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Abstract: We derive the constraints that can be imposed on the dimension-6 effective

theory extension of the Standard Model, using gluon fusion-initiated Higgs boson pair pro-

duction at the LHC. We use a realistic analysis focussing on the hh → (bb̄)(τ+τ−) final

state, including initial-state radiation and non-perturbative effects. We include the statis-

tical uncertainties on the signal rates as well as conservative estimates of the theoretical

uncertainties. We first consider a theory containing only modifications of the trilinear cou-

pling, through a c6λH
6/v2 Lagrangian term, and then examine the full parameter space

of the effective theory, incorporating current bounds obtained through single Higgs boson

measurements. We also consider an alternative scenario, where we vary a smaller sub-set

of parameters. Allowing, finally, the values of the other coefficients to vary within pro-

jected experimental ranges, we find that the currently unbounded parameter, c6, could be

constrained to lie within |c6| . 0.6 at 1σ confidence, at the end of the high-luminosity run

of the LHC (14 TeV) in the full model, and to −0.6 . c6 . 0.5 in the alternative model.

This study constitutes a first step towards the inclusion of multi-Higgs boson production

in a full fit to the dimension-6 effective field theory framework.
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1 Introduction

The scalar particle recently discovered by the ATLAS [1] and CMS [2] collaborations at

the Large Hadron Collider (LHC) appears to be compatible with the Higgs boson of the

Standard Model (SM) [3–5]. In particular, it seems to behave like a CP-even scalar, with

couplings to the gauge bosons and fermions that agree at the O(20–100)% level [6–29]

with those predicted by the SM, in the cases where the experiments are already sufficiently

sensitive (gauge bosons and third generation fermions). The couplings to the SM fields

have been probed via the production and decay modes of the Higgs boson and this is a

programme that will continue in future runs of the LHC and forthcoming colliders.

The story is different, however, in the “pure Higgs” sector, characterised by the fol-

lowing (D ≤ 4) potential post-electroweak symmetry breaking (EWSB):

V (h) =
1

2
m2
hh

2 + λvh3 +
1

4
λ̃h4 , (1.1)
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where the self-couplings λ = λ̃ = m2
h/2v

2 within the SM, with v ' 246 GeV the vacuum

expectation value.1 Specifically, only the first term of eq. (1.1) has been probed, through the

measurement of the Higgs boson mass, mh ' 125 GeV. Hence, direct determination of the

terms proportional to h3 and h4 is an essential experimental measurement that will provide

access to new phenomena, such as a richer scalar sector or heavier coloured particles, or

(in a rather grim scenario) put the validity of the SM on even more solid grounds.

At colliders, terms proportional to hn can be probed through the simultaneous produc-

tion of (n− 1) Higgs bosons.2 Unfortunately, the production rates for these processes are

not as big as for the single Higgs boson production processes, mainly due to the relatively

large invariant mass of the final state system. At the LHC with 14 TeV proton-proton

centre-of-mass energy, triple production is expected to be rather rare, with a cross section

of O(0.1 fb). This renders any measurement of the coefficient of the h4 term hard, if not

impossible, even at the high-luminosity LHC (HL-LHC) [31–33]. The prospects for Higgs

boson pair production are significantly better, with a SM cross section almost three orders

of magnitude larger (about 30–40 fb [34–40]). However, this process is still particularly

challenging to detect, both in the SM [41–52] and beyond [30, 33, 53–80]. Moreover, sen-

sitivities to the double Higgs boson production process do not immediately translate to

sensitivities to the trilinear coupling. The reason is that several diagrams contribute to the

production process, but only few of them involve the parameter λ, that are furthermore

associated with an off-shell Higgs propagator.

Since no new particles beyond the SM have been observed by the LHC experiments so

far, they are either well hidden, weakly coupled, or simply heavier than a (couple of) TeV. In

the latter case one can adopt an effective field theory (EFT) approach, where the effects of

the high-scale physics are parametrised by a set of higher-dimensional operators, suppressed

by a large mass scale Λ. In the present paper we investigate the Higgs boson pair production

(hh) in the framework of the dimension-6 effective field theory (D=6 EFT) extension of the

SM, modifying in particular (but not only) the Higgs boson potential (1.1). This allows us

to derive model-independent constraints on new physics that may be beyond direct reach.

The hh process can be a source of additional meaningful information, cutting through

regions of the parameter space of the EFT coefficients in non-trivial ways. For example,

it may help clarify whether or not the Higgs boson is really part of an SU(2)L doublet.3

Studying the hh process is essential to probe the full set of the coefficients in the D = 6

EFT extension of the SM. In particular, the coefficient of the D = 6 operator ∝ H6,

currently remains unconstrained by single Higgs boson measurements, but can contribute

to the hh process through direct modification of the Higgs boson trilinear self-coupling.

This paper is organised as follows: in section 2 we examine the EFT Lagrangian

containing a complete set of relevant dimension-6 operators, which will form the basis of

our investigation. In section 3 we focus on the terms relevant to gluon fusion-initiated

Higgs boson pair production after EWSB and compare them to the SM EFT, i.e. the SM

1Measured, e.g. at low energy via four-fermion interactions.
2Although, indirect constraints through loop effects are conceivable. See, for example, [30].
3One can always consider the case where the Higgs is an SU(2)L singlet and write down the corresponding

EFT (see e.g [53, 66, 81–83]). We will not consider this option here.

– 2 –



J
H
E
P
0
4
(
2
0
1
5
)
1
6
7

with the top quark integrated out. In section 4 we examine the impact of the dimension-6

operators on the decays of the Higgs boson and in section 5 we present our setup for the

analysis of the key process pp → hh → (bb̄)(τ+τ−), that we then employ explicitly as an

example of our framework to generate constraints. We conclude in section 6. We provide

additional information on our conventions in appendix A. Appendix B provides technical

details on the derivation of the Lagrangian after EWSB in the D = 6 EFT.

2 Higgs boson effective theory

New Physics associated to a new scale Λ � v can be described in a model-independent

way by augmenting the Lagrangian of the SM with all possible gauge-invariant operators

of mass dimension D > 4, where the leading effects arise from D = 6 operators (neglecting

lepton-number violating operators, irrelevant to our study). Working at this level, the

extension of the SM that we consider for our analysis of Higgs boson pair production reads

L = LSM +
cH
2Λ2

(∂µ|H|2)2 − c6

Λ2
λ|H|6

−
( ct

Λ2
yt|H|2Q̄LHctR +

cb
Λ2
yb|H|2Q̄LHbR +

cτ
Λ2
yτ |H|2L̄LHτR + h.c.

)
+
αscg
4πΛ2

|H|2GaµνGµνa +
α′ cγ
4πΛ2

|H|2BµνBµν

+
ig cHW
16π2Λ2

(DµH)†σk(D
νH)W k

µν +
ig′ cHB
16π2Λ2

(DµH)†(DνH)Bµν

+
ig cW
2Λ2

(H†σk
←→
D µH)DνW k

µν +
ig′ cB
2Λ2

(H†
←→
D µH)∂νBµν

+ LCP + L4f ,

(2.1)

where αs is the strong coupling constant and α′ ≡ g′ 2/4π.

The full set of D = 6 operators that can be formed out of the SM field content was first

obtained in [84] and reduced to a non-redundant minimal set in [85]. Here, we employed

equations of motion to move to the basis used in [86, 87] and then imposed constraints from

precision tests to neglect a class of operators whose effect is already constrained to be at

most 1% with respect to the SM, following [88–92]. Including these operators would have a

negligible numerical impact on the analysis, given the experimental and theoretical errors.4

Precision measurements also lead to the approximate restrictions [86]

cHB
16π2

= −cHW
16π2

= −cB = cW , (2.2)

which we will employ in the following. Thus our setup corresponds to a restricted strongly-

interacting light Higgs (SILH) Lagrangian [94] where cT has been set to zero and the

relations (2.2) are used. We also assume minimal flavour violation (MFV) [95], which

4In our numerical study, we also neglect possible small CP-odd effects, described by LCP, as well as

effects from four-fermion operators L4f, which could enter the relevant background processes at leading

order. See appendix A for details. Note that, in order to translate to the form of the basis used in [86, 87],

we have assumed a trivial flavour structure for the latter operators. See ref. [93] for a detailed discussion.
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leads to the coefficients of the Yukawa-like terms in the second row of eq. (2.1) being

proportional to the (SM-like) Yukawa couplings yt,b,τ and in particular allows to neglect

the corresponding contributions involving the light fermions, hence QL = (tL, bL) and

LL = (ντ , τL). Note that the latter can also be justified without assuming MFV [96]. In

particular, this helps to exclude the possibility of largely-modified hierarchies in fermion-

Higgs couplings with respect to the SM, which might have also spoiled the hierarchies

between the different Higgs boson production mechanisms. In order to further simplify the

parameter space, we set cτ = cb in one of the scenarios considered in this paper.5 Beyond

that, we have normalised the operator coefficients cg,γ,HB,HW by a loop suppression factor:

in any perturbatively-decoupling renormalizable extension of the SM, these operators can

only be generated at the loop level (see [97–99]). Moreover, this is also convenient when

comparing the D = 6 theory with the top quark EFT, that is, the limit where the top

quark is integrated out from the SM, as we will discuss in section 3.

After EWSB, several operators might contribute to the same interaction and field

redefinitions need to be introduced in order to obtain canonically normalised kinetic terms.

We examine the terms relevant to Higgs physics in the next section.

3 Gluon fusion-initiated multi-Higgs production

3.1 Relevant Lagrangian terms

The dimension-6, CP-even, operators listed in the Lagrangian of eq. (2.1) that affect the

production of multiple Higgs bosons via gluon fusion (at leading order) are:

Lhn =− µ2|H|2 − λ|H|4 −
(
ytQ̄LH

ctR + ybQ̄LHbR + h.c.
)

+
cH
2Λ2

(∂µ|H|2)2 − c6

Λ2
λ|H|6 +

αscg
4πΛ2

|H|2GaµνGµνa

−
(
ct
Λ2
yt|H|2Q̄LHctR +

cb
Λ2
yb|H|2Q̄LHbR + h.c.

)
,

(3.1)

where in the first line we have included the corresponding SM operators that will receive

additional contributions in the effective theory.6 We now write

H = exp

(
− iT · ξ

v

)
1√
2

(
0

v + h

)
, (3.2)

where T represents the 3 generators of SU(2)L, ξ represents the 3 Goldstone degrees of free-

dom that will be absorbed by the gauge bosons, and h is the physical Higgs boson. To obtain

canonical normalisation of the Higgs field, we choose to perform the field redefinition7

h→
(

1− cHv
2

2Λ2

)
h− cHv

2Λ2
h2 − cH

6Λ2
h3 . (3.3)

5These coefficients modify the process studied here in a rather similar way.
6Note that with a slight abuse of notation here, and in eq. (2.1), we use λ for the quartic coupling in the

SM, while in eq. (1.1) we use it for a generic trilinear coupling. The former λ will be expressed in terms of

v and mh after minimisation of the Higgs potential. See appendix B for details.
7This field redefinition [100] involves non-linear terms which remove momentum-dependent Higgs boson

interactions that would be less straightforward to implement in a Monte Carlo event generator.
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We further redefine ci → ci Λ2/v2 to absorb the suppression factor into the ci coefficients.

We thus obtain the following interactions in terms of the Higgs boson scalar h, relevant to

Higgs boson pair production:

Lhh = −
m2
h

2v

(
1− 3

2
cH + c6

)
h3 −

m2
h

8v2

(
1− 25

3
cH + 6c6

)
h4

+
αscg
4π

(
h

v
+

h2

2v2

)
GaµνG

µν
a

−
[
mt

v

(
1− cH

2
+ ct

)
t̄LtRh+

mb

v

(
1− cH

2
+ cb

)
b̄LbRh+ h.c.

]
−
[
mt

v2

(
3ct
2
− cH

2

)
t̄LtRh

2 +
mb

v2

(
3cb
2
− cH

2

)
b̄LbRh

2 + h.c.

]
,

(3.4)

where we have explicitly written down the contributing components of the QL doublets.

Naively, all the Wilson coefficients in eq. (3.1) should be bounded from perturbativity ar-

guments by 4π, and hence if we consider Λ & 900 GeV this automatically implies |ci| . 1 in

eq. (3.4). For details on the derivation of the terms in the Lagrangian of eq. (3.4), see ap-

pendix B.8,9 In eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.

The trilinear and quartic couplings can be written as

λ =
m2
h

2v2
(1 + ∆) ,

λ̃ =
m2
h

2v2

(
1 + 6∆ +

2

3
cH

)
, (3.5)

where ∆ = c6 − 3cH/2. From the above, it can be seen that the SM relation of λ = λ̃ is

broken by the EFT effects: an accurate measurement of both couplings is thus a powerful

probe of new physics in the Higgs sector, although, as already mentioned, measurement of

the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT

that results from taking the top mass to infinity within the SM framework. This will help

us in writing down the cross section formula for gg → hh in the D = 6 EFT.

There are several modifications necessary to incorporate the effect of the D = 6 EFT

operators in Higgs boson pair production via gluon fusion (see figure 1):

• The Higgs boson self-coupling will be modified according to the first line in eq. (3.4),

represented by modifications of the h3 vertex in diagram 1(a).

8The Feynman rules for the Lagrangian terms appearing in eq. (3.4) have been checked using the

Mathematica [101] package FeynRules [102, 103].
9It is worth stressing here that we expand our couplings around the SM value: in the case of the top-

Yukawa the current Higgs boson data possess also a non-SM solution with the wrong sign Yukawa. As

pointed out in ref. [104], gg → hh could also help to lift the degeneracy, in which case the EFT expansion

needs to be performed around the non-SM minima of interest. We do not pursue such an analysis here.
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• The top and bottom quark Yukawa couplings will be modified according to the third

line in eq. (3.4). These modifications appear in diagrams 1(a) and 1(c).

• The new four-point fermionic interactions f̄fh2 will introduce a new ‘triangle’ di-

agram, with two Higgs bosons produced at the apex of the triangle. These are

described by the fourth line in eq. (3.4) and appear in diagram 1(e).

• Two new effective theory “tree-level” diagrams will contribute since we now have ad-

ditional gluon-gluon-Higgs (diagram 1(b)) and gluon-gluon-Higgs-Higgs interactions

(diagram 1(d)), according to the second line in eq. (3.4).

These are relatively straightforward to incorporate into a Monte Carlo event generator.

The shift in the Higgs boson couplings to fermions and to gauge bosons will also lead to

changes in its branching ratios. We discuss those changes in section 4.

Our goal is to modify the Standard Model matrix element with finite top mass to

readily incorporate the modifications coming from the EFT. We first note that in the

heavy top mass limit, the ‘low energy theorem’ states that the interactions of one or two

Higgs bosons with two gluons are given by:

LSM,EFT = (GaµνG
µν
a )

αs
π

(
h

12v
− h2

24v2

)
. (3.6)

It is interesting to point out that the gghh interaction that remains in the heavy top

mass approximation corresponds to a spin-0 di-gluon state in gg → hh, while the spin-2

contributions vanish in this limit. In the effective theory language, the spin-2 contributions

correspond to operators of higher dimensionality. The differential partonic cross section

for gluon fusion-initiated Higgs boson pair production in the SM, with the full top mass

dependence, is given by [37]:

dσ̂(gg → hh)

dt̂
=

G2
Fα

2
s

256(2π)3

[
|C4F4 + C2F2|2 + |C2G2|2

]
, (3.7)

where, in the SM,

C4 =
3m2

h

ŝ−m2
h

, C2 = 1 . (3.8)

F4, F2 and G2 are form factors, given e.g. in ref. [37], in which G2 corresponds to a spin-2

contribution, while ŝ and t̂ are the usual Mandelstam invariants. In the limit of large quark

mass in the loop, mQ � ŝ, the form factors reduce to:

F4 =
2

3
+O(ŝ/m2

Q) ,

F2 = −2

3
+O(ŝ/m2

Q) ,

G2 = O(ŝ/m2
Q) . (3.9)

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact

that the spin-2 terms are absent in eq. (3.6).
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g

g

h

h

f

(a) (b)

(c) (d)

(e)

Figure 1. The Feynman diagrams contributing to gg → hh, including those induced by higher-

dimensional operators. The grey blobs indicate the points of insertion of D = 6 EFT vertices. At

the order that we are considering in the present article, no two EFT insertions can occur in a single

diagram. Diagrams with only one grey blob only appear in the effective theory.

We now derive, starting from eq. (3.7), the cross section for the hh process in the

D = 6 EFT. The complete set of diagrams is shown in figure 1. Using the above limiting

values of the form factors, one can re-write the Lagrangian of eq. (3.6) as:

LSM,EFT = (GaµνG
µν
a )

αs
8π

(
h

v
F hq
4 +

h2

2v2
F hq
2

)
, (3.10)

where F hq
4 = −F hq

2 = 2/3 are the values of the form factors in the heavy quark effec-

tive theory:

F hq
? = lim

mt→∞
F? , ? = {2,4} . (3.11)
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We begin by considering the correspondence between diagrams 1(a) and 1(b) as well as

between 1(c) and 1(d). This corresponds to comparing equivalent terms in eq. (3.10) and

eq. (3.4). We can immediately conclude that the following identifications can be made at

the amplitude level to obtain the contributions of the pure EFT diagrams:

αs
8πv

F hq
4 →

αs
4πv

cg ,

αs
16πv2

F hq
2 →

αs
8πv2

cg . (3.12)

To obtain diagram 1(e), one needs to essentially ‘remove’ the propagator from a diagram

of type 1(a), while keeping the dependence on the quark mass in the triangle loop via the

full form factor F4. This can be done by multiplying the factor[
mf

v
×

3m2
h

v
× 1

ŝ−m2
h

]−1

× 2ghhff , (3.13)

which includes a combinatoric factor of 2, f = t, b, and

ghhff =
mt

v2

(
3cf
2
− cH

2

)
. (3.14)

The necessary additional modifications correspond to trivial replacements of the triple-

Higgs coupling and the Yukawa coupling in the SM-like diagrams, according to eq. (3.4).

After all these modifications, we now arrive at the parton-level differential cross section for

the process gg → hh in the D = 6 EFT:

dσ̂(gg → hh)

dt̂

∣∣∣∣
EFT

=
G2
Fα

2
s

256(2π)3

{∣∣∣C4F4(1− 2cH + ct + c6) + 3F4(3ct − cH) + 2cgC4

+ C2F2(1− cH + 2ct) + 2cgC2

∣∣∣2 +
∣∣∣C2G2

∣∣∣2} , (3.15)

where we have suppressed the bottom quark contributions for simplicity.

4 Higgs boson decays in dimension-6 EFT

We now move forward to study the impact of the operators in eq. (2.1) on the decays of

the Higgs bosons. In table 1 we provide an overview on which coefficients enter the various

decays at tree-level topology (second column), at the one-loop level, considering only QCD

corrections to the insertions (third column), as well as at the full one-loop level (fourth

column). Here, we focus on the key decays h → bb, h → ττ , h → WW , and h → γγ,

that are in particular important for the analysis of Higgs boson pair production. In our

numerical study we will, however, consider all significant decays in the EFT. We note that

even though operators may not enter a given pp → hh → (xx)(yy) final state, they will

still be relevant since they change the overall branching ratios. We also include in table 1

the coefficients entering gg → h and gg → hh production for completeness. It is interesting

to observe that several operators may enter both production and decay, introducing non-

trivial correlations for the behaviour of the cross section of a given final state mediated
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Mode tree 1 loop QCD 1 loop

h→ bb cH , cb cH , cb cH , cb, ct, c6, cW

h→ ττ cH , cτ — cH , cτ , c6, cW

h→ γγ cγ - cH , cb, ct, cτ , cW

h→WW cH , cHW , cW — cH , cW , cb, ct, cτ , c6

gg → hh cg ct, cb ct, cb, cH , c6

gg → h cg ct, cb, cH ct, cb, cH

Table 1. Operators that modify the decay modes of the Higgs boson relevant to our analysis,

with tree-level topology (second column), at the one-loop level, considering only QCD corrections

(third column), as well as at the full one-loop level (fourth column). Note that we neglect one-loop

insertions of one-loop operators. For completeness, we also include the operators entering gg → h

and gg → hh. The operators that are highlighted in bold text are included in the treatment of the

present paper, in the corresponding topology. The dashed line separates decay modes that enter

our analysis only indirectly in modifications of the Higgs boson branching ratios as well as via the

correlations present in the constraints from single Higgs boson physics.

through Higgs boson pair production. Finally, note that the presence of the coupling cγ
can lift the h → γγ decay from one-loop in the SM formally to tree-level in the EFT.

The same is true for cg concerning gg → h and gg → hh. On the other hand, in any

perturbatively-decoupling renormalizable extension of the SM the operators cγ , cg, cHW
and cHB can only be generated at the loop level. Thus, we will in particular not insert

them into loop diagrams at the order considered [98].

In the present article we employ the eHDECAY code [105] to calculate the branching

ratios of the Higgs boson according to our EFT formalism. The program eHDECAY provides

the SM plus D = 6 EFT contributions, including QCD radiative corrections. Next-to-

leading order EW corrections are only applied to the SM contributions. For further details,

see ref. [105].

At this point it is worth discussing the loop-suppressed operators cg,γ and cHB,HW .

While the former two induce corrections on Higgs boson decays that appear in the SM at

the one-loop level, the latter affect the h→WW,ZZ decays, which are tree level in the SM.

Thus, the naive expectation is that the impact of cHW,HB will be essentially negligible on

Higgs boson physics. Moreover, due to eq. (2.2), the loop-suppression of these coefficients

feeds through to cB, cW via a single free parameter. We have explicitly verified that an

O(1) change in the cHW,HB,W,B coefficients leads to at most a 4 % variation in the loosely-

constrained h → Zγ decay rate and sub-percent level variations in h → WW,ZZ. The

same exercise with cγ gives instead a O(70%) variation in the h → γγ branching ratio,

which is phenomenologically relevant for the single Higgs boson constraints that we will

employ. We thus neglect the effect of the operators OW , OB, OHB and OHW in the rest

of this paper, but consider variations of cγ .

– 9 –
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5 Constraining dimension-6 EFT coefficients

5.1 Monte Carlo

We have implemented the Lagrangian terms of eq. (3.4) in a HERWIG++ model where the

SM matrix elements have been taken from the code HPAIR [31, 35, 106]. The Monte Carlo

event generator is essential to our analysis. This is because a calculation of the total cross

section alone cannot account for the change in distributions of momenta and angles that

will substantially change the efficiency of the experimental analysis. Thus, even if we do

not use their shapes explicitly in extracting constraints in this article, it is essential to

have a reliable description of the underlying distributions. One could employ the Monte

Carlo-generated distributions to further improve the bounds [107], keeping in mind the fact

that operators will mix due to renormalization group running. See for example, ref. [108].

The calculation of our study is accurate to LO in QCD, within the framework of the

D = 6 EFT, including the diagrams of figure 1. Full QCD corrections to the diagrams that

include top quark loops have not yet been calculated with the dependence on the top quark

mass. These are available only in the heavy top mass limit (also known as the ‘low-energy

theorem’), which provides an estimate of their magnitude. The QCD corrections to the

additional new processes that arise in D = 6 EFT consist of Feynman diagrams that are

of identical topology to those of SM diagrams within the ‘low-energy theorem’. We thus

expect the size of the QCD corrections to be similar in all sub-diagrams contributing to

the process, including those that only appear in the D = 6 EFT. For the sake of simplicity,

we apply a flat overall K-factor of K = 2, which would correspond to normalizing our

result to the state-of-the-art (NNLO QCD) SM calculation of ∼ 40 fb [38]. The choice is

conservative, and justified at present by the fact that the low-energy theorem in the SM

is estimated to possess O(10%) uncertainty [33, 40]. This uncertainty is subsumed in the

30% total theoretical uncertainty that we will assume here (see section 5.2).10

We start by investigating the individual effects on the gluon fusion production cross

section, varying one coefficient at a time, while setting all others to zero. The result is

presented in figure 2, for the LHC running at 14 TeV proton-proton centre-of-mass en-

ergy, where we have zoomed-in in the right panel, and shaded the ±10% variation region

from the SM value of the cross section. Here and in the remaining article, we employ the

MSTW2008nlo nf4 PDF sets [109].11 One can clearly see how deviations from the SM pre-

diction ci = 0 could lead to substantial changes in the total cross section. Unfortunately,

the dependence on c6 is rather mild, whereas the dependence on ct and cg is substantially

more pronounced. This tendency will be amplified when realistic analysis cuts are con-

sidered (see below). The fact that positive values of c6 lead to a decreased cross section

reflects the negative interference between the triangle and box contributions.

5.2 Analysis

To accommodate a direct comparison with existing phenomenological analyses, we focus on

the process hh→ (bb̄)(τ+τ−) at the 14 TeV LHC. The specific final state possesses a rela-

10Moreover, the NNLO calculation of ref. [38] is not available at present to use for the given parameters

that we employ here (i.e. PDF set and scale choices).
11The cross sections have been verified through an independent implementation directly in HPAIR.
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Figure 2. The effect of the variation of individual operators on the total cross section divided by

the SM value. In the right panel we focus on a narrower region, showing in the grey-shaded area

the ±10% variation with respect to the SM value. The solid portions of the curves represent the

region which is compatible at 95% C.L. or more with the current Higgs boson data, obtained using

HiggsBounds and HiggsSignals (see section 5.3.2 for details).

tively large branching ratio and manageable backgrounds. This channel has been examined

in detail within the SM in refs. [43–45, 50] and turned out to be particularly promising.

We consider here only the main irreducible backgrounds, arising from tt̄ production with

subsequent decays of the W bosons to τ leptons, as well as ZZ and hZ production with

(bb̄)(τ+τ−) final states, which is sufficient given the other sources of uncertainty.12 The

backgrounds were generated at next-to-leading order in QCD, using the aMC@NLO event gen-

erator [110–112]. The total cross section for tt̄ was normalised to σtt̄ = 900 pb [113, 114]

and the ZZ and hZ NLO cross sections were taken out of the aMC@NLO calculation directly:

σZZ = 15.25 pb and σhZ = 0.8329 pb. For realistic description of the final states, parton

showering and hadronization were performed using HERWIG++, and the simulation of the

underlying event was included via multiple secondary parton interactions [115].

We follow the basic analysis steps as given originally in [43] and as were described

in [50]. Here, we assume 70% τ -reconstruction efficiency with negligible fake rate13 and

require two τ -tagged jets with at least p⊥ > 20 GeV. We require that the di-tau invariant

mass, taken from the Monte Carlo truth, reproduces the Higgs mass within a ±25 GeV

window, to account for the reconstruction smearing, as done in [43]. To model this ef-

fect, we smear the true di-tau invariant mass by a 20 GeV Gaussian, which in turn allows

for a contamination from events containing Z → τ+τ− into the di-tau mass window that

we consider. We use the Cambridge-Aachen jet algorithm available in the FastJet pack-

age [116, 117] with a radius parameter R = 1.4 to search for so-called ‘fat jets’. We require

the existence of one fat jet in the event satisfying the mass-drop criteria as done in the

hV study in ref. [118]. We require the two hardest ‘filtered’ sub-jets to be b-tagged14 and

12We have also considered the effect of D = 6 operators in hZ production and the subsequent Higgs boson

decay. These were found to have negligible impact on our analysis and we do not discuss them in detail.
13Thus, we do not consider any mistagging backgrounds, which should be considered in a full experimental

study. These are expected to be sub-dominant, as we require 2 b-tags and 2-tau tags in our analysis.
14Bottom-jet tagging was performed by setting the bottom mesons to stable in the HERWIG++ event

generator.
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Figure 3. The efficiency of the analysis is shown on the left panel. The right panel shows the

efficiency times the cross section of the EFT point, divided by the SM cross section times the SM

point efficiency.

to be central (|η| < 2.5) and the filtered fat jet to be in (mh − 25 GeV,mh + 25 GeV),

which will reduce events with Z → bb̄ decays. The b-tagging efficiency was taken to be

70%, again with negligible fake rate for the sake of simplicity. We require a loose cut on

the transverse momentum of the fat jet (after filtering) that satisfies the above criteria,

pfat
⊥ > 100 GeV and also apply a transverse momentum cut on the τ+τ− system of equal

magnitude, pττ⊥ > 100 GeV. As in [50], we apply additional cuts: ∆R(h, h) > 2.8 and

phh⊥ < 80 GeV to reject the background even further.

We investigate the effect of the above analysis on events corresponding to different

values of the parameters.15 On the left panel of figure 3 we plot the efficiency of the

analysis in the case where we set all other coefficients to zero except the labeled one. On

the right panel we show the efficiency times the cross section of the EFT point, divided

by the SM cross section (σLO = 22.3 fb) times the SM point efficiency (ε ' 0.065). This

plot can be compared with the actual cross section plot of figure 2, where one can observe

that the qualitative behaviour of the resulting cross sections does not change, but there

is a quantitative change due to the non-uniform effect of the analysis. Note that we have

not included the actual branching ratios in figure 3, which will have a further effect in

determining the significance of a given parameter point.

5.3 Results

5.3.1 c6-only model

For simplicity, we begin by considering a model where only c6 is non-zero and allowed to

vary. In fact, this is the only coefficient that remains unconstrained from data on single

Higgs boson production. Setting all other ci’s to zero and varying c6 corresponds to modify-

ing the size of the Higgs boson self-coupling λ, as was done in previous studies.16 The value

15One could optimize the analysis for each point (or region) in the parameter space. We leave that task

for future work [107].
16In particular, in [48] we focused on such a scenario. Moreover, we studied the dependence on the

top Yukawa coupling, which (beyond testing consistency with the SM) allows to examine an independent
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of c6 here represents a relative change in λ with respect to the SM prediction. No modifica-

tions are expected at the order considered on the Higgs boson decays when including such

an operator. We investigate the possible constraints on c6 given the particular model.17

Let us assume that in our analysis we obtain S(c6) events for the signal, for a given

value of c6, at a given integrated luminosity. For the background, we obtain B events at the

same luminosity. Given that the number of events S and B is large enough, we may assume

that they are Gaussian-distributed. The total statistical uncertainty on N(c6) = S(c6)+B

is then given by:

δN2 = δB2 + δS2 . (5.1)

Therefore, if the relative theoretical uncertainty on the cross section prediction is fth,

assuming negligible theoretical uncertainty on the background,18 an addition in quadrature

leads to a total uncertainty of:

δN2 = δB2 + δS2 + S2f2
th , (5.2)

and hence we have that:

δN2 = N + S2f2
th . (5.3)

To obtain the expected constraints, we assume that the underlying theory is indeed the SM,

which corresponds to c6 = 0 in this scenario. In turn, the expected total number of events

is N(c6 = 0). One then needs to compute how many standard deviations δN(c6) away a

given N(c6), as predicted from theory, is from N(c6 = 0). This can be translated into a

probability (i.e. a p-value) assuming a Gaussian distribution. The results are presented in

figure 4, for integrated luminosities of 600 fb−1 and 3000 fb−1, where we show in the left

panel the p-value obtained assuming no theoretical uncertainty and on the right including

a theoretical uncertainty of 30%, i.e. fth = 0.3. We choose 30% as a conservative estimate

of the uncertainty, incorporating scale (O(10%) at NNLO [38]), PDF plus strong coupling

constant (also O(10%) [38]) as well as heavy top mass approximation uncertainties (another

O(10%) [40]).

The values of c6 compatible with N(c6 = 0) within 1σ, i.e. the probability drops

from p = 1 (in our normalization) to p = exp(−1/2) ≈ 0.607, and thus the expected

constraints, are:

c1σ
6 (600 fb−1) ∈ (−0.4, 0.5), c1σ

6 (3000 fb−1) ∈ (−0.3, 0.3), for fth = 0 ,

c1σ
6 (600 fb−1) ∈ (−0.5, 0.8), c1σ

6 (3000 fb−1) ∈ (−0.4, 0.4), for fth = 0.3 . (5.4)

These results are compatible with our previous studies in [48] if the top Yukawa coupling is

kept at its SM value. The bounds are weaker for positive c6, since this leads to a reduced

variation of the coefficient of the t̄LtRh operator in eq. (3.4), which is possible in extensions of the SM

where the Higgs boson is not part of a SU(2)L doublet.
17We note here that negative values of the coefficient c6 in this model, and in the rest of the paper, should

be taken with a grain of salt due to possible effects on vacuum stability. Detailed study of the behaviour

of the potential in this regime is left for future work.
18The assumption is reasonable since the background higher-order calculations exhibit relatively small

variations compared to the hh signal. Moreover, the background prediction can be normalised using a

signal-free region.

– 13 –



J
H
E
P
0
4
(
2
0
1
5
)
1
6
7

c6 −only c6 −only

Figure 4. The p-value obtained for a given value of c6, for the process hh→ (bb̄)(τ+τ−) at 600 fb−1

and 3000 fb−1 of integrated luminosity. On the left figure we show the result without any theoretical

uncertainty included (fth = 0) and on the right figure with theoretical uncertainty on the signal

cross section prediction of 30% (fth = 0.3).

cross section and thus to a larger statistical uncertainty. The improvement of the 1σ regions

is moderate for fth = 0.3 for an increased luminosity, as in that case the uncertainty is

dominated by the systematic uncertainty on the theoretical prediction of the signal rates.

Improvements on the theoretical description of the process are thus necessary for improving

these bounds.

5.3.2 The full model

Generically, one expects several operators to be present. Here we consider the full param-

eter space, varying the coefficients in eq. (3.4), as well as cγ , within the currently allowed

regions. We calculate the p-values in a similar fashion as before: we assume that the stan-

dard model is true, i.e. ci = 0 ∀ i, and compare the number of events after the analysis

is performed with those expected from the SM, calculating how ‘far’ they are in terms

of the uncertainty δN . We note that, since we are only considering a single observable,

the event rate for a particular signal process, we do not expect the constraints on the full

parameter space to be strong. The constraints could be improved either by examining

other observables in this process, or optimising the analysis for different points in the pa-

rameter space. We do not, however, expect significant qualitative changes in our results.

To constrain the full parameter space, a combination of all possible production and decay

channels (including various single production and double production processes) could be

employed. We leave this endeavour to future work. Nevertheless, the main purpose of the

study here is to investigate possible correlations among different operators in this process,

and show how future measurements of other coefficients will help the determination of the

Higgs potential.

To accommodate for the current allowed range on the parameters cg, ct, cb, cH , cγ we

use the codes HiggsBounds [119] and HiggsSignals [120] on the eHDECAY output. We

employ the “effective coupling” mode, where one defines

ghX =
Γ(h→ X)

Γ(h→ X)SM
, (5.5)
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for the decay of the Higgs into the final state X. In particular, the single Higgs cross

section is then scaled using the effective coupling to gluons, ghgg. More explicitly,

ghgg =
Γ(h→ gg)

Γ(h→ gg)SM
=

σ(gg → h)

σ(gg → h)SM
. (5.6)

For further details we refer the reader to the HiggsBounds manual [119]. We perform our

numerical scan as follows. We scan each direction of the (5+1)-dimensional parameter

space, covering all coefficients, besides c6, in the range {−0.5, 0.5} in steps of 0.1, while

the latter is allowed to vary in a larger range, {−2, 3.5}, in steps of 0.5.19 In this scenario,

we assume the coefficients cb and cτ to be equal. We feed these coefficients into eHDECAY

to compute the branching ratios of various decay modes of the Higgs boson. In this step,

it is possible that some branching ratios in the output of eHDECAY become negative for

certain values of the coefficients. This is usually due to destructive interference between

the EFT contributions to the decay amplitudes and the SM ones, and we discard these

points in our scan.20 These coefficients and branching ratios are then given as input to

HiggsBounds, which checks if a point is excluded at the 95% C.L. by collider data (LEP,

Tevatron and LHC). This step is numerically fast, and allows to easily discard points where

the EFT effects would have generated an excess of events in single Higgs boson studies at

the 7 or 8 TeV LHC. The surviving points are fed into HiggsSignals, which performs a

multi-dimensional fit to the Higgs observables and outputs a p-value for each point. We

discard points which would have given a substantial deficit (or excess) of events in current

Higgs data, and thus we keep only points at the 95% C.L., that is, where the p-value

corresponds to less than 2 standard deviations from the mean of a Gaussian distribution.

We now proceed to derive the constraint from hh production onto the parameter space

allowed by current experiments. To visualize the constraints in the multi-dimensional pa-

rameter space, we will therefore project them onto two-dimensional planes. The parameter

c6 still plays a somewhat distinct role, as it is currently essentially unconstrained, and

the information on it will come primarily from multi-Higgs boson production. Thus, all

two-dimensional exclusion planes include this parameter. To calculate the allowed two-

dimensional regions, we need to marginalize over the remaining dimensions. To accomplish

this, for a given point in the (ci, c6)-plane, we sum over the p-values obtained by varying

along the other dimensions. The final p-value in the 2-D plane then reads

p(ci, c6) =

∑
{cf} p(c6, ci, {cf})× pHS(ci, {cf})∑

{cf} pHS(ci, {cf})
, (5.7)

where pHS(ci, {cf}) is the probability assigned to the given point from the HiggsSignals

code. Dividing out by the sum
∑
{cf} pHS(ci, {cf}) removes the constraints arising due to

19We note here the possibility of small cut-off effects in the marginalization procedure due to the choices

of these ranges.
20Note that this does not necessarily imply that these parameter points are unphysical, or that the power

expansion breaks down at these points. It could be that the SM amplitudes are accidentally suppressed (e.g.,

loop-suppression for h→ γγ, gg, Zγ) such that they have similar sizes as the EFT amplitudes. To compute

the partial widths in these cases, one should include the square of the EFT amplitudes, even though they

are formally of higher order in the power expansion. This feature is not implemented in eHDECAY.
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single Higgs boson data coming from HiggsSignals on the given (ci, c6)-plane, while taking

into account this knowledge in the marginalization over the irrelevant coefficients. Essen-

tially, what one achieves by this normalization, is to have a flat probability distribution on

the (ci, c6)-plane, before any hh data is taken into account.

To account for a proper normalization we divide by the maximum corresponding prob-

ability, for the coefficients under consideration:

p̄(ci, c6) =
1

max p(ci, c6)
p(ci, c6) . (5.8)

The 1σ-equivalent contours are thus drawn by finding the iso-curve corresponding to

p̄(ci, c6) = exp(−1/2) ≈ 0.607. To obtain a constraint on a single coefficient ci, we

marginalize over all the other coefficients cj (j 6= i). This is done in the same way as

prescribed by eqs. (5.7) and (5.8) given above.

We first consider the (cH , c6)-plane in figure 5. The coefficient cH enters all EFT

diagrams by changing the Higgs boson wave function in a universal way, and competes

with c6 by reducing the self-coupling contribution in our convention. Since cH also affects

single Higgs boson production, it is already constrained by current experimental data. One

sees from figure 3 that the production rate after cuts depends mildly on cH , and therefore

no significant improvement on its bound from hh production is expected. Indeed, this fact

is evident in figure 5, where it is also clear that future knowledge about cH will not help us

to constrain c6 very much.21 When examining figure 5, one should also recall that a change

in cH affects the preferred values of other coefficients due to single Higgs boson constraint,

entering the marginalization procedure. We find that, after marginalization over the other

coefficients, cH is constrained to lie in cH < 0.4 according to our 1σ-equivalent definition,

at 3000 fb−1 and for fth = 0.3.

We next examine the (ct, c6)-plane in figure 6. The coefficient ct enters all diagrams

that contain top quarks. Points with positive c6 and negative ct are more challenging to

exclude — the coefficients enter in the first line of eq. (3.15) with the same sign, which

leads to a compensation of effects (see also figure 3). The ‘dip’ structure that appears at

ct ≈ 0.1−0.2 is related to the fact that the minimum cross section as a function of ct appears

in that region. Beyond the dip, the (most important) corrections from the new triangle

diagram mediated by the tt̄hh vertex dominate the behaviour of the cross section, while

before the dip their destructive interference with the box contributions leads to a reduction

in the cross section. The coefficient is constrained to lie within −0.1 . ct . 0.4 at 3000 fb−1

and for fth = 0.3, after marginalization (1σ-equivalent). It is evident that improving the

knowledge on the poorly-constrained ‘top Yukawa’ ct, entering hh production in various

ways, will be helpful to improve the exclusion range for c6.

The expected constraints for cg, which adds tree-level couplings of one or two Higgs

boson to two gluons, are shown in the (cg, c6)-plane in figure 7. The results reflect the fact

that an enhanced production cross section due to values of cg away from the minimum

21However, improvements of single Higgs boson constraints on the other coefficients will allow for tighter

constraints on this plane.
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Figure 5. The p-values obtained after marginalization over the directions orthogonal to the (cH , c6)-

plane, for the process hh → (bb̄)(τ+τ−). On the top plots we show the results at 600 fb−1 of

integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical uncertainty included

and on the bottom we show the corresponding plots at 3000 fb−1. We also present the 1-sigma

contours as black dashed lines.

(right panel, figure 3) can compensate a reduction due to positive c6. The constraint on cg
is found to be −0.2 . cg . 0.1 at 3000 fb−1 given that fth = 0.3, after marginalization.

We present the results involving cγ in figure 8, which enters the process under con-

sideration indirectly, through modification of the branching ratios (via single Higgs boson

data p-values). The correlation with c6 is weak, and no significant constraint is expected

to be imposed through hh→ (bb̄)(τ+τ−).

The cb (= cτ ) coefficient is considered in figure 9 on the (cb, c6)-plane. Its effects are

expected to be sub-dominant in the production due to the assumption of MFV, but it

affects the decays of the Higgs boson to bb̄ (and τ τ̄), and hence it is relevant to the process

we are considering. The correlation visible reflects the fact that a reduced branching ratio

can be compensated by an enhanced production cross section due to a negative value of

c6. For the given luminosity and fth = 0.3, the resulting bound after marginalization is

−0.2 . cb . 0.3 at 1σ-equivalent.

Finally, we show the resulting p-values for the coefficient c6 in figure 10 after marginal-

izing over all the other coefficients. The constraints on c6 are summarized in detail in

table 3.
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Figure 6. The p-values obtained after marginalization over the directions orthogonal to the (ct, c6)-

plane, for the process hh → (bb̄)(τ+τ−). On the top plots we show the results at 600 fb−1 of

integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical uncertainty included

and on the bottom we show the corresponding plots at 3000 fb−1. We also present the 1-sigma

contours as black dashed lines.

5.3.3 c6-ct-cb-cτ model

As a further example, we constrain the non-zero coefficients to be c6, ct, cb and cτ , varied

in the same regions as in the full model. We emphasise that in this scenario, cτ is allowed

to vary independently of cb. This model includes variations of the coefficients that are

expected to be least constrained by single Higgs experimental data in future runs of the

LHC. As in the previous sub-section, we marginalize over all coefficients to obtain bounds

on c6. The resulting c6 p-values are shown in figure 11 and the summary of results in

table 3.

5.3.4 Summary of results and projected constraints

We now discuss the constraints on c6 obtained in all cases we considered as shown in

table 3. As explained before, the values take into account the current uncertainty due to

the other weakly-bounded coefficients. As expected, the full model, including the current

bounds coming from single Higgs boson measurements, provides a wide range for c6, at

3000 fb−1 (c6 & −1.2), when fth = 0.3, whereas the c6-only model provides, as expected,
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Figure 7. The p-values obtained after marginalization over the directions orthogonal to the (cg, c6)-

plane, for the process hh → (bb̄)(τ+τ−). On the top plots we show the results at 600 fb−1 of

integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical uncertainty included

and on the bottom we show the corresponding plots at 3000 fb−1. We also present the 1-sigma

contours as black dashed lines.

a narrower range: |c6| . 0.4 at 1σ at 3000 fb−1. As an alternative to the full model, our

c6 − ct − cb − cτ model aims to investigate a smaller set of coefficients, allowing, on the

other hand, cτ to vary as well. The 1σ range in that case is −1.8 . c6 . 2.3 at 3000 fb−1.

Evidently, by the end of the lifetime of the next LHC run (600 fb−1) and the future high-

luminosity run (3000 fb−1), the constraints on several of the Wilson coefficients, ci( 6= c6)

will be substantially improved. The observables used to extract these constraints are

complicated functions of these Wilson coefficients. Since it is beyond the scope of this

article to predict the shape of the distributions of p-values of the cf coefficients from these

observables, we will assume that these are Gaussian, peaking at the SM value, µf = 0.0

with standard deviation ∆cf . The values of ∆cf are calculated in such a way that the

effect of coefficients on observables, such as BR(h → γγ), BR(h → τ+τ−), BR(h → bb̄)

and σ(gg → h) is O(10%). We assume measurement of these quantities to be dominated

by systematics at a luminosity of 600 fb−1 and hence assume no improvement when going

to 3000 fb−1, at the end of the HL-LHC lifetime. The values of ∆cf are summarized in

table 2.
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Figure 8. The p-values obtained after marginalization over the directions orthogonal to the (cγ , c6)-

plane, for the process hh → (bb̄)(τ+τ−). On the top plots we show the results at 600 fb−1 of

integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical uncertainty included

and on the bottom we show the corresponding plots at 3000 fb−1. We also present the 1-sigma

contours as black dashed lines.

We can then perform the marginalization procedure in a similar manner as pre-

scribed above:

p(ci, c6) =

∑
{cf} p(c6, ci, {cf})× pGauss.({cf})∑

{cf} pGauss.({cf})
, (5.9)

where

pGauss.({cf}) =
∏
f

1

∆cf
√

2π
exp

{
−

(cf − µf )2

2∆c2
f

}
. (5.10)

After normalization according to eq. (5.8), this provides an estimate of what con-

straints would be achievable by combining future single Higgs boson data with the

hh→ (bb̄)(τ+τ−) channel.

Table 3 includes the estimates for the ‘future’ combination, labelled accordingly. We

obtain tighter constraints: |c6| . 0.6 for the full model and −0.6 . c6 . 0.5 for the

alternative model at 3000 fb−1, for 30% theoretical uncertainty. Evidently, as expected,

these approach the constraints given in the c6-only model.
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Figure 9. The p-values obtained after marginalization over the directions orthogonal to the (cb, c6)-

plane, for the process hh → (bb̄)(τ+τ−). On the top plots we show the results at 600 fb−1 of

integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical uncertainty included

and on the bottom we show the corresponding plots at 3000 fb−1. We also present the 1-sigma

contours as black dashed lines.

full full

Figure 10. The p-values obtained after marginalization over all coefficients except c6 in the full

model, for the process hh → (bb̄)(τ+τ−) at 600 fb−1 and 3000 fb−1 of integrated luminosity. On

the left we show the resulting curves without theoretical uncertainty (fth = 0.0) and on the right

we show results with theoretical uncertainty 30% (fth = 0.3).
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c6 − ct − cb − cτ c6 − ct − cb − cτ

Figure 11. The p-values obtained for c6 in the c6−ct−cb−cτ model after marginalization, for the

process hh → (bb̄)(τ+τ−) at 600 fb−1 and 3000 fb−1 of integrated luminosity. On the left we show

the resulting curves without theoretical uncertainty (fth = 0.0) and on the right we show results

with theoretical uncertainty 30% (fth = 0.3).

cf ∆cf

cg 0.05× 1
3

cH 0.05× 2

ct, cb, cτ 0.05

cγ 0.05× 47
18

Table 2. A summary of the Gaussian errors ∆cf assumed to generate the ‘future’ results at

600 fb−1/3000 fb−1 of luminosity of the LHC at 14 TeV. The values are chosen so as to cause O(10%)

effects on single Higgs boson observables. The numerical factors stem from the normalization with

respect to the corresponding SM effect. See, for example, [121].

Model L = 600 fb−1 L = 3000 fb−1

c6-only c6 ∈ (−0.5, 0.8) c6 ∈ (−0.4, 0.4)

Full c6 & −1.3 c6 & −1.2

c6 − ct − cτ − cb c6 & −2.0 c6 ∈ (−1.8, 2.3)

Full (future) c6 ∈ (−0.8, 0.9) c6 ∈ (−0.6, 0.6)

c6 − ct − cτ − cb (future) c6 ∈ (−0.8, 0.8) c6 ∈ (−0.6, 0.5)

Table 3. A summary of the constraints obtained on the coefficient c6 at 1σ, at integrated lumi-

nosities of 600 fb−1 and 3000 fb−1 at a 14 TeV LHC, assuming that the theoretical uncertainty on

the signal rates is 30%.

6 Conclusions

We have investigated the dimension-6 effective theory description of beyond-the-Standard

Model modifications to Higgs boson pair production. Using an implementation within the

HERWIG++ Monte Carlo event generator and a realistic analysis, including the description

of theoretical uncertainty on the signal rates, we have constructed the possible exclusion
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regions in a c6-only model, a general EFT with all coefficients allowed to vary, and a con-

strained EFT, marginalising over various parameters in the latter two cases. We find that

at the Large Hadron Collider at 14 TeV, meaningful constraints can be obtained on the

parameter space of the EFT, particularly on the c6 coefficient. These results appear in

table 3. We conclude that, approximately, the hitherto unconstrained c6 would be limited

to c6 & −1.2 at 1σ, in the ‘full’ model, given the current constraints on the other coeffi-

cients originating from single Higgs boson data, for 3000 fb−1, assuming 30% theoretical

uncertainty on the signal rate. In the ‘alternative’ c6 − ct − cb − cτ model, this was found

to be −1.8 . c6 . 2.3. We also provide an estimate of future single Higgs bounds on the

Wilson coefficients, by marginalizing over the irrelevant coefficients with a Gaussian prob-

ability centred around the SM value (ci = 0.0) with uncertainties that would give O(10%)

deviations in single Higgs boson observables. This gives tighter constraints for c6 in the

two models: −0.6 . c6 . 0.6 for the ‘full’ model and −0.6 . c6 . 0.5 for the alternative

model at 3000 fb−1, for 30% theoretical uncertainty.

It is clear that the expected bounds could be substantially enhanced, for example, by

examining other final states originating from hh, improving the experimental analyses by

examining differential distributions and future improvements of the theoretical description

of the signal process. Without doubt, our results demonstrate that the process of Higgs

boson pair production should be seriously considered as part of the wider programme of

constraining the higher-dimensional effective field theory parameter space.
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A SM D = 6 Lagrangian

In this section we give more details on the Lagrangian terms not explicitly shown in

eq. (2.1). The part of the SM Lagrangian relevant to our study is given by

LSM = −µ2|H|2 − λ|H|4 − ytQ̄LHctR − ybQ̄LHbR − yτ Q̄LHτR + h.c. , (A.1)
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where for simplicity we have only written the Higgs boson couplings to the 3rd generation.

The CP-odd effects are given by

LCP =
αsc̃g
4πΛ2

|H|2GaµνG̃µνa +
α′ c̃γ
4πΛ2

|H|2BµνB̃µν

+
ig c̃HW

Λ2
(DµH)†σk(D

νH)W̃ k
µν +

ig′ c̃HB
Λ2

(DµH)†(DνH)B̃µν .

(A.2)

In this work we have neglected CP-odd effects for simplicity — these are not expected to

contribute to the inclusive cross section at the order considered. Moreover, using current

Higgs boson data one can already set some constraints on a Higgs CP-odd component (see

e.g. [122–124] and references therein).

Finally, the four-fermion operators, employing the same basis as used in [86], read

L4f = ctLR(Q̄Lγ
µQL)(t̄RγµtR) + c

(8)t
LR (Q̄Lγ

µTAQL)(t̄RγµT
AtR) + ctRR(t̄Rγ

µtR)(t̄RγµtR)

+ cqLL(Q̄Lγ
µQL)(Q̄LγµQL) + c

(8)q
LL (Q̄Lγ

µTAQL)(Q̄LγµT
AQL)

+ cτLR(L̄Lγ
µLL)(τ̄RγµτR) + cτRR(τ̄Rγ

µτR)(τ̄RγµτR) + clLL(L̄Lγ
µLL)(L̄LγµLL)

+ cltLR(L̄Lγ
µLL)(t̄RγµtR) + clbLR(L̄Lγ

µLL)(b̄RγµbR)

+ cqlLL(Q̄Lγ
µQL)(L̄LγµLL) + c

(3)ql
LL (Q̄Lγ

µσaQL)(L̄Lγµσ
aLL)

+ cqτLR(Q̄Lγ
µQL)(τ̄RγµτR) + ctτRR(t̄Rγ

µtR)(τ̄RγµτR) + cbτRR(b̄Rγ
µbR)(τ̄RγµτR)

+ cbLR(Q̄Lγ
µQL)(b̄RγµbR) + c

(8)b
LR (Q̄Lγ

µTAQL)(b̄RγµT
AbR)

+ cbRR(b̄Rγ
µbR)(b̄RγµbR) + ctbRR(t̄Rγ

µtR)(b̄RγµbR) + c
(8)tb
RR (t̄Rγ

µTAtR)(b̄RγµT
AbR)

+ cytyτ ytyτ (Q̄iLtR)εij(L̄
j
LτR) + c′ytyτ ytyτ (Q̄iαL τR)εij(L̄

j
Lt
α
R)

+ cyτybyτy
†
b(L̄LτR)(b̄RQL) + cytyb ytyb(Q̄

i
LtR)εij(Q̄

j
LbR)

+ c(8)
ytyb

ytyb(Q̄
i
LT

AtR)εij(Q̄
j
LT

AbR) , (A.3)

where the last five operators are suppressed in scenarios of minimal flavour violation (MFV),

and we have restricted ourselves again to the third generation.

B Electroweak symmetry breaking with dimension-6 operators

Due to the additional terms originating from the dimension-6 operator ∼ |H|6, the position

of the electroweak minimum changes with respect to the Standard Model prediction. To

find the new minimum we consider the potential:

VSM+6 = µ2|H|2 + λ|H|4 +
c6

Λ2
λ|H|6 , (B.1)

which contains the additional interaction. Applying the minimisation condition

∂V/∂|H|2 = 0, we obtain

(|H|2)± = − Λ2

3c6
±

√
Λ4

9c2
6

− µ2Λ2

3c6λ

= +
Λ2

3c6

(
−1±

√
1− 3µ2c6

Λ2λ

)
. (B.2)
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Considering the SM vacuum, i.e. taking the + solution, we obtain:

v2

2
≡ (|H|)2

+ =
Λ2

3c6

(
−1 +

√
1− 3µ2c6

Λ2λ

)
, (B.3)

which we can solve for µ2:

µ2 = −λv2

(
1 +

3

4

c6v
2

Λ2

)
. (B.4)

Ignoring the Goldstone modes, we can expand the Higgs field |H| in terms of the physical

scalar Higgs boson about this minimum, H ∼ (0, (h+ v)/
√

2). We start by examining the

terms arising from the SM Lagrangian and the dimension-6 operators that contribute to

the kinetic term:

Lkin = (DµH)†(DµH) +
cH
2Λ2

(∂µ|H|2)2 , (B.5)

where Dµ is the covariant derivative that includes all the interactions of the Higgs field

with the gauge bosons. After expansion, we arrive at

Lkin =
1

2

(
1 +

cHv
2

Λ2

)
∂µh∂

µh

+
cHv

Λ2
h∂µh∂

µh

+
cH
2Λ2

h2∂µh∂
µh+ . . . , (B.6)

where we have ignored the gauge boson interactions. To canonically normalise the Higgs

boson kinetic term and to remove derivative interactions, we consider the following non-

linear transformation:

h =

(
1 +

a′0v
2

Λ2

)
h′ +

a′1v

Λ2
h′2 +

a′2
Λ2
h′3 . (B.7)

Plugging this into eq. (B.6), we find the values of the constants a′i that cancel all terms

except (1/2)∂µh∂
µh:

a′0 = −1

2
cH , a

′
1 = −1

2
cH , a

′
2 = −1

6
cH , (B.8)

giving

h =

(
1− cHv

2

2Λ2

)
h′ − cHv

2Λ2
h′2 − cH

6Λ2
h′3 . (B.9)

This shift should be performed everywhere in the Lagrangian, and introduces changes in

as well as new interactions.

We first perform the shift in the terms contributing to the Higgs boson scalar mass.

The relevant terms are:

Lmh = −µ
2

2
h2 − 3λv2

2
h2 − 15c6λv

4

8Λ2
h2 , (B.10)
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where the last term comes from the |H|6 interaction. We substitute for µ2 using eq. (B.4)

and perform the shift of eq. (B.9), keeping terms up to h2 and O(Λ−2):

Lmh = − 1

2

(
2λv2 +

3c6λv
4

Λ2

)(
1− cHv

2

2Λ2

)2

h′2

= − λv2

(
1 +

3c6v
2

2Λ2
− cHv

2

Λ2

)
h′2 , (B.11)

from which we can immediately deduce the Higgs mass:

m2
h = 2λv2

(
1− cHv

2

Λ2
+

3c6v
2

2Λ2

)
. (B.12)

The terms contributing to multi-Higgs production via gluon fusion at the LHC are:

Lhn =− µ2|H|2 − λ|H|4 −
(
ytQ̄LH

ctR + ybQ̄LHbR + h.c.
)

+
cH
2Λ2

(∂µ|H|2)2 − c6

Λ2
λ|H|6 +

αscg
4πΛ2

|H|2GaµνGµνa

−
(
ct
Λ2
yt|H|2Q̄LHctR +

cb
Λ2
yb|H|2Q̄LHbR + h.c.

)
,

(B.13)

where we have included in the first line the relevant Standard Model terms that will receive

corrections from dimension-6 operators.

We proceed by deriving the expressions for the triple coupling after expanding about

the minimum and canonically normalising via eq. (B.9). The relevant terms are the same

as those that appear in the potential of eq. (B.1):

Lself = −VSM+6 = −µ2|H|2 − λ|H|4 − c6

Λ2
λ|H|6 . (B.14)

Expanding this about the electroweak minimum, we get

Lself = − µ2 (v + h)2

2
− λ(v + h)4

4
− c6λ

Λ2

(v + h)6

8

= − µ2

2
(v2 + 2hv + h2)− λ

4
(v4 + 4hv3 + 6h2v2 + 4h3v + h4)

− c6λ

8Λ2
(v6 + 6v5h+ 15v4h2 + 20h3v3 + 15v2h4 + 6h5v + h6) . (B.15)

Omitting terms with hn, n > 4, and constant terms we arrive at

Lself = − µ2

2
(2hv + h2)− λ

4
(4hv3 + 6h2v2 + 4h3v + h4)

− c6λ

8Λ2
(6hv5 + 15h2v4 + 20h3v3 + 15h4v2) + . . . . (B.16)

It is convenient to also calculate the h2, h3 and h4 terms as a function of h′ up to h′4:

h2 = h′2
[
1− cHv

2

Λ2
− cHv

Λ2
h′ − cH

3Λ2
h′2
]

+O(h′5) ,

h3 = h′3
[
1− 3cHv

2

2Λ2
− 3cHv

2Λ2
h′
]

+O(h′5) ,

h4 = h′4
[
1− 2cHv

2

Λ2

]
+O(h′5) . (B.17)
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These terms are then substituted into eq. (B.16), after which we obtain the terms

up to O(h′4)

Lself = − λ

[
v +

5c6v
3

2Λ2
− 5cHv

3

2Λ2

]
h′3 − λ

4

[
1 +

15c6v
2

2Λ2
− 28cHv

2

3Λ2

]
h′4 + . . .

= −
m2
h

2v

[
1 +

c6v
2

Λ2
− 3cHv

2

2Λ2

]
h′3 −

m2
h

8v2

[
1 +

6c6v
2

Λ2
− 25cHv

2

3Λ2

]
h′4 + . . . . (B.18)

Finally, we focus on the fermion-Higgs boson interactions that receive contributions from

Lhf = −
yf√

2
f̄L(h+ v)fR −

cfyf
Λ2

(v + h)2

2
f̄L

(v + h)√
2

fR + h.c. , (B.19)

where f = t, b, . . ., with fL,R the left- and right-handed fields, and the first term comes

from the SM whereas the second term is a dimension-6 contribution. Substituting in the

shift of eq. (B.9), and keeping terms up to O(Λ−2), we obtain

Lhf = −
yfv√

2

(
1 +

ctv
2

2Λ2

)
f̄LfR

−
yf√

2

(
1− cHv

2

2Λ2
+

3cfv
2

2Λ2

)
f̄LfRh

′

−
yf√

2

(
3cfv

2Λ2
− cHv

2Λ2

)
f̄LfRh

′2 + h.c. +O(h′3) +O(Λ−4) . (B.20)

The first line gives the expression for the modified fermion mass,

mf =
yfv√

2

(
1 +

ctv
2

2Λ2

)
, (B.21)

and we can re-express eq. (B.20) in terms of this:

Lhf = − mf f̄LfR

−
mf

v

(
1− cHv

2

2Λ2
+
cfv

2

Λ2

)
f̄LfRh

′

−
mf

v

(
3cfv

2Λ2
− cHv

2Λ2

)
f̄LfRh

′2 + h.c. +O(h′3) +O(Λ−4) . (B.22)

The final term that we need to consider is

Lhg =
αscg
4πΛ2

|H|2GaµνGµνa

=
αscg
4πΛ2

(h+ v)2

2
GaµνG

µν
a

=
αscg
4πΛ2

(
hv +

h2

2

)
GaµνG

µν
a + . . . , (B.23)

where the omitted constant term can be absorbed into an unobservable re-definition of the

gluon wave function.

The interactions that contribute to Higgs boson pair production via gluon fusion appear

in eqs. (B.18), (B.22) and (B.23).
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