the LHC. However in
our further analysis we only need to get a qualitative feeling how gluon fusion changes with
new physics and it would be way out of the scope of this thesis if we would try to look at
the effect of composite models on NLO or even NNLO gluon fusion.

Gb
β →

p2

Ga
α

→
p1

t̄

k − p2

t

k + p1

tk h
←
q

Figure 1: First diagram for LO gluon Fusion.

2.2 Feynman rules

There are two relevant diagrams for gluon fusion (see figures 1 and 2). We will first calculate
the contribution of the first diagram and then show that the second contributes the same.
Starting with figure 1 we can immediately apply Feynman rules. We will use the notation
from [2].
We start at the Yukawa vertex and amputate the gluon propagators. The matrix element
uncontracted with polarizations is

Mαβ
1 =

! ∞

∞

ddk

(2π)d

"

− i√
2
ytδ

lj

#"
i(̸p1 + ̸k + mt)

(p1 + k)2 −mt
2

#
$

−igsγ
αT a

ji

%

· (1)

·
"

i(̸k + mt)

k2 −mt
2

#
$

−igsγ
βT b

il

%
"

i(̸k − p̸2 + mt)

(k − p2)2 −mt
2

#

, (2)
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where d is the number of dimensions. We take the trace over closed fermion lines

!
ytg2

s√
2

"

T a
jiT

b
ilδ

lj ·
Tr
#

(̸p1 + ̸k + mt)γ
α(̸k + mt)γ

β (̸k − p̸2 + mt)
$

[(p1 + k)2 −mt
2][k2 −mt

2][(k − p2)2 −mt
2]

. (3)

Now for the generators of SU(3), we use the identity Tr[T aT b] = 1
2δab. The matrix element

has then the form

Mαβ
1 =

!
ytg2

s

2
√

2

"

δab

% ∞

∞

ddk

(2π)d

mt · Tr[· · · ]
[(p1 + k)2 −mt

2][k2 −mt
2][(k − p2)2 −mt

2]
. (4)

Expanding the trace and keeping in mind that odd products of γ-matrices vanish, we only
get odd powers of mt inside the trace and can take out a factor mt

Tr[· · · ] = Tr[̸p1γ
α ̸kγβ + ̸p1γ

αγβ ̸k
& '( )

̸p1γ
α
*

γβ, k
+

]− Tr[̸p1γ
αγβ ̸p2] + (5)

+ Tr[̸kγα ̸kγβ + γα ̸kγβ ̸k]
& '( )

Tr[2̸kγα ̸kγβ]

+Tr[̸kγαγβ ̸k]− (6)

−Tr[̸kγαγβ ̸p2 + γα ̸kγβ ̸p2] + mt
2 · Tr[γαγβ]. (7)

Now we use the following identities for γ-matrices:

•
*

γα, γβ
+

= 2gαβ (8)

•
Tr[γµγν ] = 4gµν (9)

•
Tr[γµγνγργσ] = 4(gµνgρσ + gµσgνρ − gµρgνσ) (10)

The final result for the trace is

Tr[· · · ] = 4[2pα1 kβ − 2kαpβ2 + gαβ(−p1p2 − k2 + mt
2)− pα1 pβ2 + pβ1pα2 + 4kαkβ ]. (11)

Looking at figure 2 we see that only the incoming gluons are exchanged. This means we
have to make the following exchanges in the matrix element

• α↔ β

• p1 ↔ p2

• a↔ b

The contribution from the second diagram is then

Mαβ
2 ∼

% ∞

∞

ddk

(2π)d

4(2pβ2kα − 2kβpα1 + gβα(−p2p1 − k2 + mt
2)− pβ2pα1 + pα2 pβ1 + 4kβkα)

[(p1 + k)2 −mt
2][k2 −mt

2][(k − p2)2 −mt
2]

.

(12)
This integral is the same as the integral for first diagram. If we substitute k &→ −k, the
volume element d4k does not change and we get exactly the same contribution as for the first
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Gluon fusion Higgs production
Inclusive cross section  

• important test of the “SM” Higgs 

• fundamental for the precise extraction of the 
Higgs couplings 

• .. but very hard to compute!

➡ so, N3LO is  
four loops  
(   15.000  
diagrams)?!?



• The top quark is heavy compared to the Higgs 
boson                          ... 

• ... so heavy that one can consider it infinitely 
heavy and integrate it out 

➡ obtain an effective gluon-Higgs vertex 
 
 
 

➡ the effects of the top quark are accounted for 
by a Wilson coefficient ➜ known at four loops

Heavy quark effective theory

(mt � mH/2)

Leff = �↵S

4v
C HGa

µ⌫G
aµ⌫

✓
C0 +

⇣↵s

⇡

⌘
C1 +

⇣↵s

⇡

⌘2
C2 + . . .

◆
+ + . . .

✓ ◆

Y. Schroder and M. Steinhauser, JHEP 01 (2006) 051; K. G. Chetyrkin, J. H. 
Kuhn and C. Sturm, N. P. B744 (2006) 121–135



• The bottleneck of this calculation does not come 
from the virtual gluon-Higgs loops, but from 
other kind of diagrams 

• at NLO               , there are two contributions in 
addition to the two loop gluon-Higgs vertex 

Beware: radiation!!

�O(↵3
s)
�

Dawson, Nucl. Phys. B 359 (1991) 283; 
Djouadi et al., Phys. Lett. B 264 (1991) 
 

➡  ~ 10 diagrams

O(↵s)

Virtual corrections  Real radiation 

O(↵s)
O(↵s)

O(↵s)O(↵s)

O(↵s)



• at NNLO, one has

Harlander and Kilgore, PRL 88, 201801 (2002); 
Anastasiou and  Melnikov, NP B 646 (2002) 220; 
Ravindran et al., NP B 665, 325 (2003)

Double-virtual  
corrections 

Real-virtual  
corrections 

Double-real  
corrections 

➡  ~ 1000 diagrams

Beware: radiation!!



triple-virtual  
corrections 

triple-real  
corrections 

➡  ~ 100000 
diagrams

double-virtual  
real corrections 

double-real  
virtual corrections 

real-virtual squared 
corrections 

• at N3LO,

Beware: radiation!!



➡ the number of interference diagrams increases 
by a factor of 100 from NNLO to N3LO 

➡ the number of integrals increases by 10.000!  
 

                   NNLO                          N3LO     
               ~ 50.000             ~ 500.000.000 

Gluon fusion Higgs production

How can we tackle this problem? 
 
 



➡ the number of interference diagrams increases 
by a factor of 100 from NNLO to N3LO 

➡ the number of integrals increases by 10.000!  
 

                   NNLO                          N3LO     
               ~ 50.000             ~ 500.000.000 

Gluon fusion Higgs production

How can we tackle this problem? 

➡ automation 

➡ simplifying assumptions 

➡ new ideas/tools 



➡ the number of interference diagrams increases 
by a factor of 100 from NNLO to N3LO 

➡ the number of integrals increases by 10.000!  
 

                   NNLO                          N3LO     
               ~ 50.000             ~ 500.000.000 

Gluon fusion Higgs production

How can we tackle this problem? 

➡ automation 
write our own routines to generate the diagrams 
and perform the numerical manipulations



➡ the number of interference diagrams increases 
by a factor of 100 from NNLO to N3LO 

➡ the number of integrals increases by 10.000!  
 

                   NNLO                          N3LO     
               ~ 50.000             ~ 500.000.000 

Gluon fusion Higgs production

How can we tackle this problem? 

➡ simplifying assumptions (heavy quark effective 
theory, expansion around Higgs threshold  
production)



➡ the number of interference diagrams increases 
by a factor of 100 from NNLO to N3LO 

➡ the number of integrals increases by 10.000!  
 

                   NNLO                          N3LO     
               ~ 50.000             ~ 500.000.000 

Gluon fusion Higgs production

How can we tackle this problem? 

➡ new ideas/tools (inverse unitarity, integration  
by part identities, strategy of regions, differential  
equations method, Henn canonical forms,  
Mellin space, symbol algrbra,…)



The N3LO cross sectionFrom NNLO to N3LOScale variation

carefully analyse the residual uncertainty associated to all of these contributions. In this

way we obtain the most precise theoretical prediction for the Higgs production cross section

available to date.

We conclude this section by summarizing, for later convenience, the default numerical

values of the input parameters used in our numerical studies, as well as concrete choices

for PDFs and quark mass schemes. In particular, we investigate three di↵erent setups,

which are summarized in Tab. 1–3. Note that we use NNLO PDFs even when we refer

to lower order terms of the cross section, unless stated otherwise. The values for the

quark masses used are in accordance with the recommendations of the Higgs Cross Section

Working Group [82], wherein the top quark mass was selected to facilitate comparisons

with existing experimental analyses at LHC, Run 11.

Table 1: Setup 1

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

Table 2: Setup 2

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt 172.5 (OS)
mb 4.92 (OS)
mc 1.67 (OS)

µ = µR = µF 62.5 (= mh/2)

Table 3: Setup 3

p
S 13TeV

mh 125GeV
PDF abm12lhc 5 nnlo

as(mZ) 0.113
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

3. The cross-section through N3LO in the infinite top-quark limit

3.1 The partonic cross section at N3LO in the heavy-top limit

In this section we discuss the contribution �̂ij,EFT in eq. (2.4) from the e↵ective theory

where the top quark is infinitely heavy. This contribution can be expanded into a pertur-

bative series in the strong coupling constant,

�̂ij,EFT

z
=

⇡ |C|2
8V

1X

n=0

⌘(n)ij (z) ans , (3.1)

where V ⌘ N2
c � 1 is the number of adjoint SU(Nc) colours, as ⌘ ↵s/⇡ denotes the strong

coupling constant evaluated at a scale µ and C is the Wilson coe�cient introduced in

eq. (2.5), which admits itself a perturbative expansion in the strong coupling [17, 18, 19],

C = a2s

1X

n=0

Cn a
n
s . (3.2)

Here both the coe�cients Cn and the strong coupling are functions of a common scale µ.

At LO in as only the gluon-gluon initial state contributes, and we have

⌘(0)ij (z) = �ig �jg �(1� z) . (3.3)

1Note that the current world average mOS
t = 173.2 is within the recommended uncertainty of 1GeV

from the proposed mOS
t = 172.5 that we use here.
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Figure 8: The dependence of the cross-section on a common renormalization and factorization
scale µ = µF = µR.

�scale
EFT,k

LO (k = 0) ±14.8%

NLO (k = 1) ±16.6%

NNLO (k = 2) ±8.8%

N3LO (k = 3) ±1.9%

Table 5: Scale variation of the cross-section as defined in eq. (3.11) for a common renormalization
and factorization scale µ = µF = µR.

the treatment of both infrared and ultraviolet singularities. For a physical process such

as inclusive Higgs production, where one cannot identify very disparate physical scales,

large separations between the renormalization from the factorization scale entail the risk

of introducing unnecessarily large logarithms. In Fig. 8 we present the dependence of the

cross-section on a common renormalization and factorization scale µ = µR = µF . Through

N3LO, the behaviour is very close to the scale-variation pattern observed when varying

only the renormalization scale with the factorization scale held fixed. More precisely, using

the same quantifier as introduced in eq. (3.11) for the variation of the renormalization scale

only, the variation of the cross-section in the range [mH/4,mH ] for the common scale µ

is shown in Tab. 5. We observe that the scale variation with µR = µF is slightly reduced

compared to varying only the renormalization scale at NLO and NNLO, and this di↵erence

becomes indeed imperceptible at N3LO.

The scale variation is the main tool for estimating the theoretical uncertainty of a

cross-section in perturbative QCD, and it has been successfully applied to a multitude of

– 16 –

N3LO result is very precise and  
within the NNLO scale variation.
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only, the variation of the cross-section in the range [mH/4,mH ] for the common scale µ

is shown in Tab. 5. We observe that the scale variation with µR = µF is slightly reduced
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becomes indeed imperceptible at N3LO.

The scale variation is the main tool for estimating the theoretical uncertainty of a
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The N3LO cross section
The N3LO Higgs boson production cross section  
and the associated errors are

8. Recommendation for the LHC

In previous sections we have considered various e↵ects that contribute to the gluon-fusion

Higgs production cross-section at higher orders. In this section we combine all these e↵ects,

and as a result we are able to present the most precise prediction for the gluon-fusion cross-

section available to date. In particular (for the Setup 1 of Tab. 1) for a Higgs boson with

a mass mH = 125 GeV, the cross-section at the LHC with a center-of-mass energy of 13

TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory)± 1.56 pb (3.20%) (PDF+↵s) . (8.1)

Equation (8.1) is one of the main results of our work. In the following, we will analyze it

in some detail.

Let us start by commenting on the central value of the prediction (8.1). Since eq. (8.1)

is the combination of all the e↵ects considered in previous sections, it is interesting to see

how the final prediction is built up from the di↵erent contributions. The breakdown of the

di↵erent e↵ects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)

+20.84 pb (+42.9%) (NLO, rEFT)

� 2.05 pb (�4.2%) ((t, b, c), exact NLO)

+ 9.56 pb (+19.7%) (NNLO, rEFT)

+ 0.34 pb (+0.2%) (NNLO, 1/mt)

+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(8.2)

where we denote by rEFT the contributions in the large-mt limit, rescaled by the ratio

RLO of the exact LO cross-section by the cross-section in the EFT (see Section 5). All the

numbers in eq. (8.2) have been obtained by setting the renormalization and factorization

scales equal to mH/2 and using the same set of parton densities at all perturbative orders.

Specifically, the first line, (LO, rEFT), is the cross-section at LO taking into account only

the top quark. The second line, (NLO, rEFT) are the NLO corrections to the LO cross-

section in the rescaled EFT, and the third line, ((t, b, c), exact NLO), is the correction

that needs to be added to the first two lines in order to obtain the exact QCD cross-section

through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.
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uncertainty with the ABM12 set8:

�ABM12 = 45.07 pb+2.00 pb (+4.43%)
�2.88 pb (�6.39%) (theory)± 0.52 pb (1.17%) (PDF+↵s) . (8.3)

The significantly lower central value is mostly due to the smaller value of ↵s, which

however is also smaller than the world average.

It is also interesting to compare our prediction (8.1) to the value one would have

obtained without the knowledge of the N3LO corrections in the rEFT. We find

�NNLO = 47.02 pb +5.13 pb (10.9%)
�5.17 pb (11.0%) (theory)

+1.48 pb
�1.46 pb

(3.14%)
(3.11%) (PDF+↵s) . (8.4)

The central value in eq. (8.4) is obtained by summing all terms in eq. (8.2) except for

the term in the last line. Moreover, we do not include the uncertainties �(PDF-TH)

and �(trunc) from missing higher orders in the extraction of the parton densities and

from the truncation of the threshold expansion (because the NNLO cross-sections are

known in a closed analytic form). The scale variation uncertainty �(scale) at NNLO is

approximately five times larger than at N3LO. This explains the reduction by a factor

of two in the total �(theory) uncertainty by including the N3LO corrections presented in

this publication. We stress at this point that uncertainties on the NNLO cross-section

have been investigated by di↵erent groups in the past, yielding a variety of uncertainty

estimates at NNLO [46, 51, 52, 100, 119, 120, 121, 122]. Here we adopt exactly the same

prescription to estimate the uncertainty at NNLO and at N3LO, and we do not only rely

on scale variation for the NNLO uncertainty estimate, as was often done in the past.

Finally, we have also studied how our predictions change as we vary the center-of-mass

energy and the value of the Higgs mass. Our predictions for di↵erent values of the proton-

proton collision energy and a Higgs mass of mH = 125 GeV are summarized in Tab. 10.

In comparison to the o�cial recommendation of the LHC Higgs Cross-section Working

Group earlier than our work [48], our results have a larger central value by about 11%.

The di↵erence can be attributed to the choice of optimal renormalization and factorization

scale, the e↵ect of the N3LO corrections, the di↵erent sets of parton distribution functions

and value of ↵s as well as smaller di↵erences due to the treatment of finite quark-mass

e↵ects. In comparison to the earlier recommendation from some of the authors in ref. [120],

our result has a central value which is higher by 3.5%. The di↵erence can be attributed to

the e↵ect of the N3LO corrections, the di↵erent sets of parton distribution functions and

value of ↵s as well as smaller di↵erences due to the treatment of finite quark-mass e↵ects.

Additional cross-section predictions for a variety of collider energies and Higgs boson

masses can be found in Appendix E.

9. Conclusion

In this paper we have presented the most precise prediction for the Higgs boson gluon-

fusion cross-section at the LHC. In order to achieve this task, we have combined all known

8We use the abm11 5 as nlo and abm11 5 as nnlo set to estimate the �(PDF-TH): these sets are fits

with a fixed value of ↵s which allows us to compare NLO and NNLO grids for the same ↵s value. Using

this prescription �(PDF-TH)= 1.1% very similar to the corresponding uncertainty for the set.
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➡ Good convergence of the expansion in the strong 
coupling 

➡ Theory error halved! (and can be further reduced)



Double Higgs production
• Fundamental to probe the Higgs trilinear 

coupling in the Standard Model

3
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• top-quark associated
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Double Higgs production
• Fundamental to probe the Higgs trilinear 

coupling in the Standard Model 

• Sensitive also to higher dimensional operators 
induces by (some) new physics

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

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.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

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
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Double Higgs production
• Fundamental to probe the Higgs trilinear 

coupling in the Standard Model 

• Sensitive also to higher dimensional operators 
induces by (some) new physics 

• Known through NNLO in the heavy quark 
effective theory, where the NLO corrections 
double the LO result 

• Also known that the effective theory does not 
work well in this case!
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Double Higgs production
➡ Need to include the full top-mass dependance at 

NLO! 

• Very difficult calculation
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Figure 2: Examples of two-loop diagrams entering the virtual amplitude.

The amplitude generation leads to about 10000 integrals before any symmetries are

taken into account. After accounting for symmetries and after reduction (complete

reduction of the planar sectors and partial reduction of the non-planar ones), we end

up with 145 planar master integrals plus 70 non-planar integrals, and a further 112

integrals that di↵er by a crossing. As these integrals contain four independent mass

scales, ŝ, t̂, m2
t , m

2
h, only a small subset is known analytically. Besides the diagrams

which are factorizing into two one-loop diagrams [56], the known integrals are the two-

loop diagrams with two light-like legs and one massive leg, which enter single Higgs

boson production, calculated e.g. in Refs. [75–79], and the triangles with one light-

– 9 –

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

(k)

Figure 2: Examples of two-loop diagrams entering the virtual amplitude.

The amplitude generation leads to about 10000 integrals before any symmetries are

taken into account. After accounting for symmetries and after reduction (complete

reduction of the planar sectors and partial reduction of the non-planar ones), we end

up with 145 planar master integrals plus 70 non-planar integrals, and a further 112

integrals that di↵er by a crossing. As these integrals contain four independent mass

scales, ŝ, t̂, m2
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Figure 5: Higgs boson pair invariant mass distribution mhh at
p

s = 14 TeV andp
s = 100 TeV for absolute values (left panels) and normalised to the corresponding

total cross section (right panels).

boson pair invariant mass distribution mhh at
p

s = 14 TeV and
p

s = 100 TeV, com-

paring the full NLO result to various approximations. In particular, we compare to

the “basic HEFT” approximation at
p

s = 14 TeV, showing that it fails to describe

the distribution. Comparing the results at 14 TeV and 100 TeV, we observe that the

di↵erences of the full NLO result to the Born-improved HEFT and also to the FTapprox

result are amplified at 100 TeV, as expected, as the HEFT approximation does not

have the correct high energy behaviour. This scaling behaviour will be discussed more

in detail below. We also see that the K-factor is far from being uniform for the mhh

distribution, while the “basic HEFT” results suggest a uniform K-factor.
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Summary
• (More) Precise theoretical calculations of the 

Higgs properties are fundamental in order to 
probe/validate the Higgs sector (anomalous 
couplings, new particles, decays into dark 
matter, ..) 

➡ very active field of investigation 

➡ many results recently achieved or within reach 

‣ inclusive Higgs cross section at N3LO 

‣ Higgs pair production at NLO, with full 
dependence on the top mass



Summary
‣ Higgs produced in association with a jet, with 

full dependence on the top mass (sensitive to 
new particles in the loops) 

‣ Missing contributions in single Higgs 
production (reduce the theory error on the 
N3LO result) 

‣ Differential cross sections at N3LO (allow to 
implement experimental cuts) 

‣ Interference effects between gg ➜ H ➜ ZZ and 
gg ➜ ZZ (indirect determination of the Higgs 
width)




