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Is the Higgs sector really as predicted by the SM?
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2
H
⌧ 4m2

t
(4)

V = c5⇤
⇤
5,↵⇤

↵

5 + c1⇤
⇤
1⇤1 (5)

L = HHH� (6)

V = �µ
2
�
†
�+ �(�†

�)2 (7)

=) V (h) =
1

2
m

2
h

|{z}
µ2

h
2 +

1

3!
�hhh|{z}
=

3m2
h

v

h
3 +

1

4!
�hhhh| {z }
=

3m2
h

v2

h
4 (8)

L = �(�†
�)(H†

H) (9)

L = yL
†
HN (10)

1

• Higgs decays to invisibles

Higgs boson measurements of invisible width can  limit light invisible states

• connection of hierarchy problem with other open issues of SM

e.g. dark matter?

matter-antimatter asymmetry of the universe

could there be a  
connection  
to the Higgs sector?

Why Higgs physics at Invisibles ’18?

[see e.g. also Arsenii’s talk on Monday,  
Anastasiia, Nicolas’ and Sarif’s talk 
yesterday]
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• Higgs decays to invisibles

• connection of hierarchy problem with other open issues of SM

e.g. dark matter?

matter-antimatter asymmetry of the universe

many models address 
both, e.g. SUSY

electroweak 
baryogenesis, 
modification of trilinear 
Higgs self coupling

Higgs boson measurements of invisible width can  limit light invisible states
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This does not mean though 
there can be no CP-violation in 
the Higgs sector!
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FIG. 5: Dependence of the 2D constraints for CP-odd Higgs boson interactions on the integrated luminosity of the available
dataset, without (left) and with (right) marginalisation over other CP-odd coe�cients. All proposed measurements are included.
Inner and outer shaded regions for each luminosity scenario represent the 68.3% and 95.5% CI, respectively.

� for h ! ZZ⇤
! 4` decays, should break the degen-

eracies in the CP-odd coupling space. As our results
are purely driven by asymmetries, it was not a priori
clear that the LHC would be able to obtain perturba-
tively meaningful constraints with interference-only fits
to dimension-6 Wilson coe�cients. We show that al-
though the current statistical uncertainties on the mea-
surements are too large to provide constraints that are
meaningful when compared to perturbative UV comple-
tions, LHC projections suggest that the Wilson coe�-
cients will be constrained to unity or better for new-
physics scales of 1 TeV.
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servables, whereas kinematic information such as trans-
verse momentum distributions are instead used to con-
strain CP-even operators.

We find that there is a small asymmetry in two CP-
sensitive measurements of the signed azimuthal angle be-
tween the hadronic jets in h + 2 jet events, with a com-
bined value of 0.3 ± 0.2. However, we also find that the
current data cannot distinguish between di↵erent sources
of CP violation, with three blind directions when one
considers the four CP-odd operators that cause anoma-
lous Higgs boson interactions with weak bosons or glu-
ons. We then demonstrate how the blind directions in
the CP-odd coupling space can be removed using ob-
servables that can already be measured with the existing
LHC datasets. Building on these insights, we provide
projections for the upcoming LHC Run-3 and HL-LHC,
where the available dataset will increase by factors of 10
and 100, respectively.

The paper is organised as follows. We motivate the lin-
earised dimension-6 e↵ective field theory in Sec. II. Sec-
tion III provides an overview of technical aspects of our
analysis. The constraints on EFT operators obtained by
fits to published model-independent data are presented
in Sec. IV. We propose new measurements to be made in
Sec. V and show their expected impact on constraining
the di↵erent sources of CP violation in the Higgs sector.
Finally, we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

New CP-violating e↵ects in the Higgs boson’s inter-
actions with gluons or weak bosons can be introduced
through a minimal set of CP-odd dimension-6 opera-
tors [24]:

O
HG̃

= H†HGaµ⌫G̃a

µ⌫
, (1a)

O
HW̃

= H†HW aµ⌫W̃ a

µ⌫
, (1b)

O
HB̃

= H†HBµ⌫B̃µ⌫ , (1c)

O
HW̃B

= H†⌧aHBµ⌫W̃
aµ⌫ , (1d)

where H is the Higgs doublet and G,W,B are the
SU(3) ⇥ SU(2) ⇥ U(1) field strength tensors. The ⌧a

are the SU(2) generators. Fields with a tilde are the
dual tensors, e.g. G̃a

µ⌫
= "abcGbc

µ⌫
/2.

These operators could originate from complex phases
in the interactions between the Higgs boson and heavy
fermions, whose masses are far above the electroweak
scale. Additional complex phases in the SM Yukawa sec-
tor would be another source of CP-violation, e.g. in the
tt̄h interaction [25–28]. Any kinematic e↵ect from this in-
teraction would be degenerate with O

HG̃
in gluon-fusion

production as long as the mt threshold is not resolved
kinematically, which does not happen for our choice of
measurements. An associated blind direction is therefore
implied in our constraints.

The operators of Eq. (1) are well-motivated candidate
interactions for our analysis. They are closed under RGE
flow [29–33], allowing well-defined constraints. Further,
the small number of operators can be probed with a few
di↵erential distributions.
For completeness, analogous CP-even deformations to

the SM are also introduced (OHG, OHW , OHB , OHWB).
The e↵ective Lagrangian is then defined as

L = LSM +
X

i

ci
⇤2

Oi (2)

where the sum runs over the CP-even and CP-odd op-
erators. This allows us to split the amplitude into an
SM part, MSM, and a genuine dimension-6 part, Md6.
Including all dimension-6 e↵ects yields

|M|
2 = |MSM|

2 + 2Re (M?

SMMd6) +O(⇤�4). (3)

The integration over interference terms (proportional to
1/⇤2) vanishes when only CP-odd EFT operators con-
tribute [34] at dimension-6 because the SM amplitude is
CP-even and the integrated e↵ect of interfering the SM
amplitude with a CP-odd amplitude is zero. This means
that there is no contribution from the interference term
to the inclusive rate, or to CP-even observables such as
transverse momenta and invariant masses, and the only
contribution is to appropriately constructed CP-odd ob-
servables. This is not the case for terms proportional to
1/⇤4, which contain the squared dimension-6 amplitude
and produce a CP-even e↵ect regardless of the nature
of the operator. This has historically served as a moti-
vation to constrain CP-odd operators with momentum-
dependent observables in a range of production modes
[26, 28, 35–43]. However, such an approach is model-
dependent since it neglects dimension-8 operators that
interfere with the SM and in general produce similar
O(1/⇤4) e↵ects.
In this paper we limit ourselves to interference-only

e↵ects so the constraints on CP-odd operators will be
entirely derived from CP-odd observables, which are dis-
cussed in the next section. This approach is naturally
less sensitive compared to including |Md6|

2 terms so it
provides a conservative outlook into the future: if pertur-
batively meaningful constraints can be obtained in the
linearised approach, these will only be strengthened if
|Md6|

2 terms are included.
The interference-only contribution from each operator

to each observable is constructed using Madgraph5 [44]
and the SMEFT implementation of Ref. [45]. Event sam-
ples are produced separately for gluon-fusion and weak-
boson-fusion production at fixed values of ci = 1 and
⇤ = 1 TeV. These parton-level events are passed to
Pythia8 [46] to model the Higgs-boson decay, parton
showering, hadronisation and multiple parton interac-
tions. Rivet [47] is then used to select events in each
decay channel and to construct each observable accord-
ing to the selection criteria published in the experimen-
tal papers. The cross-section contribution in each bin

[Bernlochner et al ’18]

spin 2/ purely CP-odd Higgs disfavoured

[ATLAS 1506.05669]

CP/Spin
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the “usual” 
SM decays

decays to 
invisible final 
states, e.g. DM 
current limits 

BR<0.24

visible but yet 
not searched 

for exotic final 
states

[CMS 1610.09218]
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no direct measurement possible at the LHC

sizeable destructive interference of h->ZZ with background

measurement of off- and on shell 
couplings allows to extract width

[Kauer Passarino ’12]

[Caola, Melnikov ’13]
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FIG. 1: Representative Feynman diagram topologies contributing to gg → ZZ → e+e−µ+µ−. Additional particles can run in
the Higgs production loops (a) (Sec. III A), (b) the Higgs vertices can be modified by higher dimensional operator contributions
(Sec. III B), or additional s-channel resonances can show up with mφ > mh (Sec. IV).

mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
straint on the Higgs width:

µon
ZZ ≡

σh × BR(h→ ZZ → 4ℓ)

[σh × BR(h→ ZZ → 4ℓ)]SM
∼
κ2
ggh κ

2
hZZ

Γh/ΓSM
h

, (2a)

µoff
ZZ ≡

dσh

[dσh]SM
∼ κ2

ggh(ŝ)κ
2
hZZ(ŝ) , (2b)

where
√
ŝ is the partonic level center of mass energy and

κX ≡ (gX + g̃X)/gX , where gX is the coupling in the
SM and g̃ parametrizes BSM effects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “Off-shell” typically means
mZZ

>∼ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg → ZZ production as a conse-
quence of the top threshold.
If we have Γh > ΓSM

h ≃ 4 MeV, yet still a SM value
for the pp → h → ZZ signal strength µon

ZZ , we need
to have κ2

ggh κ
2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the off-shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on σh as a constraint
on Γh as a consistency check : In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the off-shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in σh in the future, then this will not
be a manifestation of Γh > ΓSM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference effects that shape σh have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp → h → γγ). These interference effects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the different
Wilson coefficients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp → ZZ → 4ℓ, we can clas-

sify models according to their effect in the on-shell and
off-shell phase space regions. We can identify four re-
gions depending on the measured value of µoff

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

2. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on ≠ 1 ,

3. µoff
ZZ ≠ 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

4. µoff
ZZ ≠ 1 and [κ2

gghκ
2
hZZ ]

on ≠ 1 .

(3)

We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM effects by writing the
general amplitude

M(gg → ZZ) =

[

[ghZZgggh](ŝ, t̂) + [g̃hZZ g̃ggh](ŝ, t̂)

+
∑

i

[g̃ggXi
g̃XiZZ ](ŝ, t̂)

]

+
{

gggZZ(ŝ, t̂) + g̃ggZZ(ŝ, t̂)
}

, (4)

from which we may compute dσ(gg) ∼ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q → ZZ) = gq̄qZZ (ŝ, t̂)

+ g̃q̄qZZ(ŝ, t̂) +
∑

i

[̃gq̄qXi
g̃XiZZ ](ŝ, t̂) , (5)

the “usual” 
SM decays

decays to 
invisible final 
states, e.g. DM 
current limits 

BR<0.24

visible but yet 
not searched 

for exotic final 
states

[CMS 1610.09218]

Caveat for width determination: 
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1

07 20

On the decoupling of heavy particles in
Higgs pair production

September 6, 2018

Contents

1

(p+ q)2 �m2
⇡

1

p2 �m2

✓
1�

2p · q + q
2

p2 �m2
+ ...

◆
(1)

lim
ph!0

M(hn
gg) =

@
n
M(gg)

@hn

[n,m](x) =
a0 +

P
n

i=1 aix
i

1 +
P

m

i=1 bix
i

(2)

(1� z) (3)
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Higgs couplings

So far everything SM-like 

higher precision might 
still reveal a surprise

Missing:

• Higgs self-couplings

• couplings to 1st and 
2nd generation
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So far everything SM-like 

higher precision might 
still reveal a surprise

Missing:

• Higgs self-couplings

• couplings to 1st and 
2nd generation

2 E↵ective Lagrangian for a light Higgs doublet

The most general SU(3)C ⇥ SU(2)L ⇥ U(1)Y -invariant Lagrangian for a weak doublet H

at the level of dimension-6 operators was first classified in a systematic way in Refs. [10].

Subsequent analyses [11, 12] pointed out the presence of some redundant operators, and a

minimal and complete list of operators was finally provided in Ref. [13]. As recently discussed

in Ref. [4], a convenient basis of operators relevant for Higgs physics, assuming that the Higgs

is a CP-even weak doublet (this assumption will be relaxed in Appendix C) and the baryon

and lepton numbers are conserved, is the following:

L = LSM +
X

i

c̄iOi ⌘ LSM +�LSILH +�LF1 +�LF2 (2.1)

with

�LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ
�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
�

c̄6 �

v2
�
H†H

�3

+
⇣⇣ c̄u

v2
yu H

†H q̄LH
cuR +

c̄d
v2

yd H
†H q̄LHdR +

c̄l
v2

yl H
†H L̄LHlR

⌘
+ h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄B g0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HB g0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄� g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄g g2S
m2

W

H†HGa
µ⌫G

aµ⌫ ,

(2.2)
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(2.3)

3

2 E↵ective Lagrangian for a light Higgs doublet

The most general SU(3)C ⇥ SU(2)L ⇥ U(1)Y -invariant Lagrangian for a weak doublet H

at the level of dimension-6 operators was first classified in a systematic way in Refs. [10].

Subsequent analyses [11, 12] pointed out the presence of some redundant operators, and a

minimal and complete list of operators was finally provided in Ref. [13]. As recently discussed

in Ref. [4], a convenient basis of operators relevant for Higgs physics, assuming that the Higgs

is a CP-even weak doublet (this assumption will be relaxed in Appendix C) and the baryon

and lepton numbers are conserved, is the following:

L = LSM +
X

i

c̄iOi ⌘ LSM +�LSILH +�LF1 +�LF2 (2.1)

with

�LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ
�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
�

c̄6 �

v2
�
H†H

�3

+
⇣⇣ c̄u

v2
yu H

†H q̄LH
cuR +

c̄d
v2

yd H
†H q̄LHdR +

c̄l
v2

yl H
†H L̄LHlR

⌘
+ h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄B g0

2m2
W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HB g0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄� g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄g g2S
m2

W

H†HGa
µ⌫G

aµ⌫ ,

(2.2)

�LF1 =
ic̄Hq

v2
(q̄L�

µqL)
�
H† !D µH

�
+

ic̄0Hq

v2
�
q̄L�

µ�iqL
� �

H†�i !D µH
�

+
ic̄Hu

v2
(ūR�
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(2.4)

The SM Lagrangian LSM and our convention for the covariant derivatives and the gauge

field strengths are reported for completeness in Appendix A. In particular, � is the Higgs

quartic coupling and the weak scale at tree level is defined to be

v ⌘
1

(
p
2GF )1/2

= 246GeV . (2.5)

By iH† !DµH we denote the Hermitian derivative iH†(DµH)�i(DµH)†H, and �µ⌫
⌘ i[�µ, �⌫ ]/2.

The Yukawa couplings yu,d,l and the Wilson coe�cients c̄i in Eq. (2.3) are matrices in flavor

space, and a sum over flavors has been left understood. Note that the assumption of a

CP-even Higgs implies that the coe�cients c̄u, c̄d and c̄l are real. As specified in Eq. (2.1),

we will denote as Oi the dimension-6 operator whose coe�cient is proportional to c̄i.

Our higher-dimensional Lagrangian, which is supposed to capture the leading New Physics

e↵ects, counts 12 (�LSILH) + 8 (�LF1) + 8 (�LF2) = 28 operators. Five extra bosonic oper-

ators,

c̄3W g3

m2
W

✏ijkW i ⌫
µ W j ⇢

⌫ W k µ
⇢ ,

c̄3G g3S
m2

W

fabcGa ⌫
µ Gb ⇢

⌫ Gc µ
⇢ ,

c̄2W
m2

W

(DµWµ⌫)
i (D⇢W

⇢⌫)i ,
c̄2B
m2

W

(@µBµ⌫) (@⇢B
⇢⌫) ,

c̄2G
m2

W

(DµGµ⌫)
a (D⇢G

⇢⌫)a ,

(2.6)

which a↵ect the gauge-boson propagators and self-interactions but with no e↵ect on Higgs

physics, should also be added to complete the operator basis, as well as 22 four-Fermi baryon-

number-conserving operators. 2 A comparison with Ref. [13] shows that two of our operators

2Notice that the last three operators in Eq. (2.6) can be rewritten in favor of three additional independent

four-Fermi operators, as in the basis of Ref. [13]. The coe�cients c̄2W , c̄2B contribute respectively to the W

and Y parameters defined in Ref. [14].

4

• more generally: 
constrain dim-6 
effective Lagrangian

[operators from Contino, Ghezzi, Grojean, Mühlleitner, Spira ’14]
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                                                                                          The Higgs boson - what do we know?

 masscouplings

CP

spin

 width

CP-mixed state 
still possible

only under certain 
assumption, SM 

width not yet reached

the more precise 
the better

couplings still to be 
measured

lot of progress made 
after Higgs discovery

the more precise 
the better

09 20
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                                                                                          The future in Higgs physics

• Precision measurements of couplings:

Many models predictably only small deviations in couplings in 
absence of new light states

• Couplings yet unexplored

light Yukawa couplings, Higgs self-couplings, in 
general: exploration of dim-6 Higgs operators

• Searches for additional Higgs bosons

• Exotic Higgs decay channels

in extensions of the SM exotic decays are possible

the Higgs might not come alone…

10 20



Probing the trilinear Higgs self-
couplingHiggspotential:

V (H) = �µ2H†H + �(H†H)2
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Im SM Higgs-Selbstkopplungen durch Higgsmasse bestimmt.
Trilinear Higgs-Selbstkopplung kann in Higgspaarproduktion gemessen werden.
Quartische Higgs-Selbstkopplung kann weder am LHC noch am ILC/CLIC
gemessen werden. [CLIC Physics working group; Plehn, Rauch ’05; Djouadi, Kilian, Mühlleitner, Zerwas ’99; Binoth,

Karg, Kauer, Rückl ’06]

Motivation

Ramona Gröber – Higgspaarproduktion als Fenster zu Neuer Physik 18/05/2017 8/28

HIGGS-SELBSTKOPPLUNG

Measurement of trilinear 
Higgs self-coupling gives 
insight to the Higgs 
potential and hence 
electroweak symmetry 
breaking
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                                                                                          Higgs pair production
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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

– 14 –

[Baglio, Djouadi, RG, Mühlleitner, Quevillon, Spira ’12]
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Small cross section

Difficult to measure

Most promising final state 
is   

1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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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

– 14 –
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Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘
1

6

d
3
�
V0(h) + V

CW

0 (h)
�

dh3

�����
h=v

=
m

2
h

2v
+

�
3
HS

v
3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�

SM
3 in the (mS ,�HS) plane. For

illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.
As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is

correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�

SM
3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase

transition.
One can measure �3 through double higgs production. The cross-section for producing a pair

of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,

– 17 –
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2
H
⌧ 4m2

t
(4)

V = c5⇤
⇤
5,↵⇤

↵

5 + c1⇤
⇤
1⇤1 (5)

L = HHH� (6)

V = �µ
2
�
†
�+ �(�†

�)2 (7)

=) V (h) =
1

2
m

2
h

|{z}
µ2

h
2 +

1

3!
�hhh|{z}
=

3m2
h

v

h
3 +

1

4!
�hhhh| {z }
=

3m2
h

v2

h
4 (8)

1

EWSB

Is there a correlation between couplings hXX and hhXX? 

Gluon fusion loop can contain new colored particles

i.e. heavy new scalar (or spin 2 particle) decaying to hh

13 20



   Ramona Gröber —IPPP, Durham University                                                                                         /

                                                                                          Higgs pair production

Searches difficult, 
require high luminosities

Current bounds

[arXiv:1509.0467, arXiv: 1506.0028, 
arXiv: 1603.0689]

Prospects at HL_LHC 
for            final state

1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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Figure 2: hh ! hh scattering amplitudes: s+ t+u channels + 4-vertex (4vrtx) contributions.

where we paid attention to keep the kinematical factors which makes the amplitude to vanish
at threshold (

p
s = 2mh) and we multiplied by an extra 1/2 factor due to the presence of

identical particles in the initial and final state (see e.g. [48] for a collection of relevant formulae).
Following standard arguments [49, 50], perturbative unitarity bounds are obtained by requiring
|Re a0

hh!hh
| < 1/2.

The bound is displayed in Fig. 3 for the orthogonal cases in which either �hhh (upper plots)
or �hhhh (lower plots) is modified with respect to the SM case. Note that the situation is
qualitatively di↵erent for the two cases: being h

3 a relevant operator, the unitarity bound on
�hhh is maximized at low energy, while in the case of h4 the partial wave grows with energy
reaching an asymptotic value at

p
s ! 1.5 In particular, from the right-side plots in Fig. 3 we

read the following unitarity bounds
���hhh/�

SM
hhh

�� . 6.5 and
���hhhh/�

SM
hhhh

�� . 65 . (29)

Of course, one expects that new physics e↵ects should modify at the same time both �hhh and
�hhhh. However, since the h3 and h

4 operators dominate the partial wave in two well-separated
energy regimes they cannot cancel each other over the whole range of

p
s. Hence, since we

require perturbativity at any value of
p
s, the bounds in Eq. (29) hold also in more general

situations (as we have checked numerically by employing the full expression in Eq. (28)).
Let us inspect, for instance, the case where the modified SM potential arises from the

operator |H|
6 as in Eq. (3). In such a case we have

�hhh = �
SM
hhh

+ 6 c6v ' �
SM
hhh

(1 + 7.8 c6) , (30)

�hhhh = �
SM
hhhh

+ 36 c6 ' �
SM
hhhh

(1 + 47 c6) . (31)

The perturbativity bound coming from the h
3 (h4) vertex in Eq. (29) translates into |c6| .

0.71 (1.4).

2.3.2 Loop-corrected vertices

An alternative way to assess perturbativity is by requiring that the loop-corrected trilinear
scalar vertex is smaller (in absolute value) than �hhh. If that were not the case, we clearly
could not reliably use perturbation theory whenever �hhh entered some physical process. A
similar criterium was employed for trilinear scalar interactions in Ref. [48], by setting to zero
the external momenta of the 3-point function. Following the same argument, we obtain

��hhh(pi ! 0) =
1

32⇡2
�
3
hhh

1

m
2
h

. (32)

5Note that this behaviour is di↵erent from the case of e↵ective operators, whose scattering amplitudes grow
indefinitely with the energy.

10

h

h

h

h

h

h

h

h

h

h h

h

h

h

h

h

h

h

h

Figure 2: hh ! hh scattering amplitudes: s+ t+u channels + 4-vertex (4vrtx) contributions.

where we paid attention to keep the kinematical factors which makes the amplitude to vanish
at threshold (

p
s = 2mh) and we multiplied by an extra 1/2 factor due to the presence of

identical particles in the initial and final state (see e.g. [48] for a collection of relevant formulae).
Following standard arguments [49, 50], perturbative unitarity bounds are obtained by requiring
|Re a0

hh!hh
| < 1/2.

The bound is displayed in Fig. 3 for the orthogonal cases in which either �hhh (upper plots)
or �hhhh (lower plots) is modified with respect to the SM case. Note that the situation is
qualitatively di↵erent for the two cases: being h

3 a relevant operator, the unitarity bound on
�hhh is maximized at low energy, while in the case of h4 the partial wave grows with energy
reaching an asymptotic value at
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s ! 1.5 In particular, from the right-side plots in Fig. 3 we
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0.71 (1.4).

2.3.2 Loop-corrected vertices

An alternative way to assess perturbativity is by requiring that the loop-corrected trilinear
scalar vertex is smaller (in absolute value) than �hhh. If that were not the case, we clearly
could not reliably use perturbation theory whenever �hhh entered some physical process. A
similar criterium was employed for trilinear scalar interactions in Ref. [48], by setting to zero
the external momenta of the 3-point function. Following the same argument, we obtain
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In fact, the connecting motive between the diagrams in Fig. 5 turns out to be a tadpole
operator of the type O� = �f(H), where f(H) is a string of Higgs fields (or their charged
conjugates). The full list of scalar extensions that couple linearly to H can be found in Table 1
(see also Refs. [66–68]), where hyper-chargeless multiplets are understood to be real. For
simplicity, we will focus on one-particle extensions of the SM in order to point out their features
in a clear way.

� O�

(1, 1, 0) �HH
†

(1, 2, 12) �HH
†
H

†

(1, 3, 0) �HH
†

(1, 3, 1) �H†
H

†

(1, 4, 12) �HH
†
H

†

(1, 4, 32) �H†
H

†
H

†

Table 1: List of new scalars � inducing a tree-level modification of the triple-Higgs coupling
via the tadpole operator O�.

Another useful way to understand the origin of the trilinear Higgs self-coupling modification,
which does not rely on the EFT language is the following: the tadpole operator will unavoidably
generate a vev for �, and the neutral components h0

⇢ H and �
0
⇢ � will mix via the tadpole

operator itself. After projecting the two neutral components on the Higgs boson mass eigenstate,
namely h

0
! h cos ✓ and �

0
! h sin ✓, we have the following contribution to the triple-Higgs

vertex
��hhh = µ� sin ✓ cos2 ✓ or ��v sin ✓ cos

3
✓ , (37)

depending whether the tadpole operator is d = 3 (µ� coupling) or d = 4 (�� coupling). Since
there is a single suppression from the mixing angle, bounded at the level of ✓ . 0.3 from Higgs
coupling measurements, the tadpole interaction is expected to yield the largest contribution,
while other mixing operators in the scalar potential entail extra suppressions from sin ✓. We
can also naively estimate the contribution in the following way: assuming that µ�/v . 4⇡ and
�� . 4⇡ by perturbativity we get

��hhh

�
SM
hhh

. 4⇡ sin ✓ cos2 ✓
v
2

3m2
h

⇠ 4 . (38)

To make this estimate more precise, we will look in detail at two paradigmatic examples
among those in Table 1: one model which exhibits a tree-level custodial symmetry (singlet
case, Sect. 3.1) and one which does not (triplet case, Sect. 3.2).

A notable feature of tadpole interactions is that, being “odd” in �, they are potentially
bounded by vacuum stability considerations. Remarkably, we find that vacuum stability is never
a crucial discriminant for bounding the largest value of �hhh, because whenever the tadpole
coupling is large the instability can be tamed by large (within the perturbativity domain)
quartic couplings. For this reason we find it relevant to discuss in Sect. 3.3 a class of loop-
induced trilinear Higgs self-couplings that arise due to vector-like fermions, where one can
establish a direct connection between �hhh and the vacuum instability.
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In fact, the connecting motive between the diagrams in Fig. 5 turns out to be a tadpole
operator of the type O� = �f(H), where f(H) is a string of Higgs fields (or their charged
conjugates). The full list of scalar extensions that couple linearly to H can be found in Table 1
(see also Refs. [66–68]), where hyper-chargeless multiplets are understood to be real. For
simplicity, we will focus on one-particle extensions of the SM in order to point out their features
in a clear way.

� O�

(1, 1, 0) �HH
†

(1, 2, 12) �HH
†
H

†

(1, 3, 0) �HH
†

(1, 3, 1) �H†
H

†

(1, 4, 12) �HH
†
H

†

(1, 4, 32) �H†
H

†
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†

Table 1: List of new scalars � inducing a tree-level modification of the triple-Higgs coupling
via the tadpole operator O�.

Another useful way to understand the origin of the trilinear Higgs self-coupling modification,
which does not rely on the EFT language is the following: the tadpole operator will unavoidably
generate a vev for �, and the neutral components h0

⇢ H and �
0
⇢ � will mix via the tadpole

operator itself. After projecting the two neutral components on the Higgs boson mass eigenstate,
namely h

0
! h cos ✓ and �

0
! h sin ✓, we have the following contribution to the triple-Higgs

vertex
��hhh = µ� sin ✓ cos2 ✓ or ��v sin ✓ cos

3
✓ , (37)

depending whether the tadpole operator is d = 3 (µ� coupling) or d = 4 (�� coupling). Since
there is a single suppression from the mixing angle, bounded at the level of ✓ . 0.3 from Higgs
coupling measurements, the tadpole interaction is expected to yield the largest contribution,
while other mixing operators in the scalar potential entail extra suppressions from sin ✓. We
can also naively estimate the contribution in the following way: assuming that µ�/v . 4⇡ and
�� . 4⇡ by perturbativity we get

��hhh

�
SM
hhh

. 4⇡ sin ✓ cos2 ✓
v
2

3m2
h

⇠ 4 . (38)

To make this estimate more precise, we will look in detail at two paradigmatic examples
among those in Table 1: one model which exhibits a tree-level custodial symmetry (singlet
case, Sect. 3.1) and one which does not (triplet case, Sect. 3.2).

A notable feature of tadpole interactions is that, being “odd” in �, they are potentially
bounded by vacuum stability considerations. Remarkably, we find that vacuum stability is never
a crucial discriminant for bounding the largest value of �hhh, because whenever the tadpole
coupling is large the instability can be tamed by large (within the perturbativity domain)
quartic couplings. For this reason we find it relevant to discuss in Sect. 3.3 a class of loop-
induced trilinear Higgs self-couplings that arise due to vector-like fermions, where one can
establish a direct connection between �hhh and the vacuum instability.
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                                                                                          Singlet model

3.1 Tree-level custodially symmetric cases

Among the cases in Table 1, the singlet and the doublet do not violate custodial symmetry at
tree level and hence have the chance to yield the largest contribution to �hhh. We will discuss
in detail the singlet case, while we only comment on the case of the doublet towards the end of
the subsection. The scalar potential reads

V (H,�) = µ
2
1|H|

2 + �1|H|
4 +

1

2
µ
2
2�

2 + µ4|H|
2�+

1

2
�3|H|

2�2 +
1

3
µ3�

3 +
1

4
�2�

4
, (39)

where we have omitted a tadpole term for the singlet field, as it can be reabsorbed in the singlet
vev by a field redefinition.

In fact, the µ4 coupling unavoidably induces a vev for � and also leads to a mixing between
H and �. In Appendix A.1 we give the tadpole equations and we define the mixing angle ✓

between the singlet and doublet fields. Some of the parameters of the potential can be expressed
in terms of the physical masses and vevs and their mixing angle. We chose as input parameters

vH = 246.2 GeV , vS , m1 = 125 GeV , m2 , ✓ , �2 , �3 . (40)

Their relations to the other parameters of the potential can be found in Appendix A.1. Note
that the scenario in which the SM-like Higgs boson is heavier than the singlet-like scalar is
phenomenologically viable as well, but we will restrict ourselves to the case m1 ⌧ m2. The
reason being that we want to discuss deviations to the Higgs pair production process that
are mainly stemming from the trilinear Higgs self-coupling, while the contribution from the
exchange of the singlet-like Higgs boson in the triangle diagrams is suppressed. For discussion
on resonant Higgs pair production in the singlet model we refer to Refs. [53–60].

The trilinear Higgs self-coupling is given by

�hhh = 6�1vH cos3 ✓ � (3µ4 + 3�3vS) cos
2
✓ sin ✓ + 3�3vH cos ✓ sin2

✓ � sin3
✓(2µ3 + 6vS�2)

= �
SM
hhh

cos ✓


1 + sin2

✓

✓
�3v

2
H

m
2
1

� 1

◆
+ sin4

✓
v
2
H

3v2
S

✓
1�

m
2
2

m
2
1

◆

�
vH

3vS

sin3
✓

cos ✓

✓
2 sin2

✓ + 2 cos2 ✓
m

2
2

m
2
1

�
�3v

2
H

m
2
1

+
2v2

S
�2

m
2
1

◆�
, (41)

where in the last step we expressed �hhh in terms of the input parameters in Eq. (40).
In order to make contact with the discussion at the beginning of Sect. 3 on the importance of

tadpole operators for enhancing the trilinear Higgs self-coupling, let us compare the expression
in Eq. (41) with the one obtained in the Z2-symmetric limit with µ3,4 ! 0, which yields

�
Z2–symmetric
hhh

= �
SM
hhh

✓
cos3 ✓ � sin3

✓
vH

vS

◆
. (42)

It is thus evident that the shift in the trilinear Higgs self-coupling can be much larger for the
general singlet potential with tadpole terms. In the last step of Eq. (41) we see indeed that
potentially large contributions can arise from sizable values of �3.7

In the following we will discuss which values the trilinear Higgs self-coupling can take, by
accounting for several constraints.

7For comparison, in the Z2-symmetric case one finds that the maximal deviations on the trilinear Higgs
self-coupling are at the 10% level, in the case where the second Higgs boson cannot be directly detected at the
LHC [69, 70].
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In order to make contact with the discussion at the beginning of Sect. 3 on the importance of

tadpole operators for enhancing the trilinear Higgs self-coupling, let us compare the expression
in Eq. (41) with the one obtained in the Z2-symmetric limit with µ3,4 ! 0, which yields

�
Z2–symmetric
hhh

= �
SM
hhh

✓
cos3 ✓ � sin3

✓
vH

vS

◆
. (42)
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self-coupling are at the 10% level, in the case where the second Higgs boson cannot be directly detected at the
LHC [69, 70].

15

-20

-15

-10

-5

0

5

10

15

20

0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

�
h
h
h
/�

S
M

h
h
h

cos ✓

Excluded by

Higgs coupling

measurement

Excluded

by mW
measurement

Scan 1

[Lopez-Val, Robens ’14][ATLAS 1509.00672]

Color code: 
electroweak 
vacuum is 

stable, 
metastable, 

unstable

we keep the couplings significantly smaller. For that we use in Eq. (46) the replacement 4⇡ ! 1
and in the scan we restrict 0 < �2 < 1/6 and |�3| < 1.

Vacuum stability:
The requirement that the scalar potential is bounded from below imposes the following condi-
tions on the quartic scalar interactions

�1 > 0 , ^ �2 > 0 , ^ �3 > �2
p
�2�1 . (47)

The study of the minima of the scalar potential exhibits a rich structure, with new local minima
(e.g. in h = 0) that arise in some regions of the parameter space and which might eventually
destabilize the EW vacuum. A detailed analysis of the vacuum structure at tree level can be
found in Refs. [55, 74]. We check for vacuum stability by using Vevacious [75, 76], with a
model file generated with SARAH [77–81].

3.1.2 Results

In order to show the results we perform a scan over the parameter space. The universally
scanned parameters in both the cases are

m1 = 125 GeV, 800 GeV < m2 < 2000 GeV, (48)

vH = 246.2 GeV, |vS| < m2, 0.9 < cos ✓ < 1 .

We will perform two di↵erent scans. In the first one we use the maximally allowed values
according to the perturbativity argument

Scan 1: 0 < �2 <
8

3
⇡, |�3| < 16⇡, (49)

and reject all points that do not fulfil Eq. (45), Eq. (46) and Eq. (47). In the second scan we
restrict ourselves to a weakly-coupled scenario and scan the input parameters

Scan 2: 0 < �2 < 1/6, |�3| < 1, (50)

together with |µ4|/max(|µ1|, |µ2|) < 1 and |µ3/µ2| < 1.
In Fig. 6 the trilinear Higgs self coupling normalised to the SM coupling is shown. The

color code of the points indicate whether they correspond to a stable, metastable or unstable
vacuum configuration. By accounting for the bounds of the mW boson measurement we find
the following range for the allowed trilinear Higgs self-coupling:

Scan 1: �1.5 < �hhh/�
SM
hhh

< 8.7 , (51)

Scan 2: �0.3 < �hhh/�
SM
hhh

< 2.0 . (52)

In fact, the largest value of the trilinear Higgs self-coupling is crucially related to the pertur-
bativity domain. The bounds on the trilinear Higgs self-coupling obtained from scan 1 should
hence be treated with care, as they are very close to the non-perturbative regime and loop
corrections can be expected to be large. This can be easily understood looking at the formulae
in Eq. (41). By allowing for rather large values of e.g. �3 we can get much larger deviations.

17

Singlet model allows for deviations of
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⊗

−→

Connection vacuum stability

trilinear Higgs self-coupling

RH neutrinos, inverse see-saw

common mass scale MR=10 TeV

and 

3.3 Loop-induced trilinear Higgs self-coupling vs. vacuum stability

Loop modifications of the trilinear Higgs self-coupling are naturally expected to be smaller than
tree-level ones. Nevertheless, we consider here the case where the new particles circulating in
the loops are vector-like fermions, since we regain a clean correlation between the triple Higgs
coupling and vacuum instability. This can be easily understood by looking at the loop of
fermions contributing to the beta function of the Higgs self-coupling, which is basically the
same diagram responsible for the radiative generation of the trilinear Higgs self-coupling in the
broken phase after taking one Higgs to its vev (cf. Fig. 8).

N

�!

Figure 8: Schematic view of the connection between the beta-function of � and the loop-
induced trilinear Higgs self-coupling via new fermions.

There are basically two qualitatively di↵erent possibilities: i) non-SM-singlet fermions cou-
pling to the Higgs and a SM fermion and ii) SM-singlet fermions coupling to the Higgs and a
lepton doublet. The former cases are bounded by other Higgs coupling measurements, which
typically imply a very suppressed contribution to the trilinear Higgs self-coupling. The latter
is more interesting, and correspond to the case of a right handed neutrino, which is largely
unconstrained by other Higgs coupling measurements. A recent analysis was performed in
Refs. [97, 98] in the context of a simplified 3 + 1 Dirac neutrino model [97] and for the inverse
seesaw model [98], finding deviations of the trilinear Higgs self-coupling with respect to the SM
value up to 30%.

We want to show here the impact of vacuum stability in such a class of scenarios. Let us
consider, for definiteness, the case of the inverse seesaw (similar conclusions apply to other
neutrino mass models as well). We add to the SM field content three right-handed neutrinos
and three gauge singlets X with opposite lepton number, via the Lagrangian term

LISS = �Y⌫LH̃⌫R �MR⌫
cX �

1

2
µXX

cX + h.c. , (71)

where H̃ = i�2H
⇤ and we suppressed family indices. We refer to Ref. [98] for the relevant

notation and conventions. Taking, in particular, a diagonal Yukawa structure Y⌫ = |y⌫ | I3

and a common mass scale for the three heavy neutrinos, MR = 10 TeV, one can asses the
impact of the heavy neutrino states on the running of the Higgs self-coupling and hence on the
stability of the Higgs e↵ective potential Ve↵(h) ⇡ 1/4�e↵(h)h4, where �e↵(h) is approximated
with the MS running coupling �(µ = h). We use the two-loop beta functions for the SM
couplings (g1,2,3, yt,�) and take into account the corrections due to y⌫ at the one-loop level
(and consistently we neglect the matching contributions of y⌫ to �(Mt)). For simplicity, we also
integrate in the heavy neutrinos at the common threshold MR = 10 TeV, while a more careful
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treatment should take into account intermediate EFTs when integrating in single neutrino
thresholds (see e.g. Ref. [99]). Hence, in the case of a hierarchical heavy neutrino spectrum,
our estimate of the largest energy scale until which the model can be consistently extrapolated
should be conservatively rescaled starting from the heaviest threshold.

The results are displayed in Fig. 9 where we plot the value of �e↵ as a function of the
renormalization scale µ. The instability bound (red area) is computed by considering the
probability of decay against quantum tunnelling in the modified Higgs potential integrated
over the past light-cone (see e.g. [100, 101])

PEW '

✓
µ

H0

◆4

e
� 8⇡2

3|�e↵ (µ)| , (72)

where H0 ' 10�42 GeV is the present Hubble constant. In particular, requiring PEW ' 1
corresponds to

|�e↵(µ)| '
0.064

1 + 0.022 log10
�

µ

1 TeV

� , (73)

which sets the instability bound for �e↵ < 0.

Figure 9: Running of �e↵ in the presence of a common heavy neutrino threshold MR = 10
TeV. Labels denote the the value of y⌫ 2 [0.1, 1] with steps of 0.1 (blue curves), while y⌫ = 0
corresponds to the SM case (black curve). The instability bound is represented by the red-
shaded area.

By increasing the value of y⌫ between 0.1 and 1 (in steps of 0.1), the instability scale
dangerously approaches the heavy neutrino threshold (see Fig. 9), and in order to comply
with the existence of the EW vacuum the model must be UV completed before entering the
instability region. Using the approximate expression for �BSM

approx ⌘ �hhh/�
SM
hhh

� 1 in Eq. (4.5)
of [98] we obtain that y⌫ = 0.8 corresponds to �BSM

approx = 0.1 %. Hence, from Fig. 9 we read
that modifications of the trilinear Higgs self-coupling above the per mil level require an UV
completion within a few orders of magnitude from the scale where the heavy neutrinos are
integrated in.
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H
⌧ 4m2

t
(4)

|�hhh/�
SM

hhh
| < 0.1% (5)

1

[Di Luzio, RG, Spannowsky ’17]

19

different yv

20

3.3 Loop-induced trilinear Higgs self-coupling vs. vacuum stability

Loop modifications of the trilinear Higgs self-coupling are naturally expected to be smaller than
tree-level ones. Nevertheless, we consider here the case where the new particles circulating in
the loops are vector-like fermions, since we regain a clean correlation between the triple Higgs
coupling and vacuum instability. This can be easily understood by looking at the loop of
fermions contributing to the beta function of the Higgs self-coupling, which is basically the
same diagram responsible for the radiative generation of the trilinear Higgs self-coupling in the
broken phase after taking one Higgs to its vev (cf. Fig. 8).
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Figure 8: Schematic view of the connection between the beta-function of � and the loop-
induced trilinear Higgs self-coupling via new fermions.

There are basically two qualitatively di↵erent possibilities: i) non-SM-singlet fermions cou-
pling to the Higgs and a SM fermion and ii) SM-singlet fermions coupling to the Higgs and a
lepton doublet. The former cases are bounded by other Higgs coupling measurements, which
typically imply a very suppressed contribution to the trilinear Higgs self-coupling. The latter
is more interesting, and correspond to the case of a right handed neutrino, which is largely
unconstrained by other Higgs coupling measurements. A recent analysis was performed in
Refs. [97, 98] in the context of a simplified 3 + 1 Dirac neutrino model [97] and for the inverse
seesaw model [98], finding deviations of the trilinear Higgs self-coupling with respect to the SM
value up to 30%.

We want to show here the impact of vacuum stability in such a class of scenarios. Let us
consider, for definiteness, the case of the inverse seesaw (similar conclusions apply to other
neutrino mass models as well). We add to the SM field content three right-handed neutrinos
and three gauge singlets X with opposite lepton number, via the Lagrangian term

LISS = �Y⌫LH̃⌫R �MR⌫
cX �

1

2
µXX

cX + h.c. , (71)

where H̃ = i�2H
⇤ and we suppressed family indices. We refer to Ref. [98] for the relevant

notation and conventions. Taking, in particular, a diagonal Yukawa structure Y⌫ = |y⌫ | I3

and a common mass scale for the three heavy neutrinos, MR = 10 TeV, one can asses the
impact of the heavy neutrino states on the running of the Higgs self-coupling and hence on the
stability of the Higgs e↵ective potential Ve↵(h) ⇡ 1/4�e↵(h)h4, where �e↵(h) is approximated
with the MS running coupling �(µ = h). We use the two-loop beta functions for the SM
couplings (g1,2,3, yt,�) and take into account the corrections due to y⌫ at the one-loop level
(and consistently we neglect the matching contributions of y⌫ to �(Mt)). For simplicity, we also
integrate in the heavy neutrinos at the common threshold MR = 10 TeV, while a more careful
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                                                                                          Triplet model

3.2 Tree-level custodially violating cases

We shall discuss the cases corresponding to the last four rows in Table 1 altogether, since they
have in common the fact that the tadpole term �f(H) contributing to a potentially sizable
triple Higgs self-coupling generates a custodial-breaking vev for �, which is strongly bounded
by EW precision tests.

Let us exemplify the analysis for the case of a real EW triplet with zero hypercharge,
� ⇠ (1, 3, 0). The scalar potential reads (see e.g. [89])

V (H,�) = µ
2
1 |H|

2 +
1

2
µ
2
2 |�|

2 + �1 |H|
4 +

1

4
�2 |�|

4 +
1

2
�3 |H|

2
|�|2 + µ4H

†
�
↵
H�↵

, (53)

where, without loss of generality, we can take µ4 > 0 by reabsorbing the sign in the definition of
�. The minimization of the potential and the calculation of the scalar spectrum is deferred to
Appendix A.2. In particular, we can choose the following independent observables as parameter
inputs for the model

vH =
p
v2 � 4v2

T
, vT < 3.5 GeV , m1 = 125 GeV , m2 , mh± , ✓ , (54)

where v = 246.2 GeV. The trilinear Higgs self-coupling is given by

�hhh = 6�1vH cos3 ✓ + 3 (µ4 � �3vT ) cos
2
✓ sin ✓ + 3�3vH cos ✓ sin2

✓ � 6�2vT sin
3
✓ (55)

=
3m2

1

vH

cos ✓


1 +

✓
2m2

h±v
2
H

(v2
H
+ 4v2

T
)m2

1

� 1

◆
sin2

✓ +

✓
m

2
h±v

2
H

(v2
H
+ 4v2

T
)m2

1

� 1

◆
vH

vT

sin3
✓

cos ✓

�
,

where in the last step we expressed �hhh in terms of the parameters in Eq. (54).

3.2.1 Indirect bounds

As in the singlet case, we are going to consider in turn EW precision tests, Higgs coupling mea-
surements, perturbativity arguments and vacuum stability in order to constrain the trilinear
Higgs self-coupling in the triplet model.

EW precision tests:
The main bound comes from the tree-level modification of the ⇢ parameter. In the SM the cus-
todial symmetry of the Higgs potential ensures the tree-level relation ⇢ ⌘ m

2
W
/m

2
Z
cos2 ✓W = 1.

Extra sources of custodial symmetry breaking which cannot be accounted within the SM are
described by the ⇢0 ⌘ ⇢/⇢SM parameter. Provided that the new physics which yields ⇢0 6= 1
does not significantly a↵ect the SM radiative corrections,8 a global fit to EW observables yields
⇢
(fit)
0 = 1.00037± 0.00023 [92]. In the triplet model one has

⇢
tree
0 = 1 + 4

v
2
T

v2
H

, (56)

and using the 2�-level bound from ⇢
(fit)
0 we obtain vT < 3.5 GeV.

8This does not need to be the case in models with ⇢ 6= 1 at tree level, where four input parameters (instead
of three) are required for the EW renormalization [89–91]. An investigation of this issue is however beyond the
scope of this paper.
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