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Abstract: Now that the Higgs boson has been observed by the ATLAS and CMS exper-

iments at the LHC, the next important step would be to measure accurately its properties

to establish the details of the electroweak symmetry breaking mechanism. Among the

measurements which need to be performed, the determination of the Higgs self-coupling

in processes where the Higgs boson is produced in pairs is of utmost importance. In this

paper, we discuss the various processes which allow for the measurement of the trilin-

ear Higgs coupling: double Higgs production in gluon fusion, vector boson fusion, double

Higgs-strahlung and associated production with a top quark pair. We first evaluate the

production cross sections for these processes at the LHC with center-of-mass energies rang-

ing from the present
√
s = 8TeV to

√
s = 100TeV, and discuss their sensitivity to the

trilinear Higgs coupling. We include the various higher order QCD radiative corrections,

at next-to-leading order for gluon and vector boson fusion and at next-to-next-to-leading

order for associated double Higgs production with a gauge boson. The theoretical un-

certainties on these cross sections are estimated. Finally, we discuss the various channels

which could allow for the detection of the double Higgs production signal at the LHC and

estimate their potential to probe the trilinear Higgs coupling.
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1 Introduction

A bosonic particle with a mass of about 125GeV has been observed by the ATLAS and CMS

Collaborations at the LHC [1–4] and it has, grosso modo, the properties of the long sought

Higgs particle predicted in the Standard Model (SM) [5–9]. This closes the first chapter

of the probing of the mechanism that triggers the breaking of the electroweak symmetry

and generates the fundamental particle masses. Another, equally important chapter is

now opening: the precise determination of the properties of the produced particle. This

is of extreme importance in order to establish that this particle is indeed the relic of the

mechanism responsible for the electroweak symmetry breaking and, eventually, to pin down

effects of new physics if additional ingredients beyond those of the SM are involved in the

symmetry breaking mechanism. To do so, besides measuring the mass, the total decay
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width and the spin-parity quantum numbers of the particle, a precise determination of

its couplings to fermions and gauge bosons is needed in order to verify the fundamental

prediction that they are indeed proportional to the particle masses. Furthermore, it is

necessary to measure the Higgs self-interactions. This is the only way to reconstruct the

scalar potential of the Higgs doublet field Φ, that is responsible for spontaneous electroweak

symmetry breaking,

VH = µ2Φ†Φ+
1

2
λ(Φ†Φ)2 ; λ =

M2
H

v2
and µ2 = −1

2
M2

H , (1.1)

with v = 246GeV. Rewriting the Higgs potential in terms of a physical Higgs boson leads

to the trilinear Higgs self-coupling λHHH , which in the SM is uniquely related to the mass

of the Higgs boson,

λHHH =
3M2

H

v
. (1.2)

This coupling is only accessible in double Higgs production [10–18]. One thus needs to

consider the usual channels in which the Higgs boson is produced singly [19–22], but allows

for the state to be off mass-shell and to split up into two real Higgs bosons. At hadron

colliders, four main classes of processes have been advocated for Higgs pair production:

a) the gluon fusion mechanism, gg → HH, which is mediated by loops of heavy quarks

(mainly top quarks) that couple strongly to the Higgs boson [24–27];

b) the WW/ZZ fusion processes (VBF), qq′ → V ∗V ∗qq′ → HHqq′ (V = W,Z), which

lead to two Higgs particles and two jets in the final state [24, 28–32];

c) the double Higgs-strahlung process, qq̄′ → V ∗ → V HH (V = W,Z), in which the

Higgs bosons are radiated from either a W or a Z boson [33];

d) associated production of two Higgs bosons with a top quark pair, pp → tt̄HH [34].

As they are of higher order in the electroweak coupling and the phase space is small due

to the production of two heavy particles in the final state, these processes have much

lower production cross sections, at least two orders of magnitude smaller, compared to the

single Higgs production case. In addition, besides the diagrams with H∗ → HH split-

ting, there are other topologies which do not involve the trilinear Higgs coupling, e.g. with

both Higgs bosons radiated from the gauge boson or fermion lines, and which lead to

the same final state. These topologies will thus dilute the dependence of the production

cross sections for double Higgs production on the λHHH coupling. The measurement of

the trilinear Higgs coupling is therefore an extremely challenging task and very high col-

lider luminosities as well as high energies are required. We should note that to probe the

quadrilinear Higgs coupling, λHHHH = 3M2
H/v2, which is further suppressed by a power

of v compared to the triple Higgs coupling, one needs to consider triple Higgs production

processes [10–12, 35–37]. As their cross sections are too small to be measurable, these

processes are not viable in a foreseen future so that the determination of this last coupling

seems hopeless.
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In ref. [15–17], the cross sections for the double Higgs production processes and the

prospects of extracting the Higgs self-coupling have been discussed for the LHC with a

14TeV center-of-mass (c.m.) energy in both the SM and its minimal supersymmetric

extension (MSSM) where additional channels occur in the various processes.

In the present paper, we update the previous analysis. In a sense, the task is made

easier now that the Higgs boson mass is known and can be fixed to MH ≈ 125GeV.

However, lower c.m. energies have to be considered such as the current one,
√
s = 8TeV.

In addition, there are plans to upgrade the LHC which could allow to reach c.m. energies

of about 30TeV [38] and even up to 100TeV. These very high energies will be of crucial

help to probe these processes.

Another major update compared to ref. [15–17] is that we will consider all main pro-

cesses beyond leading order (LO) in perturbation theory, i.e. we will implement the impor-

tant higher order QCD corrections. In the case of the gluon fusion mechanism, gg → HH,

the QCD corrections have been calculated at next-to-leading-order (NLO) in the low energy

limit in ref. [39]. They turn out to be quite large, almost doubling the production cross

section at
√
s = 14TeV, in much the same manner as for single Higgs production [40–46].

In fact, the QCD corrections for single and double Higgs productions are intimately related

and one should expect, as in the case of gg → H, a further increase of the total cross section

by ≈ 30% once the next-to-next-to-leading (NNLO) corrections are also included [47–49].

It is well known that for single Higgs production in the vector boson fusion process

qq′ → Hqq′ there is no gluon exchange between the two incoming/outgoing quarks as the

initial and final quarks are in color singlet states at LO. Then the NLO QCD corrections

consist simply of the known corrections to the structure functions [50–52]. The same can

be said in the case of double Higgs production qq′ → HHqq′, and in this paper we will

implement the NLO QCD corrections to this process in the structure function approach.

The NNLO corrections in this approach turn out to be negligibly small for single Higgs

production [53, 54] and we will thus ignore them for double Higgs production.

In the single Higgs-strahlung process, qq̄′ → V ∗ → V H, the NLO QCD corrections can

be inferred from those of the Drell-Yan process qq̄′ → V ∗ [55–57]. This can be extended to

NNLO [47, 58, 59] but, in the case of ZH production, one needs to include the gg initiated

contribution, gg → ZH [59–61] as well as some additional subleading corrections [62]. The

same is also true for double Higgs-strahlung and we will include in this paper the Drell-Yan

part of the corrections up to NNLO. In the case of ZHH final states, we will determine

the additional contribution of the pentagon diagram gg → ZHH which turns out to be

quite substantial, increasing the total cross section by up to 30% at
√
s = 14TeV.

In the case of the pp → tt̄HH process, the determination of the cross section at LO is

already rather complicated. We will not consider any correction beyond this order (that, in

any case, has not been calculated) and just display the total cross section without further

analysis. We simply note that the QCD corrections in the single Higgs case, pp → tt̄H,

turn out to be quite modest. At NLO, they are small at
√
s = 8TeV and increase the

cross section by less than ≈ 20% at
√
s = 14TeV [63–66]. We also note that this channel

is plagued by huge QCD backgrounds.
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In addition, the electroweak radiative corrections to these double Higgs production

processes have not been calculated yet. Nevertheless, one expects that they are similar in

size to those affecting the single Higgs production case, which are at the few percent level

at the presently planned LHC c.m. energies [67–76] (see also ref. [77] for a review). They

should thus not affect the cross sections in a significant way and we will ignore this issue

in our analysis.

After determining the K-factors, i.e. the ratios of the higher order to the lowest or-

der cross sections consistently evaluated with the value of the strong coupling αs and the

parton distribution functions taken at the considered perturbative order, a next step will

be to estimate the theoretical uncertainties on the production cross sections in the various

processes. These stem from the variation of the renormalization and factorization scales

that enter the processes (and which gives a rough measure of the missing higher order

contributions), the uncertainties in the parton distribution functions (PDF) and the asso-

ciated one on the strong coupling constant αs and, in the case of the gg → HH process,

the uncertainty from the use of an effective approach with an infinitely heavy virtual top

quark, to derive the NLO corrections (see also ref. [78, 79]). This will be done in much the

same way as for the more widely studied single Higgs production case [77, 80].

Finally, we perform a preliminary analysis of the various channels in which the Higgs

pair can be observed at the LHC with a c.m. energy of
√
s = 14TeV assuming up to

3000 fb−1 collected data, and explore their potential to probe the λHHH coupling. Re-

stricting ourselves to the dominant gg → HH mechanism in a parton level approach,1 we

first discuss the kinematics of the process, in particular the transverse momentum distribu-

tion of the Higgs bosons and their rapidity distribution at leading order. We then evaluate

the possible cross sections for both the signal and the major backgrounds. As the Higgs

boson of a mass around 125GeV dominantly decays into b-quark pairs with a branch-

ing ratio of ≈ 60% and other decay modes such as H → γγ and H → WW ∗ → 2ℓ2ν are

rare [89, 90], and as the production cross sections are already low, we will focus on the three

possibly promising detection channels gg → HH → bb̄γγ, bb̄τ τ̄ and bb̄W+W−. Very high

luminosities, O(ab−1) would be required to have some sensitivity on the λHHH coupling.

The rest of the paper is organized as follows. In the next section, we discuss the QCD

radiative corrections to double Higgs production in the gluon fusion, vector boson fusion

and Higgs-strahlung processes (the tt̄HH process will be only considered at tree-level) and

how they are implemented in the programs HPAIR [91], VBFNLO [92] and a code developed

by us to evaluate the inclusive cross sections in Higgs-strahlung processes. In section 3, we

evaluate the various theoretical uncertainties affecting these cross sections and collect at

MH = 125GeV the double Higgs production cross sections at the various LHC energies.

We also study the sensitivity in the different processes to the trilinear Higgs self-coupling.

1Early and more recent parton level analyses of various detection channels have been performed in

refs. [81–86] with the recent ones heavily relying on jet-substructure techniques [87]. However, a full and

realistic assessment of the LHC to probe the trilinear coupling would require the knowledge of the exact

experimental conditions with very high luminosities and a full simulation of the detectors which is beyond

the scope of this paper. Only the ATLAS and CMS Collaborations are in a position to perform such detailed

investigations and preliminary studies have already started [88].
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(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H

H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t

H

H
q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

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

colliders.

Section 4 will be devoted to a general discussion of the channels that could allow for the

detection of the two Higgs boson signal at a high-luminosity 14TeV LHC, concentrating

on the dominant gg → HH process, together with an analysis of the major backgrounds.

A short conclusion is given in the last section.

2 Higgs pairs at higher orders in QCD

Generic Feynman diagrams for the four main classes of processes leading to double Higgs

production at hadron colliders, gluon fusion, WW/ZZ fusion, double Higgs-strahlung and

associated production with a top quark pair, are shown in figure 1. As can be seen in

each process, one of the Feynman diagrams involves the trilinear Higgs boson coupling,

λHHH = 3M2
H/v, which can thus be probed in principle. The other diagrams involve the

couplings of the Higgs boson to fermions and gauge bosons and are probed in the processes

where the Higgs particle is produced singly.
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In this section we will discuss the production cross sections for the first three classes

of processes, including the higher order QCD corrections. We will first review the gluon

channel and then we will move on to the higher-order corrections in the weak boson fusion

and Higgs-strahlung channels.

2.1 The gluon fusion process

The gluon fusion process is — in analogy to single Higgs production — the dominant Higgs

pair production process. The cross section is about one order of magnitude larger than the

second largest process which is vector boson fusion. As can be inferred from figure 1a) it is

mediated by loops of heavy quarks which in the SM are mainly top quarks. Bottom quark

loops contribute to the total cross section with less than 1% at LO.

The process is known at NLO QCD in an effective field theory (EFT) approximation

by applying the low energy theorem (LET) [40–46, 93–95] which means that effective

couplings of the gluons to the Higgs bosons are obtained by using the infinite quark mass

approximation. The hadronic cross section at LO is given by

σLO =

∫ 1

τ0

dτ σ̂LO(ŝ = τs)

∫ 1

τ

dx

x
fg(x;µ

2
F )fg

(τ

x
;µ2

F

)

, (2.1)

with s being the hadronic c.m. energy, τ0 = 4M2
H/s, and fg the gluon distribution function

taken at a typical scale µF specified below. The partonic cross section at LO, σ̂LO, can be

cast into the form

σ̂LO(gg → HH) =

∫ t̂+

t̂−

dt̂
G2

Fα
2
s(µR)

256(2π)3

{

∣

∣

∣

∣

λHHH v

ŝ−M2
H + iMHΓH

F△ + F�

∣

∣

∣

∣

2

+ |G�|2
}

, (2.2)

where

t̂± = − ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1− 4M2
H

ŝ

)

, (2.3)

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 . (2.4)

The expressions with the complete mass dependence are rather lengthy and can be found

in ref. [27] as well as the NLO QCD corrections in the LET approximation in ref. [39].

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 [19–22, 40–46].

For the numerical evaluation we have used the publicly available code HPAIR [91] in

which the known NLO corrections are implemented. As a central scale for this process

we choose

µ0 = µR = µF = MHH , (2.5)
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where MHH denotes the invariant mass of the Higgs boson pair. This is motivated by

the fact that the natural scale choice in the process gg → H is µ0 = MH . Extending this

to Higgs pair production naturally leads to the scale choice of eq. (2.5). The motivation

to switch to µ0 = 1/2MH in single Higgs production comes from the fact that it is a

way to acccount for the ∼ +10% next-to-next-to-leading logarithmic (NNLL) correc-

tions [77, 96–98] in a fixed order NNLO calculation. It also improves the perturbative

convergence from NLO to NNLO [99]. Still NNLO and NNLL calculations for gg → HH

process are not available at the moment, not to mention an exact NLO calculation

that would be the starting point of further improvements. It then means that there is

no way to check wether these nice features appearing in single Higgs production when

using µ0 = 1/2MH would still hold in the case of Higgs pair production when using

µ0 = 1/2MHH . We then stick to the scale choice of eq. (2.5). The K-factor, describing

the ratio of the cross section at NLO using NLO PDFs and NLO αs to the leading order

cross section consistently evaluated with LO PDFs and LO αs, for this process is

K ∼ 2.0 (1.5) for
√
s = 8 (100) TeV . (2.6)

2.2 The vector boson fusion process

The structure of the Higgs pair production process through vector boson fusion [28–31] is

very similar to the single Higgs production case. The vector boson fusion process can be

viewed as the double elastic scattering of two (anti)quarks with two Higgs bosons radiated

off the weak bosons that fuse. In particular this means that the interference with the

double Higgs-strahlung process qq′ → V ∗HH → qq′HH is negligible and this latter process

is treated separately. This is justified by the kinematics of the process with two widely

separated quark jets of high invariant mass and by the color flow of the process. This leads

to the structure function approach that has been applied with success to calculate the QCD

corrections in the vector boson fusion production of a single Higgs boson [50–54]. Generic

diagrams contributing at NLO QCD order are shown in figure 2. For simplicity only the

diagrams with the QCD corrections to the upper quark line are shown. The calculation

involving the second quark line is identical. The blob of the vertex V V HH is a shortcut for

the diagrams depicted in figure 3, which include charged currents (CC) with W± bosons

and neutral currents (NC) with a Z boson exchange. As can be seen only one of the

three diagrams involves the trilinear Higgs coupling. The other diagrams act as irreducible

background and lower the sensitivity of the production process to the Higgs self-coupling.

We have calculated the NLO QCD corrections in complete analogy to the single Higgs

VBF process [51]. The real emission contributions are given by a gluon attached to the

quark lines either in the initial or the final state and from the gluon-quark initial state. As

we are working in the structure function approach, the corrections of the upper and lower

quark lines do not interfere and are simply added incoherently. The amplitudes have the

following structure,

AHHqq′ ∝ Tµν
V ∗V ∗J

q
µJ

q′

ν , (2.7)
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H
V ∗

q

q′
q′

q

H

q

q′
q′

q

H

H

q

q′
q′

q q

q′
q′

H

H H

H

q̄g

g

Figure 2. Generic diagrams contributing to the NLO corrections to qq′ → HHqq′. Shown are

the LO diagram (upper left) and the NLO corrections for the upper quark line. The blob of the

V V HH vertex is a shortcut for the three diagrams shown in figures 1b) and 3.

V H

V H V

V

H

H
V

V

H

H

Figure 3. Diagrams contributing to the V V HH vertex.

where Tµν
V ∗V ∗ stands for the tensor structure of the diagrams depicted in figure 3 and Jq,q′

µ are

the quark currents of the upper and lower lines, respectively, with four-momenta q, q′. The

calculation is done numerically using the Catani-Seymour dipole subtraction method [100]

to regularize the infrared divergencies. The formulae for the subtraction terms as well as

the finite corrections are identical to the ones for single Higgs VBF production as only the

quark currents are involved. They can be found in ref. [51].

We have implemented this calculation in the VBFNLO code [92] in which we have

provided the tensor structure depicted in figure 3 which has been calculated with Mad-

Graph [101]. Up to now the VBFNLO implementation only involves on-shell Higgs pairs.

We have found an increase of ∼ +7% of the total cross section compared to the LO result

when using the central scale

µ0 = µR = µF = QV ∗ , (2.8)

with QV ∗ being the momentum of the exchanged weak bosons (V ∗ = W ∗, Z∗).2 This result

is in agreement with a previous calculation done in the context of the two Higgs doublet

model [102].

2In order to stay within the perturbative regime a cut QV ∗ ≥ 2GeV has to be imposed, see ref. [50].
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2.3 The Higgs-strahlung process

The production of a Higgs pair in association with a vector boson has been calculated for

the first time quite a while ago [33] and shares common aspects with the single Higgs-

strahlung process. The NLO corrections can be implemented in complete analogy to single

Higgs-strahlung [55–57]. We will update in this paper the former results and present the

NNLO corrections to the WHH and ZHH inclusive production cross sections. These

calculations have been implemented in a code which shall become publicly available.

At LO the process pp → V HH (V = W,Z) is given by quark-antiquark annihilations

in s-channel mediated processes involving three Feynman diagrams, see figure 1c). As

can be seen only one of the three diagrams involves the trilinear Higgs coupling. The

sensitivity to this coupling is then diluted by the remaining diagrams. After integrating

over the azimuthal angle we are left with the following partonic differential cross section

with ŝ being the partonic c.m. energy (see also ref. [15–17]),

dσ̂LO
V HH

dx1dx2
=

G3
FM

6
V (a

2
q + v2q )

1149
√
2π3ŝ(1− µ2

V )

[

1

8
f0C

2
HHH +

1

4µV (1− x1 + µH − µV )
×

(

f1
1− x1 + µH − µV

+
f2

1− x2 + µH − µV
+ 2µV f3CHHH

)

+{x1 ↔ x2}
]

, (2.9)

where we use of the following notation,

µV =
M2

V

ŝ
, µH =

M2
H

ŝ
, x1 =

2EH√
ŝ
, x2 =

2EV√
ŝ
, (2.10)

and the reduced couplings of the quarks to the vector bosons, aq = vq =
√
2 for V = W

and any quark q, au = 1 and vu = 1 − 8/3 sin2 θW for q = u, s and V = Z, ad = −1 and

vd = −1 + 4/3 sin2 θW for q = d, c, b and V = Z. The coefficients fi as well as CHHH are

f0 = µV

[

(2− x1 − x2)
2 + 8µV

]

,

f1 = x21 (µV − 1 + x1)
2 − 4µH (1− x1) (1− x1 + µV − µV x1 − 4µV )

+µV (µV − 4µH) (1− 4µH)− µ2
V ,

f2 = (2µV + x1 + x2) [µV (x1 + x2 − 1 + µV − 8µH)

− (1− x1) (1− x2) (1 + µV )] + (1− x1)
2 (1− x2)

2

+(1− x1) (1− x2)
[

µ2
V + 1 + 4µH (1 + µV )

]

+4µHµV (1 + µV + 4µH) + µ2
V ,

f3 = x1 (x1 − 1) (µV + x1 − 1)− (1− x2) (2− x1) (1− x1 + µV )

+2µV (µV + 1− 4µH) ,

CHHH =
v

M2
V

λHHH

x1 + x2 − 1 + µV − µH
+

2

1− x1 + µH − µV

+
2

1− x2 + µH − µV
+

1

µV
. (2.11)

The coefficient CHHH includes the trilinear Higgs coupling λHHH .
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V ∗

q̄′

gq

V ∗

q′

qgq

q̄′

g V ∗

g

V ∗

q̄′

q

Figure 4. Feynman diagrams contributing to the NLO QCD corrections for Drell-Yan production.

In order to obtain the full hadronic section, the differential partonic cross section of

eq. (2.9) is convoluted with the quark parton distribution functions, fq, fq′ taken at a

typical scale µF specified below:

σ(pp → V HH) =
∑

q,q′

∫ 1

τ0

dτ

∫ 1

τ

dx

x
fq(x;µ

2
F ) fq̄/q̄′

(τ

x
; µ2

F

)

σ̂V HH(ŝ = τs) , (2.12)

where s stands for the hadronic c.m. energy and τ0 = (2MH +MV )
2/s. The total partonic

cross section σ̂V HH has been obtained after the integration of eq. (2.9) over x1, x2.

The calculation of the NLO QCD corrections is similar to the single Higgs-strahlung

case. In fact, this process can be viewed as the Drell-Yan production pp → V ∗ followed by

the splitting process V ∗ → V HH. The off-shell vector boson can have any momentum k2

with (2MH +MV )
2 ≤ k2 ≤ ŝ. This factorization is in principle valid at all orders for the

Drell-Yan like contributions and leads, after folding with the PDF, to

σ(pp → V HH) =

∫ 1

τ0

dτ
∑

(ij)

dLij

dτ

∫ 1

τ0/τ
dz σ̂LO(zτs)∆ij(ij → V ∗) , (2.13)

with
dLij

dτ
=

∫ 1

τ
fi(x; µ

2
F )fj

(τ

x
; µ2

F

) dx

x
. (2.14)

In the expressions above ij stands for any initial partonic subprocess, ∆ij is the Drell-

Yan correction, z = k2/ŝ and σ̂LO stands for the LO partonic cross section of the process

qq̄′ → V ∗ → V HH. At LO we have ∆LO
ij = δiqδjq̄/q̄′δ(1−z). In figure 4 the generic diagrams

which contribute at NLO to the Drell-Yan process qq̄′ → V ∗ are depicted. The NLO QCD

corrections increase the total cross section by ∼ +17% at 14TeV for MH = 125GeV.

We have calculated the NNLO corrections, which have not been available so far, in

the same way except for the process involving a Z boson. In fact there are additional

contributions that are specific to the case of a Z boson, involving an effective Zgg vertex.

Similar to what is stated in ref. [59] for the single Higgs production case, only the specific

gluon fusion initiated process will be of non-negligible contribution and will be described

below. Let us start with the NNLO QCD Drell-Yan contribution. Some generic diagrams

contributing to the NNLO corrections to qq̄′ → V ∗ are shown in figure 5. We apply the

procedure as described by eq. (2.13) and the expression is then given by

σNNLO(pp → V HH) = σLO +∆σqq̄/q̄′ +∆σqg +∆σqq′ +

∆σqq +∆σgg + δV Z∆σgg→ZHH , (2.15)
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Figure 5. Some Feynman diagrams contributing at NNLO QCD to Drell-Yan production.

with δV Z = 1(0) for V = Z(W ) and

σLO =
∑

q,q′

∫ 1

τ0

dτ
dLqq̄/q̄′

dτ
σ̂LO(τs),

∆σqq̄/q̄′ =
∑

q,q′

(

αs(µR)

π

)
∫ 1

τ0

dτ
dLqq̄/q̄′

dτ
×

∫ 1

τ0/τ
σ̂LO(zτs)

(

∆
(1)
qq̄ (z) +

(

αs(µR)

π

)

∆
(2)
qq̄ (z)

)

,

∆σqg =
∑

i=q,q̄

(

αs(µR)

π

)
∫ 1

τ0

dτ
dLig

dτ
×

∫ 1

τ0/τ
σ̂LO(zτs)

(

∆(1)
qg (z) +

(

αs(µR)

π

)

∆(2)
qg (z)

)

,

∆σqq′ =
∑

i=q,q̄,j=q′,q̄′

(

αs(µR)

π

)2 ∫ 1

τ0

dτ
dLij

dτ

∫ 1

τ0/τ
σ̂LO(zτs)∆

(2)
qq′(z),

∆σqq =
∑

i=q,q̄

(

αs(µR)

π

)2 ∫ 1

τ0

dτ
dLii

dτ

∫ 1

τ0/τ
σ̂LO(zτs)∆(2)

qq (z),

∆σgg =

(

αs(µR)

π

)2 ∫ 1

τ0

dτ
dLgg

dτ

∫ 1

τ0/τ
σ̂LO(zτs)∆(2)

gg (z),

∆σgg→ZHH =

∫ 1

τ0

dτ
dLgg

dτ
σ̂gg→ZHH(τs) . (2.16)

The expressions for the coefficients ∆(i=1,2)(z) refer to the NLO and NNLO corrections,

respectively. As they are too lengthy to be reproduced here, we refer the reader to the

appendix B of ref. [58] and to ref. [47]. The expressions given there have to be rescaled by a

factor of (π/αs)
i, and M ≡ µF , R ≡ µR. In our calculation we have included the full CKM

matrix elements in the quark luminosity as well as the initial bottom quark contribution.
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Figure 6. Some generic diagrams contributing to gg → ZHH. For the triangle+box topologies,

only those involving the trilinear Higgs couplings are depicted.

We use the central scale

µ0 = µR = µF = MV HH , (2.17)

where MV HH denotes the invariant mass of the V HH system.

The Drell-Yan NNLO QCD corrections eq. (2.16) turn out to be very small. They

typically increase the cross section by a few percent at 14TeV.

The last contribution ∆σgg→ZHH , see diagrams in figure 6, is only present in the

case of Higgs pair production in association with a Z boson. It stems from the process

gg → ZHH which is loop-mediated already at LO. Being of order α2
s it contributes to the

total cross section pp → ZHH at NNLO QCD. The process is mediated by quark loops in

triangle, box and pentagon topologies. In the latter two topologies, only top and bottom

quarks contribute as the Yukawa couplings to light quarks can be neglected. At the LHC

the contribution of the gluon fusion channel is substantial in contrast to the single Higgs

production case. Indeed, while in the latter the contribution is of order ∼ +5% compared to

the NNLO QCD Drell-Yan contribution, in the case of Higgs pair production it contributes

with ∼ +20 · · ·+ 30% depending on the c.m. energy. This enhancement can be explained

by the additional pentagon topology which a) involves two top Yukawa couplings and b)

softens the destructive interference between the triangle and box diagrams that is present

in the single Higgs production case. Furthermore, the suppression by a power (αs/π)
2 is

partly compensated by the increased gluon luminosity at high energies. This explains why

this channel, which has been calculated using FeynArts/FormCalc [103–106], should be

taken into account. It also implies that the scale variation in pp → ZHH will be worse

than in pp → WHH because of the O(α2
s) gluon fusion mechanism appearing at NNLO.

3 Cross sections and sensitivity at the LHC

In this section we will present the results for the calculation of the total cross sections

including the higher-order corrections discussed in the previous section as well as the various

related theoretical uncertainties. We will use the MSTW2008 PDF set [107] as our reference

set. We choose the following values for the W , Z and top quark masses and for the strong

coupling constant at LO, NLO and NNLO,

MW = 80.398 GeV, MZ = 91.1876 GeV, Mt = 173.1 GeV,

αLO
s (M2

Z) = 0.13939, αNLO
s (M2

Z) = 0.12018, αNNLO
s (M2

Z) = 0.11707.
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√
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 = 125GeV. The central scales which have been used are

described in the text.

The electromagnetic constant α is calculated in the Gµ scheme from the values of MW and

MZ given above. For the estimate of the residual theoretical uncertainties in the various

Higgs pair production processes we considered the following uncertainties:

1. the scale uncertainty, stemming from the missing higher order contributions and

estimated by varying the renormalization scale µR and the factorization scale µF in

the interval 1
2µ0 ≤ µR, µF ≤ 2µ0 with some restrictions on the ratio µR/µF depending

on the process;

2. the PDF and related αs errors. The PDFs are non-perturbative quantities fitted

from the data and not calculated from QCD first principles. It is then compulsory

to estimate the impact of the uncertainties on this fit and on the value of the strong

coupling constant αs(M
2
Z) which is also fitted together with the PDFs;

3. in the case of the gluon fusion process there is a third source of uncertainties which

comes from the use of the effective field theory approximation to calculate the NLO

QCD corrections, where top loops are taken into account in the infinite top mass

approximation and bottom loops are neglected.

In the following we will present results for MH = 125GeV. Note that the results for the

total cross sections and uncertainties are nearly the same for MH = 126GeV. The total

cross sections at the LHC for the four classes of Higgs pair production processes are shown

in figure 7 as a function of the c.m. energy. For all processes the numerical uncertainties

are below the permille level and have been ignored. The central scales which have been

used are (µR = µF = µ0)

µgg→HH
0 = MHH , µqq′→HHqq′

0 = QV ∗ , µqq̄′→V HH
0 = MV HH , µ

qq̄/gg→tt̄HH
0 = Mt+

1

2
MHH .

(3.1)

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.
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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order

corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung

(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of

the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order

corrections are included as discussed in section 2.

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 pro-

duction studies [77, 80] we have estimated the error due to missing higher order corrections

by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (3.2)

As can be seen in figure 8 we find sizeable scale uncertainties ∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. 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
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Figure 8. Scale uncertainty for a scale variation in the interval 1

2
µ0 ≤ µR = µF ≤ 2µ0 in

σ(gg → HH) at the LHC as a function of
√
s at MH = 125GeV. In the insert the relative

deviations to the results for the central scale µ0 = µR = µF = MHH are shown.

be to compare different parameter sets, such as MSTW [107], CT10 [108], ABM11 [109],

GJR08 [110], HERA 1.5 [111] and NNPDF 2.3 [112]. This is exemplified in figure 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 made with

the MSTW set while at high energies ABM11 and MSTW lead to similar results whereas

the result obtained with the GJR08 set deviates by ∼ −15%. The CT10 predictions

show about −5% difference over the whole energy range with respect to the cross section

obtained with MSTW while the HERA prediction starts from lower values and eventually

reaches the CT10 result. Finally the cross sections calculated with the NNPDF set decrease

over the energy range, starting from being very similar to the MSTW result to reach at√
s = 100TeV the one calculated with CT10.

Another source of uncertainty due to the PDF sets comes from the experimental uncer-

tainties on the fitted data. The so-called Hessian method, used by the MSTW collaboration,

provides additional PDF sets next to the best-fit PDF. Additional 2NPDF sets reflect the

±1σ variation around the minimal χ2 of all NPDF parameters that enter the fit. Using the

90% CL error PDF sets provided by the MSTW collaboration a PDF error of about 6% is

obtained for
√
s = 8TeV. The uncertainty shrinks to ∼ 2% for

√
s = 100TeV.

In addition to the PDF uncertainties, there is also an uncertainty due to the errors on

the value of the strong coupling constant αs. The MSTW collaboration provides additional

PDF sets such that the combined PDF+αs uncertainties can be evaluated [113]. At NLO

the MSTW PDF set uses

αs(MZ) = 0.12018+0.00122
−0.00151(at 68% CL) or +0.00317

−0.00386 (at 90% CL) . (3.3)

As the LO process is already O(α2
s), uncertainties in αs can be quite substantial.
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Figure 9. The NLO cross section σ(gg → HH +X) at the LHC as a function of the c.m. energy

for MH = 125GeV, when using different NLO PDF sets. In the insert the cross sections normalized

to the cross section calculated with the MSTW PDF set are shown.

The combined PDF and αs error is much larger than the pure PDF error. At 8TeV

the PDF error of +5.8%/−6.0% rises to a combined error of +8.5%/−8.3%. At 33TeV the

rise is even larger — from the pure PDF error of +2.5%/−2.7% to the combined PDF+αs

error of +6.2%/−5.4%.

There is also a theoretical uncertainty on αs stemming from scale variation or ambi-

guities in the heavy flavour scheme definition. The MSTW collaboration estimates this

uncertainty for αs at NLO to ∆αs(MZ) = ±0.003 [113]. However this uncertainty is al-

ready included in the scale uncertainty on the input data sets used to fit the PDF and has

been taken into account in the definition of the PDF+αs uncertainty. Thus, it does not

have to be taken into account separately and the combined PDF+αs error calculated with

the MSTW 2008 PDF set will be our default PDF+αs uncertainty.

However, even if all these uncertainties for the MSTW PDF set are taken into account,

the different PDF set predictions do not agree. There might be agreement if also uncer-

tainties of the other PDF sets are taken into account, as done in ref. [80] for the case of

single Higgs production. This means that the PDF uncertainty might be underestimated,

but this issue is still an open debate (see for example ref. [114] for a new discussion about

theoretical issues in the determination of PDFs) and improvements may come with the

help of new LHC data taken into account in the fits of the various PDF collaborations.

3.1.3 The effective theory approach

The last source of theoretical errors that we consider is the use of the LET for the calculation

of the NLO corrections. At LO it was found in ref. [25] that for
√
s = 16TeV the LET

underestimates the cross section by O(20%). Furthermore this can be even worse for

different energies, not to mention the fact that the LET approximation produces incorrect

kinematic distributions [81–84]. The reason is that the LET is an expansion in mtop ≫
√
ŝ.
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√
s [TeV] σNLO

gg→HH [fb] Scale [%] PDF [%] PDF+αs [%] EFT [%] Total [%]

8 8.16 +20.4 −16.6 +5.8 −6.0 +8.5 −8.3 ±10.0 +41.5 −33.3

14 33.89 +18.2 −14.7 +3.9 −4.0 +7.0 −6.2 ±10.0 +37.2 −29.8

33 207.29 +15.2 −12.4 +2.5 −2.7 +6.2 −5.4 ±10.0 +33.0 −26.7

100 1417.83 +12.2 −9.9 +2.0 −2.7 +6.2 −5.7 ±10.0 +29.7 −24.7

Table 2. The total Higgs pair production cross section at NLO in the gluon fusion process at

the LHC (in fb) for given c.m. energies (in TeV) at the central scale µF = µR = MHH , for

MH = 125GeV. The corresponding shifts due to the theoretical uncertainties from the various

sources discussed are shown as well as the total uncertainty when all errors are added as described

in the text.

Such an expansion works very well for single Higgs production, since
√
ŝ = MH (at LO)

for the production of an on-shell Higgs boson whereas in Higgs pair production we have

2MH ≤
√
ŝ ≤

√
s . (3.4)

This means that for Higgs pair production mtop ≫
√
ŝ is never fulfilled for MH = 125GeV

so that the LET approximation is not valid at LO [78, 79].

At NLO, however, the LET approximation works much better in case the LO cross

section includes the full mass dependence. The reason is that the NLO corrections are

dominated by soft and collinear gluon effects. They factorize in the Born term and in

the NLO correction contributions, meaning that the K-factor is not strongly affected from

any finite mass effects. Based on the results for the single Higgs case [40–46] where the

deviation between the exact and asymptotic NLO results amounts to less than 7% for

MH < 700GeV, we estimate the error from applying an effective field theory approach for

the calculation of the NLO corrections to 10%.

3.1.4 Total uncertainty

In order to obtain the total uncertainty we follow the procedure advocated in ref. [115].

Since quadratic addition is too optimistic (as stated by the LHC Higgs Cross section

Working Group, see ref. [77]), and as the linear uncertainty might be too conservative, the

procedure adopted is a compromise between these two ways of combining the individual

theoretical uncertainties. We first calculate the scale uncertainty and then add on top of

that the PDF+αs uncertainty calculated for the minimal and maximal cross sections with

respect to the scale variation. The LET error is eventually added linearly. This is shown

in figure 10 where we display the total cross section including the combined theoretical

uncertainty. It is found to be sizeable, ranging from ∼ +42%/−33% at 8TeV down to

∼ +30%/−25% at 100TeV. The numbers can be found in table 2.

3.2 VBF and Higgs-strahlung processes

We will not repeat the detailed description of the previous uncertainties in this subsec-

tion and only summarize how they affect the VBF and Higgs-strahlung inclusive cross
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Figure 10. The total cross section (black/full) of the process gg → HH + X at the LHC for

MH = 125GeV as a function of
√
s including the total theoretical uncertainty (red/dashed). The

insert shows the relative deviation from the central cross section.

sections. In both channels, only the scale uncertainties and the PDF+αs errors are taken

into account, the calculation being exact at a given order.

3.2.1 The VBF channel

As stated in section 2 we use the central scale µ0 = µR = µF = QV ∗ , that is the momentum

transfer of the exchanged weak boson. Note that a cut of QV ∗ ≥ 2GeV has to be applied

as stated in the previous section. The scale uncertainty is calculated in exactly the same

way as for the gluon fusion mechanism, exploring the range µ0/2 ≤ µR, µF ≤ 2µ0. We have

checked that imposing the restriction 1/2 ≤ µR/µF ≤ 2 does not modify the final result.

We obtain very small scale uncertainties ranging from ∼ ±2% at 8TeV down to ∼ ±1%

and even lower at 33TeV as can be seen in figure 11 (left). This is in sharp contrast with

the ±8% uncertainty obtained at LO at 8TeV for example, which illustrates the high level

of precision already obtained with NLO QCD corrections.

The 90% CL PDF+αs uncertainties are calculated following the recipe presented in

the gluon fusion subsection. The PDF+αs uncertainty dominates the total error, ranging

from +7%/−4% at 8TeV down to +5%/−3% at 100TeV.

The total error has been obtained by adding linearly the scale and PDF+αs uncer-

tainties, given the small variation of the cross section with respect to the choice of the

scale. This process has a total theoretical uncertainty which is always below 10%, from

+9%/−6% at 8TeV to +6%/−4% both at 33 and 100TeV as can be read off table 3. The

total uncertainty is displayed in figure 11 (right) as a function of the c.m. energy. The

QCD corrections drastically reduce the residual theoretical uncertainty.

– 18 –



J
H
E
P
0
4
(
2
0
1
3
)
1
5
1

10075338

1.04
1.02

1
0.98
0.96

∆µ

NLO QCD, MH = 125 GeV

σ(qq′ → HHqq′) [fb]

√
s [TeV]

1007550258

80

70

60

50

40

30

20

10

0

10075338

1.1

1.05

1

0.95

0.9

NLO QCD, MH = 125 GeV

σ(qq′ → HHqq′) [fb]

√
s [TeV]

1007550258

80

70

60

50

40

30

20

10

0

Figure 11. Scale uncertainty for a scale variation in the interval 1

2
µ0 ≤ µR, µF ≤ 2µ0 (left) and

total uncertainty bands (right) in σ(qq′ → HHqq′) at the LHC as a function of
√
s at MH =

125GeV. The inserts show the relative deviations to the cross section evaluated at the central scale

µ0 = µR = µF = QV ∗ .

√
s [TeV] σNLO

qq′HH [fb] Scale [%] PDF [%] PDF+αs [%] Total [%]

8 0.49 +2.3 −2.0 +5.2 −4.4 +6.7 −4.4 +9.0 −6.4

14 2.01 +1.7 −1.1 +4.6 −4.1 +5.9 −4.1 +7.6 −5.1

33 12.05 +0.9 −0.5 +4.0 −3.7 +5.2 −3.7 +6.1 −4.2

100 79.55 +1.0 −0.9 +3.5 −3.2 +5.2 −3.2 +6.2 −4.1

Table 3. The total Higgs pair production cross section at NLO in the vector boson fusion process

at the LHC (in fb) for given c.m. energies (in TeV) at the central scale µF = µR = QV ∗ for

MH = 125GeV. The corresponding shifts due to the theoretical uncertainties from the various

sources discussed are also shown as well as the total uncertainty when all errors are added linearly.

3.2.2 The associated Higgs pair production with a vector boson

The cross section is calculated with the central scale µ0 = µR = µF = MV HH which is

the invariant mass of the W/Z + Higgs pair system. The scales are varied in the interval

µ0/2 ≤ µR = µF ≤ 2µ0. The factorization and renormalization scales can be chosen

to be the same as the impact of taking them differently is totally negligible, given the

fact that the scale µR only appears from NLO on and that we have a NNLO calculation

which then reduces any non-negligible contribution arising from the difference between

renormalization and factorization scales. As noticed in section 2, the scale uncertainty is

expected to be worse in the ZHH channel because of the significant impact of the gluon

fusion contribution. This is indeed the case as we obtain a scale uncertainty below ±0.5% in

theWHH channel whereas the uncertainty in the ZHH channel is ∆µ ∼ ±3% at 8TeV and

slightly more at higher energies to reach ∼ ±5% at 33TeV, as can be seen in figure 12 (left).

The total PDF+αs error that we obtain is very similar for the two channels WHH

and ZHH. It varies from ∼ ±4% at 8TeV down to ∼ ±3% at 33TeV, with a slightly

higher uncertainty at 100TeV.
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Figure 12. Scale uncertainty for a scale variation in the interval 1

2
µ0 ≤ µR, µF ≤ 2µ0 (left) and

total uncertainty bands (right) in Higgs pair production through Higgs-strahlung at NNLO QCD

at the LHC as a function of
√
s for MH = 125GeV. The inserts show the relative deviations to the

cross section evaluated at the central scale µ0 = µR = µF = MV HH .

√
s [TeV] σNNLO

WHH [fb] Scale [%] PDF [%] PDF+αs [%] Total [%]

8 0.21 +0.4 −0.5 +4.3 −3.4 +4.3 −3.4 +4.7 −4.0

14 0.57 +0.1 −0.3 +3.6 −2.9 +3.6 −3.0 +3.7 −3.3

33 1.99 +0.1 −0.1 +2.9 −2.5 +3.4 −3.0 +3.5 −3.1

100 8.00 +0.3 −0.3 +2.7 −2.7 +3.8 −3.4 +4.2 −3.7

Table 4. The total Higgs pair production cross sections at NNLO in the qq̄′ → WHH process

at the LHC (in fb) for different c.m. energies (in TeV) at the central scale µF = µR = MWHH

for MH = 125GeV. The corresponding shifts due to the theoretical uncertainties from the various

sources discussed are also shown as well as the total uncertainty when all errors are added linearly.

The total error has been obtained exactly as in the VBF case, given the very small

variation of the cross section with respect to the scale choice. It is dominated by the

PDF+αs uncertainty and amounts to +5%/−4% (+4%/−4%) at 8 (100) TeV in the

WHH channel and +7%/−5% (+8%/−8%) at 8 (100) TeV in the ZHH channel. The

total theoretical uncertainty in the Higgs-strahlung channels is less than 10%. The numbers

are given in tables 4 and 5. The total uncertainty bands for the WHH and ZHH channels

are displayed in figure 12 (right).

3.3 Sensitivity to the trilinear Higgs coupling in the main channels

We end this section by a brief study of the sensitivity of the three main channels to

the trilinear Higgs coupling that we want to probe. Indeed, as can be seen in figure 1,

all processes do not only involve a diagram with the trilinear Higgs couplings but also

additional contributions which then dilute the sensitivity. In order to study the sensitivity

within the SM, we rescale the coupling λHHH in terms of the SM trilinear Higgs coupling
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√
s [TeV] σNNLO

ZHH [fb] Scale [%] PDF [%] PDF+αs [%] Total [%]

8 0.14 +3.0 −2.2 +3.8 −3.0 +3.8 −3.0 +6.8 −5.3

14 0.42 +4.0 −2.9 +2.8 −2.3 +3.0 −2.6 +7.0 −5.5

33 1.68 +5.1 −4.1 +1.9 −1.5 +2.7 −2.6 +7.9 −6.7

100 8.27 +5.2 −4.7 +1.9 −2.1 +3.2 −3.2 +8.4 −8.0

Table 5. Same as table 4 for ZHH production using the central scale µF = µR = MZHH .

as λHHH = κλSM
HHH . This is in the same spirit as the study done in ref. [15–17] and its

goal is to give a way to estimate the precision one could expect in the extraction of the SM

trilinear Higgs coupling from HH measurements at the LHC. In particular the variation

of the trilinear Higgs coupling should not be viewed as coming from some beyond the SM

physics model and it should be noted that quite arbitrary deviations of the trilinear Higgs

couplings emerge from non-vanishing higher-dimension operators starting with dimension 6.

In figure 13 the three main Higgs pair production cross sections are displayed as a

function of κ for three different c.m. energies
√
s = 8, 14 and 33TeV. The left panels show

the total cross sections while the right panels show the ratio between the cross sections at

a given λHHH = κλSM
HHH and the SM cross section with κ = 1.

As can be seen, the most sensitive channel is by far the VBF production mode, in

particular for low and high values of κ. The shapes of the cross sections with respect to

a variation of κ are the same in all channels and at all energies with a minimum reached

at κ ∼ −1, 2 and 3 for Higgs-strahlung, VBF and gluon fusion, respectively. The right

panels of figure 13 also show that the sensitivity decreases when
√
s increases. This is to

be expected as the diagrams involving the trilinear Higgs self-coupling are mediated by

s-channel propagators which get suppressed with increasing energy, so that the relative

importance of these diagrams with respect to the remaining ones is suppressed.

Again it is important to note that the sensitivity tested here does not give information

on the sensitivity to Higgs self-couplings in models beyond the SM. It only tests within the

SM how accurately the respective Higgs pair production process has to be measured in order

to extract the SM trilinear Higgs self-coupling with a certain accuracy. For example the

gluon fusion cross section has to be measured with an accuracy of ∼ 50% at
√
s = 8TeV in

order to be able to extract the trilinear Higgs self-coupling with an accuracy of 50%, as can

be inferred from figure 13 upper left. Similar discussions can be found in refs. [15–17, 39].

4 Prospects at the LHC

As shown in the previous section, inclusive Higgs boson pair production is dominated by

gluon fusion at LHC energies. Other processes, such as weak boson fusion, qq′ → qq′HH,

associated production with heavy gauge bosons, qq̄′ → V HH (V = W, Z), or associated

production with top quark pairs, gg/qq̄ → tt̄HH, yield cross sections which are factors of

10 – 30 smaller than that for gg → HH. Since at the LHC Higgs boson pair production

cross sections are small, we concentrate on the dominant gluon fusion process. In the
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Figure 13. The sensitivity of the various Higgs pair production processes to the trilinear SM

Higgs self-coupling at different c.m. energies. The left panels display the total cross sections, the

right panels display the ratio between the cross sections at a given κ = λHHH/λSM
HHH and the cross

sections at κ = 1.

following, we examine channels where one Higgs boson decays into a b quark pair and

the other Higgs boson decays into either a photon pair, gg → HH → bb̄γγ, into a τ pair,

gg → HH → bb̄τ τ̄ , or into an off-shell W boson pair, gg → HH → bb̄W ∗W ∗. Following the

Higgs Cross section Working Group recommendations [77], we assume a branching ratio
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of 57.7% for a 125GeV Higgs boson decaying into b quarks, 0.228% for the Higgs boson

decaying into a photon pair, 6.12% for the Higgs boson decaying into a τ pair and 21.50%

for the Higgs boson decaying into off-shell W ∗ bosons.

At the time of the analysis, no generator existed for the signal process, but the matrix

element for Higgs pair production in the gluon fusion channel was available in the Fortran

code HPAIR [39, 91]. In parallel to the approach used by the program described in [116–118],

the HPAIR matrix element was added to Pythia 6 [119]. It has been checked that the cross

sections produced by HPAIR and by the Pythia 6 implementation are consistent.

All tree-level background processes are calculated using Madgraph 5 [120]. Signal

and background cross sections are evaluated using the MSTW2008 parton distribution

functions [107] with the corresponding value of αs at the investigated order in perturbative

QCD. The effects of QCD corrections are included in our calculation via multiplicative

factors which are summarized in the following subsections and have been introduced in

section 3 for the signal cross sections.

4.1 Kinematical distributions of gg → HH

In this subsection the characteristic distributions of the gluon fusion process gg → HH are

studied for several observables. In figure 14, we show for each of the two final state Higgs

bosons the normalized distributions of the transverse momentum PT,H and the pseudora-

pidity ηH , as well as the invariant mass MHH , the helicity angle θ⋆HH which is the angle

between the off-shell Higgs boson, boosted back into the Higgs boson pair rest frame, and

the Higgs boson pair direction, and the rapidity yHH of the Higgs boson pair. The dis-

tributions of each observable are shown for different values of the trilinear Higgs coupling

λ/λSM = 0 (green curve), 1 (red curve) and 2 (blue curve). We also include in the plots

the typical background qq̄ → ZH coming from the Higgs boson itself (black curve), the Z

boson faking a Higgs boson.

The Higgs bosons from inclusive Higgs pair production are typically boosted, as we can

see in the upper left plot of figure 14 where the PT,H distributions reach their maximum

for PT,H ∼ 150GeV. For λ/λSM = 2, the triangle diagram interferes destructively with

the box diagram, which explains the dip in the PT,H distribution. This high transverse

momentum spectrum can also be interpreted in terms of the low pseudorapidity of the

two Higgs bosons which have a typical symmetric distribution with the maximum around

zero, see figure 14 upper right. The qq̄ → ZH background has a completely different

topology with less boosted Higgs and Z bosons, PT,H/Z ∼ 50GeV, with pseudorapidity

of order |ηH/Z | ∼ 2 as can be seen in the upper left and right plots of figure 14. The

middle left plot of figure 14 displays the distributions of the invariant mass of the Higgs

boson pair. For the signal the typical value is MHH & 400GeV to be compared to a lower

value of MZH & 250GeV for the ZH background. Also note that an important depletion

appears in the signal for λ/λSM = 2 caused by the destructive interference between the

triangle and box contribution. Due to the Higgs boson scalar nature a known discriminant

observable is the angle θ⋆HH [121]. The middle right plot in figure 14 shows that signal and

ZH background have similar distributions thus making this observable less discriminant

than others described before but still efficient for some specific backgrounds, as we will see
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Figure 14. Normalized distributions of PT,H , ηH , MHH , θ⋆HH and yHH for different values of the

trilinear Higgs coupling in terms of the SM coupling, λ/λSM = 0, 1, 2.

in the following. From the bottom plot of figure 14, it can be inferred that the rapidity

distribution of the Higgs pair is narrower for the signal than for the ZH background.

In the following the different decay channels HH → bb̄γγ, HH → bb̄τ τ̄ and HH →
bb̄W+W− will be investigated in more detail.

4.2 The bb̄γγ decay channel

In this subsection, the bb̄γγ final state for the production of two Higgs bosons with a mass

of 125GeV at
√
s = 14TeV is investigated. Earlier studies can be found in ref. [81–84].

The calculation of the signal, pp → HH → bb̄γγ, is performed as described above by incor-
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√
s [TeV] HH bb̄γγ tt̄H ZH

14 1.88 1.0 1.10 1.33

Table 6. K-factors for gg → HH, bb̄γγ, tt̄H and ZH production at
√
s = 14TeV [77]. The Higgs

boson mass is assumed to be MH = 125GeV.

porating the matrix element extracted from the program HPAIR into Pythia 6. We include

the effects of NLO QCD corrections on the signal by a multiplicative factor, KNLO = 1.88,

corresponding to a 125GeV Higgs boson and a c.m. energy of 14TeV. Here we set the fac-

torization and renormalization scales equal to MHH . The generated background processes

are the QCD process bb̄γγ and the associated production of a Higgs boson with a tt̄ pair,

tt̄H, with the Higgs boson subsequently decaying into a photon pair and the top quarks

decaying into a W boson and a b quark, as well as single Higgs-strahlung ZH with the

Higgs boson decaying into γγ and the Z boson decaying into bb̄. The QCD corrections have

been included by a multiplicative K-factor applied to the respective LO cross section. All

K-factors are taken at NLO except for the single Higgs-strahlung process which is taken

at NNLO QCD and the case of bb̄γγ in which no higher order corrections are taken into

account. The various K-factors are given in table 6 and taken from ref. [77]. The factoriza-

tion and renormalization scales have been set to MHH for the signal and to specific values

for each process for the backgrounds.

In this analysis, the signal and background processes are generated with exclusive cuts.

The basic acceptance cuts are motivated by the fact that the b quark pair and the photon

pair reconstruct the Higgs mass according to the resolutions expected for ATLAS and CMS.

Note that starting from this section all the plots include the decays and the acceptance

cuts specific to each final state.

In detail, we veto events with leptons having soft transverse momentum pT,ℓ > 20 GeV

and with a pseudorapidity |ηℓ| < 2.4 in order to reduce the tt̄H background. Furthermore

we also veto events with QCD jets pT,jet > 20 GeV and with a pseudorapidity |ηjet| < 2.4

to further reduce the tt̄H background. We require exactly one b quark pair and one photon

pair. The b quark pair is restricted to have pT,b > 30 GeV, |ηb| < 2.4 and ∆R(b, b) > 0.4,

where ∆R(b, b) denotes the isolation of the two b quarks defined by the distance ∆R =
√

(∆η)2 + (∆φ)2 in the pseudorapidity and azimuthal angle plane (η, φ). We consider the

b-tagging efficiency to be 70%. The photon pair has to fulfill pT,γ > 30 GeV, |ηγ | < 2.4

and ∆R(γ, γ) > 0.4. The two reconstructed Higgs bosons, from the b quark pair and from

the photon pair, have to reproduce the Higgs boson mass within a window of 25GeV,

112.5 GeV < Mbb̄ < 137.5 GeV, and a window of 10GeV, 120 GeV < Mγγ < 130 GeV,

respectively. We require additional isolations between the b quarks and the photons being

∆R(γ, b) > 0.4.

Based on the distributions shown in figure 15, apart from the acceptance cuts we have

applied more advanced cuts for this parton level analysis. We first require the reconstructed

invariant mass of the Higgs pair to fulfill MHH > 350GeV. Furthermore we remove events

which do not satisfy PT,H > 100GeV. We also constrain the pseudorapidity of the two

reconstructed Higgs bosons, |ηH | < 2, and the isolation between the two b jets to be

∆R(b, b) < 2.5.
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Figure 15. Normalized signal and backgrounds distributions of PT,H , MHH and Rbb in the bb̄γγ

channel.

The results are collected in table 7. The local decrease of the sensitivity between the

cut on MHH and the cut on PT,H is explained by the fact that we accept to have a reduced

sensitivity locally during the chain of cuts in order to enhance the final significance. In the

case described in this section a cut on PT,H alone reduces the sensitivity as does a cut on

ηH alone, but the first cut actually improves the discrimination between the signal and the

background in the pseudorapidity distribution, hence allowing for a larger improvement

when applying the ηH cut just after the PT,H cut. Eventually all the cuts allow for an

improvement of the significance by two orders of magnitude, that is the ratio of signal

events S over the square root of background events B, S/
√
B. The final value for S/

√
B

is 16.3 for an integrated luminosity of
∫

L = 3000 fb−1, corresponding to 51 signal events.

Therefore this channel seems promising.

A realistic assessment of the prospects for measuring the signal in the bb̄γγ final state

depends mostly on a realistic simulation of the diphoton fake rate due to multijet produc-

tion, which is the dominant background in such an analysis. Our first parton level study

gives a rough idea of how promising the bb̄γγ channel is.

In the following we perform a full analysis including fragmentation and hadronization

effects, initial and final state radiations by using Pythia 6.4 in order to assess more reliably

whether the promising features of this channel survive in a real experimental environment.

All the events are processed through Delphes [122], the tool which is used for the detector
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HH bb̄γγ tt̄γγ ZH S/B S/
√
B

Cross section NLO [fb] 8.92×10−2 5.05×103 1.39 3.33×10−1 1.77×10−5 6.87×10−2

Reconstructed Higgs from bs 4.37×10−2 4.01×102 8.70×10−2 1.24×10−3 1.09×10−4 1.20×10−1

Reconstructed Higgs from γs 3.05×10−2 1.78 2.48×10−2 3.73×10−4 1.69×10−2 1.24

Cut on MHH 2.73×10−2 3.74×10−2 7.45×10−3 1.28×10−4 6.07×10−1 7.05

Cut on PT,H 2.33×10−2 3.74×10−2 5.33×10−3 1.18×10−4 5.44×10−1 6.17

Cut on ηH 2.04×10−2 1.87×10−2 3.72×10−3 9.02×10−5 9.06×10−1 7.45

Cut on ∆R(b, b) 1.71×10−2 0.00 3.21×10−3 7.44×10−5 5.21 16.34

“Detector level” 1.56×10−2 0.00 8.75×10−3 8.74×10−3 8.92×10−1 6.46

Table 7. Cross section values of the HH signal and the various backgrounds expected at the LHC

at
√
s = 14TeV, the signal to background ratio S/B and the significance S/

√
B for

∫

L = 3000 fb−1

in the bb̄γγ channel after applying the cuts discussed in the text.

simulation. For the jet reconstruction we use the anti-kT algorithm with a radius parameter

of R = 0.5. We still consider a b-tagging efficiency of 70%. We keep the same acceptance

cuts as before except for the transverse momentum of the reconstructed b jet and photon

which we increase up to pT,b/γ > 50 GeV. We also enlarge the window for the reconstructed

Higgs boson coming from the b quark pair, by requiring 100 GeV < Mbb̄ < 135 GeV. We

select events with exactly two reconstructed b jets and two photons.

The final result is displayed in the last line of table 7. The final significance S/
√
B for

this simulation has decreased to 6.5 for an integrated luminosity of 3000 fb−1, corresponding

to 47 events. Though low, the significance nevertheless is promising enough to trigger a

real experimental analysis as can be performed only by the experimental collaborations

and which is beyond the scope of this work.

4.3 The bb̄τ τ̄ decay channel

The bb̄τ τ̄ decay channel is promising for low mass Higgs boson pair production at the

LHC and has been previously studied in ref. [81–85]. An important part of this analysis

will depend on the ability to reconstruct the b quark pair and the τ pair. As the real

experimental assessment of such a reconstruction is beyond the scope of our work we will

perform in the following a parton level analysis, assuming a perfect τ reconstruction.3 The

analysis thus represents an optimistic estimate of what can be done at best to extract the

trilinear Higgs self-coupling in the bb̄τ τ̄ channel.

We consider the two QCD-QED continuum background final states bb̄τ τ̄ and bb̄τ̄νττ ν̄τ
calculated at tree-level. The bb̄τ̄νττ ν̄τ final state background dominantly stems from tt̄

production with the subsequent top quark decays t → bW and W → τ̄ ντ . We also include

backgrounds coming from single Higgs production in association with a Z boson and the

subsequent decays H → τ τ̄ and Z → bb̄ or H → bb̄ and Z → τ τ̄ . The effects of QCD cor-

rections are included in our calculation via multiplicative K-factors which are summarized

3There have been improvements over the last years to reconstruct the invariant mass of a τ pair. In

particular, the use of the Missing Mass Calculator algorithm offers very promising results [137]. It is used

by experimental collaborations at the LHC in the H → τ τ̄ search channel.
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√
s [TeV] HH bb̄τ τ̄ tt̄ ZH

14 1.88 1.21 1.35 1.33

Table 8. K-factors for gg → HH, bb̄τ τ̄ [123], tt̄ [124–136] and ZH production [77] at
√
s =

14TeV. The Higgs boson mass is assumed to be MH = 125GeV.

in table 8. All K-factors are taken at NLO except for the single Higgs-strahlung process

which is taken at NNLO QCD. The factorization and renormalization scales have been

taken at MHH for the signal and at specific values for each background process.

Concerning the choice of our cuts, we demand exactly one b quark pair and one τ pair.

The b quark pair is required to fulfill pT,b > 30 GeV and |ηb| < 2.4. We assume the b-tagging

efficiency to be 70% and the τ -tagging efficiency to be 50% and we neglect fake rates in both

cases. The τ pair has to fulfill pT,τ > 30 GeV and |ητ | < 2.4. The reconstructed Higgs boson

from the b quark pair is required to reproduce the Higgs mass within a window of 25GeV,

112.5 GeV < Mbb̄ < 137.5 GeV. The reconstructed Higgs boson from the τ pair needs

to reproduce the Higgs mass within a window of 50GeV, 100 GeV < Mτ τ̄ < 150 GeV

or within a window of 25GeV, 112.5 GeV < Mτ τ̄ < 137.5 GeV, in a more optimistic

scenario. In addition to these acceptance cuts we also add more advanced cuts for this

parton level analysis, based on the distributions shown in figure 16 and in a similar way

as what has been done in the previous bb̄γγ analysis. We first demand the invariant mass

of the reconstructed Higgs pair to fulfill MHH > 350GeV. In addition, we remove events

which do not satisfy PT,H > 100GeV. We do not use a cut on the pseudorapidity of the

reconstructed Higgs bosons in this analysis as it would reduce the significance.

The different results of our parton level analysis are summarized in table 9. The cuts

allow for an improvement of two orders of magnitude in the significance S/
√
B. The final

S/
√
B is 6.71 for an integrated luminosity of

∫

L = 3000 fb−1, corresponding to 330 signal

events. We then conclude that this channel is promising. In the last line we reproduce

our result for the optimistic requirement of 112.5 GeV < Mττ < 137.5 GeV leading to

the final significance S/
√
B = 9.36 for an integrated luminosity of 3000 fb−1. Already

for a planned mid-term integrated luminosity of 300 fb−1 at 14TeV the expectations are

promising with 33 signal events and a significance S/
√
B = 2.96 in the optimistic scenario.

4.4 The bb̄W+W− decay channel

The analysis in this channel is difficult as the leptonic W boson decays lead to missing

energy in the final state. Consequently, one of the two Higgs bosons cannot a priori

be reconstructed equally well as the other Higgs boson, thus reducing our capability to

efficiently remove the background with the canonical acceptance cuts previously applied

in the other decay channels. This channel with one lepton plus jets final state has been

studied in [85, 86]. We only consider here the decay W → ℓνℓ (ℓ = e, µ) with a branching

ratio of 10.8%.

We take into account the continuum background which contains all processes with

the bb̄ℓνℓℓνℓ final states at tree-level, for example qq/gg → b∗b̄∗ → γbZb̄ → bb̄ℓℓZ with
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Figure 16. Normalized distributions of PT,H , MHH and ηH for signal and backgrounds in the bb̄τ τ̄

channel.

HH bb̄τ τ̄ bb̄τ τ̄ντ ν̄τ ZH S/B S/
√
B

Cross section NLO [fb] 2.47 2.99×104 8.17×103 2.46×101 6.48×10−5 6.93×10−1

Reconstructed Higgs from τs 2.09×10−1 8.35×101 1.58×102 5.70×10−1 8.63×10−4 7.36×10−1

Reconstructed Higgs from bs 1.46×10−1 6.34×10−1 1.43×101 3.75×10−2 9.75×10−3 2.07

Cut on MHH 1.30×10−1 1.37×10−1 1.74 1.26×10−2 6.88×10−2 5.18

Cut on PT,H 1.10×10−1 7.80×10−2 7.17×10−1 1.15×10−2 1.36×10−1 6.71

With 112.5GeV<Mττ̄ <137.5GeV 1.10×10−1 3.41×10−2 3.76×10−1 3.15×10−3 2.67×10−1 9.37

Table 9. Cross section values of the ofHH signal and the various backgrounds expected at the LHC

at
√
s = 14TeV, the signal to background ratio S/B and the significance S/

√
B for

∫

L = 3000 fb−1

in the bb̄τ τ̄ channel after applying the cuts discussed in the text.

the subsequent splitting Z → νℓν̄ℓ. We proceed in a similar manner as in the previous

analyses. We generate the signal and the backgrounds with the following parton-level cuts.

We require that the b quarks fulfill pT,b > 30 GeV and |ηb| < 2.4. We consider the b-

tagging efficiency to be 70%. The leptons have to fulfill pT,ℓ > 20 GeV and |ηℓ| < 2.4. The

reconstructed Higgs boson from the b quark pair has to reproduce the Higgs boson mass

within a window of 25GeV, 112.5GeV < Mbb̄ < 137.5 GeV. We also require that the

missing transverse energy respects Emiss
T > 20GeV.
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Figure 17. Normalized distributions of MT , ∆φl1l2 and projected missing transverse energy Ẽmiss
T

for signal and background channels in the bb̄l1νl1 l2νl2 final states of the bb̄W+W− channel.

As done in the previous subsections, we also add more advanced cuts for this parton

level analysis, based on the distributions shown in figure 17. The distributions on the

upper left of figure 17 correspond to the transverse mass of the lepton pair, being defined

as MT =
√

2pℓℓT E
miss
T (1− cos∆φ(Emiss

T , ℓℓ)), where ∆φ(Emiss
T , ℓℓ) is the angle between the

missing transverse momentum and the transverse momentum of the dilepton system. The

distribution of the signal has an endpoint at the value of MH . The distributions on the

upper right of figure 17 represent the angle between the two leptons projected on the

transverse plane, ∆φℓ1ℓ2 . The angle is reduced for the signal compared to the broad

distribution of the background. The last distributions on the bottom of figure 17 display

the projected missing transverse energy Ẽmiss
T = Emiss

T sin∆φ(Emiss
T , ℓ) for ∆φ(Emiss

T , ℓ) ≤
π/2, where ∆φ(Emiss

T , ℓ) is the angle between the missing transverse momentum and the

transverse momentum of the nearest lepton candidate. If ∆φ(Emiss
T , ℓ) > π/2, then Ẽmiss

T =

Emiss
T . The signal distribution is shifted to the left compared to the background distribution.

We first require the transverse mass of the lepton pair to be MT < 125 GeV. We

then remove events which do not satisfy ∆φℓ1ℓ2 < 1.2 and we also add a constraint on the

angle between the two leptons, ∆θℓ1ℓ2 < 1.0. We demand the missing transverse energy to

fulfill Emiss
T > 120 GeV and the projected energy to satisfy Ẽmiss

T < 80 GeV. Note that the

Ẽmiss
T distribution displayed in figure 17 is obtained after the acceptance cuts having been
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HH bb̄l1νl1 l2νl2 S/B S/
√
B

Cross section NLO [fb] 3.92×10−1 2.41×104 1.63×10−5 1.38×10−1

Reconstructed Higgs from bs 6.18×10−2 1.89×102 3.27×10−4 2.46×10−1

Cut on MT 6.18.×10−2 1.19×102 5.19×10−4 3.10×10−1

Cut on ∆φℓ1ℓ2 5.37×10−2 6.96×101 7.72×10−4 3.53×10−1

Cut on ∆θℓ1ℓ2 5.17×10−2 5.65×101 9.15×10−4 3.77×10−1

Cut on Emiss
T 8.41×10−3 3.77×10−1 2.22×10−2 7.50×10−1

Cut on Ẽmiss
T 4.59×10−3 2.70×10−2 1.70×10−1 1.53

Table 10. Cross section values of the HH signal and the considered background expected at

the LHC at
√
s = 14TeV, the signal to background ratio S/B and the significance S/

√
B for

∫

L=3000 fb−1 in the bb̄W+W− channel after applying the cuts discussed in the text.

applied but before the advanced cuts. The cuts on MT , ∆φℓ1ℓ2 , ∆θℓ1ℓ2 and Ẽmiss
T modify

this distribution and explain why the Ẽmiss
T cut, which would seem not to be efficient,

actually improves the significance.

The results for the LHC at
√
s = 14TeV are summarized in table 10. While the cuts

allow for an improvement of the significance S/
√
B by about one order of magnitude, we

are still left with a very small signal to background ratio. Thus, this channel using the

final states considered here is not very promising.

5 Conclusions

In this paper we have discussed in detail the main Higgs pair production processes at the

LHC, gluon fusion, vector boson fusion, double Higgs-strahlung and associated production

with a top quark pair. They allow for the determination of the trilinear Higgs self-coupling

λHHH , which represents a first important step towards the reconstruction of the Higgs

potential and thus the final verification of the Higgs mechanism as the origin of electroweak

symmetry breaking. We have included the important QCD corrections at NLO to gluon

fusion and vector boson fusion and calculated for the first time the NNLO corrections to

double Higgs-strahlung. It turns out that the gluon initiated process to ZHH production

which contributes at NNLO is sizeable in contrast to the single Higgs-strahlung case. We

have discussed in detail the various uncertainties of the different processes and provided

numbers for the cross sections and the total uncertainties at four c.m. energies, i.e. 8, 14,

33 and 100TeV. It turns out that they are of the order of 40% in the gluon fusion channel

while they are much more limited in the vector bosons fusion and double Higgs-strahlung

processes, i.e. below 10%. Within the SM we also studied the sensitivities of the double

Higgs production processes to the trilinear Higgs self-coupling in order to get an estimate

of how accurately the cross sections have to be measured in order to extract the Higgs

self-interaction with sufficient accuracy.

In the second part of our work we have performed a parton level analysis for the dom-

inant Higgs pair production process through gluon fusion in different final states which are
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bb̄γγ, bb̄τ τ̄ and bb̄W+W− with the W bosons decaying leptonically. Due to the smallness

of the signal and the large QCD backgrounds the analysis is challenging. The bb̄W+W−

final state leads to a very small signal to background ratio after applying acceptance and

selection cuts so that it is not promising. On the other hand, the significances obtained

in the bb̄γγ and bb̄τ τ̄ final states after cuts are ∼ 16 and ∼ 9, respectively, with not too

small event numbers. They are thus promising enough to start a real experimental analysis

taking into account detector and hadronization effects, which is beyond the scope of our

work. Performing a first simulation on the detector level for the bb̄γγ state shows, however,

that the prospects are good in case of high luminosities. Taking into account theoretical

and statistical uncertainties and using the sensitivity plot, figure 13, the trilinear Higgs

self-coupling λHHH can be expected to be measured within a factor of two.
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[18] R. Gröber and M. Mühlleitner, Composite Higgs Boson Pair Production at the LHC,

JHEP 06 (2011) 020 [arXiv:1012.1562] [INSPIRE].

[19] M. Spira, QCD effects in Higgs physics, Fortsch. Phys. 46 (1998) 203 [hep-ph/9705337]

[INSPIRE].

[20] A. Djouadi, The Anatomy of electro-weak symmetry breaking. I: The Higgs boson in the

standard model, Phys. Rept. 457 (2008) 1 [hep-ph/0503172] [INSPIRE].

[21] A. Djouadi, The Anatomy of electro-weak symmetry breaking. II. The Higgs bosons in the

minimal supersymmetric model, Phys. Rept. 459 (2008) 1 [hep-ph/0503173] [INSPIRE].

[22] M. Gomez-Bock et al., Rompimiento de la simetria electrodebil y la fisica del Higgs:

Conceptos basicos, J. Phys. Conf. Ser. 18 (2005) 74 [hep-ph/0509077] [INSPIRE].
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[78] M. Gillioz, R. Gröber, C. Grojean, M. Mühlleitner and E. Salvioni, Higgs Low-Energy

Theorem (and its corrections) in Composite Models, JHEP 10 (2012) 004

[arXiv:1206.7120] [INSPIRE].

[79] S. Dawson, E. Furlan and I. Lewis, Unravelling an extended quark sector through multiple

Higgs production?, Phys. Rev. D 87 (2013) 014007 [arXiv:1210.6663] [INSPIRE].

[80] J. Baglio and A. Djouadi, Higgs production at the LHC, JHEP 03 (2011) 055

[arXiv:1012.0530] [INSPIRE].

[81] U. Baur, T. Plehn and D.L. Rainwater, Measuring the Higgs boson self coupling at the LHC

and finite top mass matrix elements, Phys. Rev. Lett. 89 (2002) 151801 [hep-ph/0206024]

[INSPIRE].

[82] U. Baur, T. Plehn and D.L. Rainwater, Determining the Higgs boson selfcoupling at hadron

colliders, Phys. Rev. D 67 (2003) 033003 [hep-ph/0211224] [INSPIRE].

[83] U. Baur, T. Plehn and D.L. Rainwater, Examining the Higgs boson potential at lepton and

hadron colliders: A Comparative analysis, Phys. Rev. D 68 (2003) 033001

[hep-ph/0304015] [INSPIRE].

[84] U. Baur, T. Plehn and D.L. Rainwater, Probing the Higgs selfcoupling at hadron colliders

using rare decays, Phys. Rev. D 69 (2004) 053004 [hep-ph/0310056] [INSPIRE].

– 36 –

http://dx.doi.org/10.1016/S0550-3213(98)00147-3
http://arxiv.org/abs/hep-ph/9712330
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B523,17
http://dx.doi.org/10.1016/j.physletb.2004.06.063
http://arxiv.org/abs/hep-ph/0404071
http://inspirehep.net/search?p=find+J+Phys.Lett.,B595,432
http://dx.doi.org/10.1016/j.physletb.2004.09.008
http://arxiv.org/abs/hep-ph/0407249
http://inspirehep.net/search?p=find+J+Phys.Lett.,B600,255
http://dx.doi.org/10.1016/j.physletb.2008.10.018
http://arxiv.org/abs/0809.1301
http://inspirehep.net/search?p=find+J+Phys.Lett.,B670,12
http://dx.doi.org/10.1103/PhysRevLett.99.161803
http://arxiv.org/abs/0707.0381
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,99,161803
http://dx.doi.org/10.1103/PhysRevD.77.013002
http://arxiv.org/abs/0710.4749
http://inspirehep.net/search?p=find+J+Phys.Rev.,D77,013002
http://dx.doi.org/10.1007/JHEP02(2012)105
http://arxiv.org/abs/1012.4789
http://inspirehep.net/search?p=find+J+JHEP,1202,105
http://dx.doi.org/10.1103/PhysRevD.68.073003
http://arxiv.org/abs/hep-ph/0306234
http://inspirehep.net/search?p=find+J+Phys.Rev.,D68,073003
http://dx.doi.org/10.1007/JHEP03(2012)075
http://arxiv.org/abs/1112.5142
http://inspirehep.net/search?p=find+J+JHEP,1203,075
http://arxiv.org/abs/1101.0593
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0593
http://dx.doi.org/10.1007/JHEP10(2012)004
http://arxiv.org/abs/1206.7120
http://inspirehep.net/search?p=find+J+JHEP,1210,004
http://dx.doi.org/10.1103/PhysRevD.87.014007
http://arxiv.org/abs/1210.6663
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.6663
http://dx.doi.org/10.1007/JHEP03(2011)055
http://arxiv.org/abs/1012.0530
http://inspirehep.net/search?p=find+J+JHEP,1103,055
http://dx.doi.org/10.1103/PhysRevLett.89.151801
http://arxiv.org/abs/hep-ph/0206024
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,89,151801
http://dx.doi.org/10.1103/PhysRevD.67.033003
http://arxiv.org/abs/hep-ph/0211224
http://inspirehep.net/search?p=find+J+Phys.Rev.,D67,033003
http://dx.doi.org/10.1103/PhysRevD.68.033001
http://arxiv.org/abs/hep-ph/0304015
http://inspirehep.net/search?p=find+J+Phys.Rev.,D68,033001
http://dx.doi.org/10.1103/PhysRevD.69.053004
http://arxiv.org/abs/hep-ph/0310056
http://inspirehep.net/search?p=find+J+Phys.Rev.,D69,053004


J
H
E
P
0
4
(
2
0
1
3
)
1
5
1

[85] M.J. Dolan, C. Englert and M. Spannowsky, Higgs self-coupling measurements at the LHC,

JHEP 10 (2012) 112 [arXiv:1206.5001] [INSPIRE].

[86] A. Papaefstathiou, L.L. Yang and J. Zurita, Higgs boson pair production at the LHC in the

bb̄W+W− channel, Phys. Rev. D 87 (2013) 011301 [arXiv:1209.1489] [INSPIRE].

[87] J.M. Butterworth, A.R. Davison, M. Rubin and G.P. Salam, Jet substructure as a new

Higgs search channel at the LHC, Phys. Rev. Lett. 100 (2008) 242001 [arXiv:0802.2470]

[INSPIRE].

[88] ATLAS collaboration, Physics at a High-Luminosity LHC with ATLAS (Update),

ATL-PHYS-PUB-2012-004 (2012).

[89] A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the

Standard Model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56.
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[119] T. Sjöstrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual,

JHEP 05 (2006) 026 [hep-ph/0603175] [INSPIRE].

[120] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5: Going

Beyond, JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].

[121] M. Battaglia, E. Boos and W.-M. Yao, Studying the Higgs potential at the e+ e- linear

collider, eConf C 010630 (2001) E3016.

[122] S. Ovyn, X. Rouby and V. Lemaitre, DELPHES, a framework for fast simulation of a

generic collider experiment, arXiv:0903.2225 [INSPIRE].

[123] J.M. Campbell and R.K. Ellis, Radiative corrections to Zbb̄ production,

Phys. Rev. D 62 (2000) 114012 [hep-ph/0006304] [INSPIRE].

– 38 –

http://dx.doi.org/10.1016/S0010-4655(98)00173-8
http://arxiv.org/abs/hep-ph/9807565
http://inspirehep.net/search?p=find+J+Comput.Phys.Commun.,118,153
http://dx.doi.org/10.1016/j.nuclphysBPS.2006.03.026
http://arxiv.org/abs/hep-ph/0601248
http://inspirehep.net/search?p=find+J+Nucl.Phys.Proc.Suppl.,157,236
http://dx.doi.org/10.1016/j.cpc.2007.09.004
http://arxiv.org/abs/hep-ph/0611273
http://inspirehep.net/search?p=find+J+Comput.Phys.Commun.,178,217
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://inspirehep.net/search?p=find+J+Eur.Phys.J.,C63,189
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://inspirehep.net/search?p=find+J+Phys.Rev.,D82,074024
http://dx.doi.org/10.1103/PhysRevD.86.054009
http://arxiv.org/abs/1202.2281
http://inspirehep.net/search?p=find+J+Phys.Rev.,D86,054009
http://dx.doi.org/10.1016/j.physletb.2008.04.063
http://arxiv.org/abs/0801.3618
http://inspirehep.net/search?p=find+J+Phys.Lett.,B664,133
http://arxiv.org/abs/1107.4193
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.4193
http://dx.doi.org/10.1063/1.3631514
http://dx.doi.org/10.1140/epjc/s10052-009-1164-2
http://arxiv.org/abs/0905.3531
http://inspirehep.net/search?p=find+J+Eur.Phys.J.,C64,653
http://arxiv.org/abs/1303.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.1189
http://dx.doi.org/10.1007/JHEP10(2010)064
http://arxiv.org/abs/1003.4266
http://inspirehep.net/search?p=find+J+JHEP,1010,064
http://arxiv.org/abs/hep-ph/0002238
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0002238
http://cds.cern.ch/record/685366
http://cds.cern.ch/record/685330
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/search?p=find+J+JHEP,0605,026
http://dx.doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
http://inspirehep.net/search?p=find+J+JHEP,1106,128
http://arxiv.org/abs/0903.2225
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2225
http://dx.doi.org/10.1103/PhysRevD.62.114012
http://arxiv.org/abs/hep-ph/0006304
http://inspirehep.net/search?p=find+J+Phys.Rev.,D62,114012


J
H
E
P
0
4
(
2
0
1
3
)
1
5
1

[124] P. Nason, S. Dawson and R.K. Ellis, The Total Cross-Section for the Production of Heavy

Quarks in Hadronic Collisions, Nucl. Phys. B 303 (1988) 607 [INSPIRE].

[125] P. Nason, S. Dawson and R.K. Ellis, The One Particle Inclusive Differential Cross-Section

for Heavy Quark Production in Hadronic Collisions, Nucl. Phys. B 327 (1989) 49 [Erratum

ibid. B 335 (1990) 260] [INSPIRE].

[126] W. Beenakker, H. Kuijf, W. van Neerven and J. Smith, QCD Corrections to Heavy Quark

Production in pp̄ Collisions, Phys. Rev. D 40 (1989) 54 [INSPIRE].

[127] W. Beenakker, W. van Neerven, R. Meng, G. Schuler and J. Smith, QCD corrections to

heavy quark production in hadron hadron collisions, Nucl. Phys. B 351 (1991) 507

[INSPIRE].

[128] M.L. Mangano, P. Nason and G. Ridolfi, Heavy quark correlations in hadron collisions at

next-to-leading order, Nucl. Phys. B 373 (1992) 295 [INSPIRE].

[129] S. Frixione, M.L. Mangano, P. Nason and G. Ridolfi, Top quark distributions in hadronic

collisions, Phys. Lett. B 351 (1995) 555 [hep-ph/9503213] [INSPIRE].

[130] M. Beneke et al., Top quark physics, hep-ph/0003033 [INSPIRE].

[131] M. Cacciari, S. Frixione, M.L. Mangano, P. Nason and G. Ridolfi, Updated predictions for

the total production cross sections of top and of heavier quark pairs at the Tevatron and at

the LHC, JHEP 09 (2008) 127 [arXiv:0804.2800] [INSPIRE].

[132] N. Kidonakis and R. Vogt, The Theoretical top quark cross section at the Tevatron and the

LHC, Phys. Rev. D 78 (2008) 074005 [arXiv:0805.3844] [INSPIRE].

[133] S. Moch and P. Uwer, Theoretical status and prospects for top-quark pair production at

hadron colliders, Phys. Rev. D 78 (2008) 034003 [arXiv:0804.1476] [INSPIRE].

[134] S. Moch, P. Uwer and A. Vogt, On top-pair hadro-production at next-to-next-to-leading

order, Phys. Lett. B 714 (2012) 48 [arXiv:1203.6282] [INSPIRE].

[135] M. Cacciari, M. Czakon, M. Mangano, A. Mitov and P. Nason, Top-pair production at

hadron colliders with next-to-next-to-leading logarithmic soft-gluon resummation,

Phys. Lett. B 710 (2012) 612 [arXiv:1111.5869] [INSPIRE].

[136] P. Baernreuther, M. Czakon and A. Mitov, Percent Level Precision Physics at the Tevatron:

First Genuine NNLO QCD Corrections to qq̄ → tt̄+X, Phys. Rev. Lett. 109 (2012) 132001

[arXiv:1204.5201] [INSPIRE].

[137] A. Elagin, P. Murat, A. Pranko and A. Safonov, A New Mass Reconstruction Technique for

Resonances Decaying to di-tau, Nucl. Instrum. Meth. A 654 (2011) 481 [arXiv:1012.4686]

[INSPIRE].

– 39 –

http://dx.doi.org/10.1016/0550-3213(88)90422-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B303,607
http://dx.doi.org/10.1016/0550-3213(89)90286-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B327,49
http://dx.doi.org/10.1103/PhysRevD.40.54
http://inspirehep.net/search?p=find+J+Phys.Rev.,D40,54
http://dx.doi.org/10.1016/S0550-3213(05)80032-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B351,507
http://dx.doi.org/10.1016/0550-3213(92)90435-E
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B373,295
http://dx.doi.org/10.1016/0370-2693(95)00430-S
http://arxiv.org/abs/hep-ph/9503213
http://inspirehep.net/search?p=find+J+Phys.Lett.,B351,555
http://arxiv.org/abs/hep-ph/0003033
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0003033
http://dx.doi.org/10.1088/1126-6708/2008/09/127
http://arxiv.org/abs/0804.2800
http://inspirehep.net/search?p=find+J+JHEP,0809,127
http://dx.doi.org/10.1103/PhysRevD.78.074005
http://arxiv.org/abs/0805.3844
http://inspirehep.net/search?p=find+J+Phys.Rev.,D78,074005
http://dx.doi.org/10.1103/PhysRevD.78.034003
http://arxiv.org/abs/0804.1476
http://inspirehep.net/search?p=find+J+Phys.Rev.,D78,034003
http://dx.doi.org/10.1016/j.physletb.2012.06.048
http://arxiv.org/abs/1203.6282
http://inspirehep.net/search?p=find+J+Phys.Lett.,B714,48
http://dx.doi.org/10.1016/j.physletb.2012.03.013
http://arxiv.org/abs/1111.5869
http://inspirehep.net/search?p=find+J+Phys.Lett.,B710,612
http://dx.doi.org/10.1103/PhysRevLett.109.132001
http://arxiv.org/abs/1204.5201
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5201
http://dx.doi.org/10.1016/j.nima.2011.07.009
http://arxiv.org/abs/1012.4686
http://inspirehep.net/search?p=find+J+Nucl.Instrum.Meth.,A654,481

	Introduction
	Higgs pairs at higher orders in QCD
	The gluon fusion process
	The vector boson fusion process
	The Higgs-strahlung process

	Cross sections and sensitivity at the LHC
	Theoretical uncertainties in the gluon channel
	Theoretical uncertainty due to missing higher order corrections
	The PDF and alpha(s) errors
	 The effective theory approach
	Total uncertainty

	VBF and Higgs-strahlung processes
	The VBF channel
	The associated Higgs pair production with a vector boson

	Sensitivity to the trilinear Higgs coupling in the main channels

	Prospects at the LHC
	Kinematical distributions of gg->HH
	The b bar(b) gamma gamma decay channel
	The b bar(b) tau bar(tau) decay channel
	The b bar(b) W*+ W*- decay channel

	Conclusions

