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ABSTRACT: We analyze the constraints obtainable from present data using the Standard
Model Effective Field Theory (SMEFT) on extensions of the Standard Model with ad-
ditional electroweak singlet or triplet scalar fields. We compare results obtained using
only contributions that are linear in dimension-6 operator coefficients with those obtained
including terms quadratic in these coefficients as well as contributions that are linear in
dimension-8 operator coefficients. We also implement theoretical constraints arising from
the stability of the electroweak vacuum and perturbative unitarity. Analyzing the models at
the dimension-8 level constrains scalar couplings that are not bounded at the dimension-6
level. The strongest experimental constraints on the singlet model are provided by Higgs
coupling measurements, whereas electroweak precision observables provide the strongest
constraints on the triplet model. In the singlet model the present di-Higgs constraints
already play a significant role. We find that the current constraints on model parameters
are already competitive with those anticipated from future di- and tri-Higgs measurements.
We compare our results with calculations in the full model, exhibiting the improvements
when higher-order SMEFT terms are included. We also identify regions in parameter space
where the SMEFT approximation appears to break down. We find that the combination
of current constraints with the theoretical bounds still admits regions where the SMEFT
approach is not valid, particularly for lower scalar boson masses.
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1 Introduction

The Standard Model Effective Field Theory (SMEFT) [1] is a convenient tool for assessing
the sensitivities of present and future experimental measurements to possible extensions of
the Standard Model (SM) containing additional massive degrees of freedom that decouple
at low energies. In principle, the SMEFT offers a systematic framework for approximating
progressively the low-energy effects of such decoupled physics. In practice, many SMEFT
analyses include only dimension-6 operators (see, e.g., [2, 3]), often working to linear order
and hence to O(1/A?) in the new physics scale A (see, e.g., [4-12]), though sometimes
also considering some terms of quadratic order that are of O(1/A%) in the new physics
scale (see, e.g., [13-16]). However, working consistently to O(1/A%) requires in general
also including effects that are linear in dimension-8 operators. An understanding of the
relevance of dimension-8 effects is crucial for establishing the validity of the SMEFT as a
model-independent framework to search for new physics at collider experiments. This has
been made possible in a general sense with the determination of complete, non-redundant
dimension-8 operator bases in recent years [17, 18].

A complete treatment of all dimension-8 operators, even to linear order, is beyond our
current reach, but there are several ways to explore the possible importance of dimension-
8 operators. Specific phenomenological studies have also been performed quantifying
dimension-8 effects in key processes and observables such as Higgs production and decay [19-
21], Electroweak precision observables (EWPOs) [22], neutral- and charged-current Drell
Yan processes [23-25], and diboson production [26, 27]. Alternatively, one may identify
processes to which there are no dimension-6 contributions, examples of which include
light-by-light scattering [28], gluon-gluon scattering to photon pairs [29] and Z~ [30], as well
as triple neutral-gauge-boson vertices [26, 31-42]. Another possibility is to look at specific
minimal extensions of the SM and assess the relative importances of linear dimension-6,
quadratic dimension-6 and linear dimension-8 effects in these models, which is the approach
taken in this paper.

We consider two minimal extensions of the SM that include massive scalar fields, either
an electroweak singlet S or a hypercharge-zero triplet =, and compare the sensitivities to
the masses and couplings of these fields estimated using consistent truncations of SMEFT
effects to O(1/A?) and O(1/A%). In the former case, we include only the linear contributions
of dimension-6 operators due to their interferences with SM amplitudes, and in the second
case we include both the quadratic contributions of dimension-6 operators to experimental
rates and the linear (interference) contributions of dimension-8 operators. Such a top-down
approach provides complementary information about the SMEFT, where by knowing the
full result, we can quantify whether the expansion faithfully approximates the heavy new
physics model. Several works have studied dimension-8 effects in simple extensions of the
SM [22, 43-47] including for the two models we study in our paper. Our work continues
in this vein, completing the associated tree-level matching at dimension-8 and providing
an in-depth exploration of the constraints on the parameter space and the validity of the
SMEFT approximation, making use of the fitmaker code [11] to combine information from
EWPOs, Higgs signal strengths, and di-Higgs production rates.



To set the scene for our analysis, in section 2 we review the dimension-4, -6 and -8
Higgs operators that are relevant to our analysis (see tables 1 and 2). We then analyze in
section 3 how the SM expressions for observables such as the Higgs vacuum expectation
value (vev), the Higgs mass, Z and W couplings, and the Yukawa and trilinear and quartic
self-couplings of the Higgs boson are modified in the presence of non-zero coefficients for
the dimension-6 and -8 Higgs operators. The relevant experimental constraints, theoretical
predictions and their statistical interpretation are discussed in section 4. Then, in section 5
we derive the tree-level matching conditions for the relevant dimension-6 and -8 operator
coefficients in the two scalar field extensions of the SM that we consider.

As quantitative applications of these derivations, in sections 6 and 7, we present a global
analysis of EWPOs, Higgs signal strengths and di-higgs rate measurements interpreted via
the dimension-8 SMEFT in the contexts of the singlet and triplet scalar extensions of the
SM. On one hand, these results allow us to quantify the impact of extending the analysis
to dimension-8, where we find that it brings sensitivity to new model parameters and leads
to a richer interplay between the data and model parameters. On the other, it also helps us
to uncover the regions in parameter space where the SMEFT expansion does not converge,
by comparison to calculations in the full model. For the singlet model, we also calculate
the possible magnitude of the quartic-Higgs coupling that could be generated, given the
prospective sensitivities of future measurements of double- and triple-Higgs production. As
an aside, we also quantify the impact of the recent W-mass measurement on the triplet
model parameter space, focusing on the dimension-8 effects and the EFT validity. Finally
in section 8, we summarise and conclude.

2 Setting the scene

Experiments have provided many precise verifications of predictions involving most of the
interactions in the SM Lagrangian. The SMEFT provides a systematic framework that is
suitable for formulating global analyses of extensions of the SM, such as the single scalar
field extensions that we discuss in this paper. In this section we highlight briefly the SM
data sectors that are particularly relevant for probing these SM extensions.

The scalar field extensions that we consider generate SMEFT operators that involve not
only the Higgs field but also other SM fields that could modify processes other than Higgs
production. The relevant dimension-4 and -6 SMEFT operators are displayed in table 1,
and those of dimension 8 are displayed in table 2. We denote the high mass scale of BSM
physics by A, and denote the dimensionless Wilson coefficients of the operators O; by C;.

2.1 Higgs coupling strengths

As we discuss in section 6, the most relevant couplings for the singlet scalar extension of the
SM are those of the Higgs boson. The most important impact of this model is via mixing
of the singlet scalar with the SM Higgs field through a universal mixing angle «, which
has the effect of suppressing the couplings of the Higgs boson to other SM particles by a
universal factor cos a:

heM - — cosa x hiM . (2.1)



Dim - 4 Opg

(HTH)?

HS and H*D?

On

(HTH)?

Oyp | (HTDFH)*(H'DMH)
Dim -6 1 0, (H'H)O(H'H)

7/’2H3
Ocn (H'H)(Iye, H)
Oun (HTH)(Gyu,H)
Ouan (H'H)(qyd, H)

Table 1. Dimension-4 and -6 Higgs operators relevant for our analysis (in the Warsaw basis).
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Table 2. Dimension-8 Higgs operators relevant for our analysis.




The ATLAS and CMS Collaborations have recently published legacy papers summarizing
their measurements of the couplings of the Higgs boson 10 years after its discovery [48, 49].
Analysing the constraints from these measurements in the SMEFT framework and inter-
preting the results in the singlet model, we find an upper limit

sina < 0.114. (2.2)

We use this bound in section 6 in our analyses of the singlet scalar extension of the SM
at the dimension-6 and -8 levels, comparing these results to check the convergence of the
SMEFT expansion and towards an analysis of the full model.

2.2 Electroweak precision observables

As we discuss in section 7, the most relevant SM sector for constraining the triplet scalar
extension of the SM is that of electroweak precision observables (EWPOs). These include
measurements of electroweak couplings at the Z peak as well as measurements of the W
mass. As is well known, the current status of W mass measurements is somewhat unsettled.
Measurements from LEP and the LHC are consistent with the SM prediction, but a recent
measurement from the CDF Collaboration [50] is in significant disagreement with the SM.
A global dimension-6 SMEFT analysis [51] identified several single-field extensions of the
SM that could potentially alleviate this discrepancy, including the triplet scalar field that
we analyze here in section 7. We also analyse this extension of the SM at the dimension-6
and -8 levels along with an analysis of the full model, considering two possibilities for the
W mass: the pre-CDF world average and the new CDF value [50].

2.3 Higgs self-interactions

In contrast to the two categories of observables summarized above, one category of SM
interactions that has not yet been constrained significantly is that of the self-interactions of
the Higgs boson [52]. These Higgs self-couplings, which include terms proportional to h”
in the Higgs potential as well as possible derivative interactions, could provide a deeper
understanding of the nature of the electroweak symmetry breaking (EWSB) mechanism.
They are relevant for the stability of the electroweak vacuum, and determine the shape
of the Higgs potential, which has implications for the nature of the electroweak phase
transition (EWPT) and baryogenesis [53], as well as the possible generation of a stochastic
background of gravitational waves (see, e.g., [54]). For all these reasons, probing the Higgs
self-couplings is one of the main objectives of current and future particle colliders.

Within the SM, the Higgs cubic and quartic self-couplings are completely determined
by the Higgs boson mass my ~ 125 GeV and its vev, v ~ 246 GeV:

2 2

m m
Vself,sM = ﬁh‘q’ + ﬁhél. (2.3)

However, physics beyond the Standard Model (BSM) may enter the Higgs sector and induce
deviations from the SM predictions for the cubic and quartic Higgs self-couplings, which
can be parametrized as:

2 2

my 3 my 4
=1 —(1 2.4
Vielf 2v( +c3)h +81)2( +dg)h*, (2.4)



where c3 and d4 are model-dependent parameters. As we discuss in more detail below,
the BSM physics would, in general, modify the SM expressions for my and v in terms
of underlying parameters in the Lagrangian, as well as the Higgs field normalisation.
These modifications are taken into account in specific models when calculating c3 and d4.
Significant deviations from the SM predictions would provide indirect evidence that there
exists BSM physics that couples to the EWSB sector [55].

One of the outputs of our analyses of the SMEFT framework including dimension-6
and dimension-8 Higgs operators is to study how specific models of high-scale BSM physics
involving singlet and triplet scalar fields can induce deviations from the SM predictions for
the Higgs cubic and quartic self-couplings, and compare them with present and prospective
experimental constraints on these couplings. Interestingly, we find that the present experi-
mental limit on di-Higgs production already plays a role in our analysis by excluding regions
of parameter space where a second minimum of the likelihood appears in the SMEFT
analysis using single-Higgs data alone.

3 SMEFT contributions to experimental measurements

In this section we detail the calculations needed to determine the impact of the singlet
and triplet scalar extensions of the SM on EWPOs, Higgs signal strengths and di-Higgs
production. We do this in the SMEFT formalism up to operator dimension-8, calculating
the relevant shifts in couplings that lead to modifications of the observables of interest. We
do not present a complete calculation considering the effects of all possible dimension-8
operators, but rather focus on the following operators, which are those generated by the
scalar field models studied in this work:

Dimension-6 : Oun, Oup, Oim, O ; (3.1)
Dimension-8 : 012, 0%, 0, ;5,0 s . (3.2)

As shown later in tables 3 and 4, all other operators involving light quarks that could
potentially affect the aforementioned observables are suppressed by at least one power of a
non-top quark Yukawa coupling. We neglect such Yukawa couplings, keeping only that of
the top quark, so only modifications to its coupling to the Higgs boson are relevant for our
purposes. The remaining operators of relevance only involve the Higgs field and the EW
gauge bosons via its covariant derivative.

3.1 Input scheme

We extract the values of the SM input parameters in the {«, m,, Gp} scheme, including
effects from the operators of interest. These are the hypercharge and weak gauge couplings,
the Higgs vev and the Higgs quartic coupling, denoted by {g', g%, v2, A}, respectively. As
reviewed in appendix B, this corresponds to obtaining expressions for the input observables,
{apy,m%,Gr,m?%} (where Gp is extracted from the measurement of the muon decay
lifetime), in terms of the input parameters and the Wilson coefficients and inverting the
system to second order in A72.



The Higgs potential receives corrections from the sextic and octic self-interaction terms:

1

Vsmprr = —p*(H H) + A(HTH)? — ZCH(H H)* = 5Cys(HTH) . (33)

A

Extremising with respect to (HTH) results in the minimisation condition

4 6
vy 3C v2 Cos
uQ—Av§+r€TH+ﬁ g =0, (3.4)

which implies a correction to the vev with respect to the SM:

2 4 2 4 2
<HTH> — 1 <1 U 3CH + UW) +O(A—6) = Ur (3'5)

2 A2 4\ Al 82 2

where v? u?/ X is the expression for the Higgs vev in the SM and vy ~ 246 GeV is the
physmal Value extracted from data, including the BSM effects. We then expand the Higgs

1 0
o= <h+UT> . (3.6)

The relevant effects for our purposes are the shifts in the W, Z and Higgs boson mass terms.

field around its vev as follows:

The latter two are direct input observables and the former affects the expression for the
muon decay amplitude, which is used to define the Fermi constant, another input quantity.
None of the operators of interest affect the diagonalisation of the EW gauge boson kinetic
terms, which is affected by other operators such as Oy p = (HITTH )WJVB’“’ at dimension-
6, and ONPH* = (HYH)(H't'H)WL,B* and O%'*" = (H'r'H)(H'w/ H)WL, W/ at
dimension-8. This simplifies the exercise at hand, since the compositions of the photon
and Z-boson mass eigenstates in terms of the hypercharge and neutral SU(2) fields are the
same as in the SM, there is no induced shift of the fine structure constant, and the Z-boson
mass term is much simpler. We point interested readers to ref. [56] for a treatment of these

effects in a compact, geometric formalism.

Following EW symmetry breaking, the Z and W masses are given by

(1) (2)
s (P + g7 Cup Cus . Cus
Mz = 4 {H_A?( 2 >+A4( 4 1 )] (3.7)
2.2 4 C(l) C(2>
- E (D) Bt oo

where the shifts in the latter, arising purely at dimension-8, feed into the muon decay
amplitude that defines the Fermi constant:

1 vk (O O
GF—M[“M ) (3.9




The dynamical Higgs field receives corrections to its kinetic term, and requires canonical
normalisation by a field redefinition:

1

U2 CHD C(l) 0(2) -3
h—>h[1—2AT2(C’HD— 4>+A4 y - :

(3.10)
~ h (1 + Ah) =h ( A2 A(G) + A4A(8)>
c o c
A;f) = CHD - CZD ) A;?) = % (3(A§LG)) 4 - f) ’ (311)

after which we can read off the Higgs mass, having additionally made use of eq. (3.4) to
eliminate u:

m? =2 02

3C\ |, v 2 3Cu v Cpe Cho 3Cys
Yr o) _o%m ) Ur ©on2_2YH o) Yus  Yus 9l
1+A2< 280N >+A4 (4(Ah e A T T )|

(3.12)

We can now make use of egs. (3.7), (3.9), (3.12) and the fact that the fine structure constant
receives no corrections in our models to identify the various A®Q,, shifts as in egs. (B.8)-
(B.11) and extract the derived SM parameters, g; = {g’?, g%, v2, \}. We follow the notation
of [57], defining as follows the relative shifts in the parameters:

o4
gi = Gi (1 + 5(6)92 2 + 6@y A4) , (3.13)

where the hat notation denotes the corresponding SM function of the input parameters, as

in eq. (B.13). Since we are computing to dimension-8, we have to account for the explicit
2

dependence of the A, on the derived parameters, including the % factors that appear

throughout. The shifts in the derived parameters are found to be:

5§92 =0; §®p2 = Cfg - C}Eé ; (3.14)

§ON\ = 320; 200 + C;D : SE®N = 3(;;8 + ng ; (3.15)
0©g'? = :2’;02” §®g'? = Q‘i (S%(Cig ) ng + Cﬁfé) ;o (3.16)
5O g2 — _Cci C;D : 5O g% = 2221;0 (ci(cgggw— 52) C§D _ Ci{zé) . (317

These can be used to calculate the shift in the m2, prediction, which includes both the
direct contribution from eq. (3.8) and the indirect ones from the derived parameters:

5262 2 4
g“o 0 0
m?, = I <1+5(6>m‘2,VA2 +0®m2, A4> :
§Om2, = 5O g% + §Oy2 = §© g2 (3.18)
§®m2, = §0g 25(6)U2 + 5(8)9 + 5(8)0 + A®M2 =50y 2



where in the second equalities we have used the fact that §®v2 = 0 and §®v2 = —A®m2,
in our case (cf. egs. (3.8) and (3.14)).

3.2 Z and W boson couplings

Since we can neglect direct contributions from two-fermion operators that are not relevant
for the extended scalar models considered here, only the indirect effects arising from the
derived parameters affect the weak boson couplings to fermions. The generic Z coupling to
a pair of fermions 1 of chirality y is

Gy =9z (Ts%w - Qw53> o T, =T T, = 0] (3.19)

where Tgfw and @y denote the third component of hypercharge and electric charge, respec-
tively, and in the SM, gz — §z = \/§’ + §% and s2 — s2. We note that, beyond dimension
6, s2 does not correspond to the corrected sine of the Weinberg angle, s2 [22, 56]. However,
this is not relevant for our models, which do not induce direct corrections to the weak
mixing angle, in the sense that the Z,~ eigenvalues are the same as for the SM mass matrix.
Nevertheless, the input parameter shifts translate into corrections to the weak mixing angle,
which, in turn, affect the chiral couplings of the Z boson:

2 g9 5 0° 5 0
_ ©®)g (8)
=g t? ”A2+5 Fwpd
A2 A1 2 2 2
5(6)Si _ (A29+9A,2)2 (5«3)92 _ 5(6)9/2) _ SuC CgD :
g g Cap
(8) 2 f]?glz 8) .2 (8) /2 652 2¢(6) 2 12 5(6) 12 (3'20)
(588 PG EENTIG) 68 —68 —% A56 +A 66
- (92+g,2)2( g g ) R (g g +370%g )
_sael c® 4 sacs Chp
B 2¢5 A Copy 2 '
The corrections to the overall Z coupling prefactor, g, read:
_ g 1+ 5© + 5® @4
gZ - Co g A2 gZA4 )
1 1 C
(6) — A2 (6) 12\ _ HD
Y 92—5W (95 9> +3'% ) BV (3.21)
1 1 1 (3C%
(8) — ~25(8) 2 A25(8) 412 6 2\ _ HD (2)
5892—2<92+g( 09" +4%5g%) - (0%9) ) —4< ; CH6>
The effective interaction term can be expressed as:
Ly =297 (G ~GE 106 2,
(3.22)

w
T
Gﬁ””—f(GZWFGZl”) ( —Qus? >; G2 = (sz GZv) = 9z 23 _
Gz 9z



Defining the shifts as the difference between the SMEFT coupling and its SM version, the
vector and axial-vector Z-boson couplings are corrected as follows:
zZ Z,SM (6 @2 (8 @4
59$,A =Gy, -Gy = 8 >9$Aﬁ + >9$AF )
30 gy =699, GTM — Qu8®s% (3.23)
5(8)9"05 — 5(8)92 G‘Z/-,SM -Q, (5(8) 2 + 5(6)9 5O g 2)
6(6,8)gﬁ — 6(6,8)gz Gi,sl\/[ .

On our scenario, the W boson only receives corrections to its couplings stemming from
the overall factor of the weak coupling, g. It therefore maintains its left-handed coupling
structure, proportional to the CKM and PMNS matrices for the quarks and leptons,
respectively, i.e.:

Ly, gy = %JM“(G% Y- GRE ) Wi

(3.24)
\%
G?/Vi’w = ‘:xvj[ v 25 , V= Vega or Vpyys:
The coupling corrections are therefore given by:
w_ V(g W
595‘%#) =5 ( A1> %5(6)9“;%1#1\ +9® \‘ﬁ%wﬁ§
(3.25)

SO = 00 80 = 1 (5997 - L69R)

The above coupling shifts, along with the W mass prediction, are sufficient to compute the
impact of our scalar extensions of the SM on the EWPOs. We note, in particular, that they
only depend on the custodial symmetry-violating operators, Oy p and (’)gg, which are only
generated in the triplet scalar model, as we show later. This reflects the fact that, as is
well known, this model receives strong constraints from EWPOs, whereas the singlet model
does not. The latter model is most strongly bounded by its modifications of Higgs boson
couplings, which we discuss in the next subsection.

3.3 Higgs boson couplings

3.3.1 Yukawa couplings

The SM Yukawa interactions generally receive corrections from higher-dimensional operators
of the form:

(n)
An 4

T Hgte)" T (HFL fr) +he. (3.26)

with n =6,8,.... The top quark Yukawa coupling is the only relevant interaction for our
purposes, and is modified by O, and O, ;5. After EWSB, the top quark mass term is

v —
Lo, = <_ y\t/g - Amt) trtp +hec., (3.27)



and the shift, Am,, can be absorbed by a redefinition of the Yukawa coupling, which then
defines the mass parameter,

V2 A
Y=y — ——Amy; my = e (3.28)

Uy V2

The coupling to the Higgs boson generically receives different direct shifts, Ay, and can be
written in terms of the input parameter, mg,

Lyp = (—5% + Ayt> htrtg + h.c.,
m, + Am (3:29)
= (—tt + Ayt) hELtR + h.c..
(%0
To dimension-8, the shifts are:
Amt o CtH ﬁ Cq'u,Hs fU;l—‘ 3OtH U% 5CquH5 U;{ (3 30)

2 U Ay = 2 lr Yr
vr | 2v2A2 " 42 A =92 A T 48 A

Including also the Higgs field redefinition and the extraction of vy (cf, egs. (3.10) and (3.14))
gives the following top Yukawa shifts in terms of the input parameters:

4

Ehtt — T T (1 + 5(6> A + 5(8)ytA4

) htrtg +h.c. : (3.31)

f[} 6 1 5 92 CHD 'O
5(6)% = —Cin + AZ) - 75(6)/UT = Cyo —

\/Emt 2 4 oo \/§mt ’
i f + AP — 75(8>v:2p o) (A +5%3)
2m,

+ 5(6) (A(6) 4 35(6) 2)

B c@) 3 Crp Crp 20
__CquH5 \/th 4 Q(CHD 4 ) Cun — 4 3m, |

3.3.2 (Gauge couplings

§®y, = —

vam, (3.32)

The SM-like gauge couplings of the Higgs come from the mass generation mechanism, i.e. its
kinetic term. The AV'V couplings are therefore correlated with the particle masses, and in the
SM the two are proportional. The relevant operators have exactly two covariant derivatives
and a certain number of Higgs fields: D2H (42 where d is the operator canonical dimension.
In the SM, we have H? oc (v + h)?, hence a factor of two between the mass term and the
Higgs couplings. At dimensions 6 & 8, however, these factors are 4 and 6, respectively.
This means that, as with the top quark above, the effect cannot be fully absorbed into the
definition of the gauge boson masses. Furthermore, it leads to an increasing relative impact
of the effective operators on the hV'V coupling with respect to the SM as the operator
dimension increases.

As mentioned above, the operators in question do not affect the diagonalisation of
the neutral gauge sector, so the hZZ coupling is proportional to the Z mass eigenvalue of

~10 -



eq. (3.7), with an overall correction factor that accounts for the field redefinition for the
Higgs boson:

2 /2
_l’_
Ligy = (949)”7” (1+ Ahg) h(1+ AR)ZHZ,
y (3.33)

Ahy = Cyp oL vg (c“) +Ce )

Azt A4

Using eqs. (3.7), (3.10) and (3.14) yields the coupling shifts in terms of the input parameters:

2 4
Lnzz =~ "L (1 +o60p, 0 A2 " sop, 2 i3 ) hZ'Z,, (3.34)
1
(5<6)hz = 4C;D + A;?) - 55(6>'U CHD + CZD
. e 0 . (3.35)
Ohy =5 (cgg + 28 4303, = 15Chp — 5CusCinn | -

The analogous expression for the AW W coupling in terms of the inputs, accounting for the
fact that my, is not an input parameter, is:

2

Loww =2 2” L1+ Ahw) (1+Ap) BWEW,,
(3.36)
e e

In terms of the input parameters, we have:

A2 2 @4 B
Lhww = — (1 +6¢ hwﬁ +6® hwﬂ hW_’ﬁWu )
SOp  — §6) 2 A(G) 16(6) 2 _ CHD
w — mW+ h*a ’UT—CHD* 1+Z 4 s

(3.37)

1 3 2
20

2 2
Cy 4 Chp

2w

3.3.3 Di-Higgs production

The gluon-fusion Di-Higgs production rate can be obtained from the dimension-8 Lagrangian
using existing results that employ a general EFT formalism. Inclusive and differential
production rates have been computed as a function of the following anomalous coupling La-
grangian [58, 59], which contains all relevant, derivative-free interactions that can contribute
to the gg — hh amplitude up to one loop:

- h h? m% 3 g2 h h?
Lgg—shh = —mytt <1 + ct5 + C2t@2> 5% h® + 47:2 095 + 029672 GZVGa“”. (3.38)
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In keeping with the rest of our assumptions, the only fermion-Higgs couplings we consider
are those of the top quark. Besides these, dipole operators ~ t TAUWt G"Y can contribute
to di-Higgs production starting from dimension-6, and their contributions to gg — hh at
leading order are known. However, along with the gluon contact interactions, these are not
generated in our models so we can safely neglect them, as well as ¢, and ca4. A generic EFT
predicts in addition trilinear derivative interactions of the Higgs field ~ h(0h)? that can
affect the process of interest, but are not present in eq. (3.38). However, it turns out that
they can be removed by a suitable non-linear Higgs field redefinition, h — h + ah?, such
that their effect is moved into a redefinition of the above couplings, as well as higher-point
Higgs interactions that are not relevant for gg — hh.! The appropriate field redefinition up
to dimension-8 is

h2 CHD (1) ) CHD 2 U4
(CHD— 4)A2—4<Cl+02 12(CHD—4) A—Q (3.39)

h— h+—
Defining the usual decomposition in terms of dimension-6 and -8 components

02 o4
Cy = 14+ (5<6>CQ;P + 5(8)@3@ y (340)
we find that:
C 202
59y =3 (= 22 ) = 22Cu,
4 m?
(3.41)

307 492 3 Cun Cup\ _40°
5(8>C3:_2_f_n%CHS—’—Q(CHD_Zl) <CHD 4 )_WI%CH ’

where §¢; and §®®¢; can be identified with the top Yukawa coupling shifts 6y, and §®y,
from eq. (3.29), and

02 02
Cot = Cy) +5 A2 + C(z?pa
3 C H CHD ~ \/imt
C(Q?f) = _5 g;t C’HEI - 4 ) Yt = o ) (342)
5C .5 C C C 2
®) _ T TquH? g tH _ XHD €] 2) _ “HD
= 2 O 4 Ut <CHD 4 ) <C C )+4 (CHD 4 > ’

where we haved used the fact that §®v2 = 0 in our case. The dimension-6 parts are
consistent with previous results in the literature [58, 59].

Beyond dimension-6, the possibility of contact terms involving higher derivatives of
Higgs fields also arises. For example, among the tthh interactions there are terms like t£(0h)?
starting from dimension-8, and similarly for the gghh contact interaction. Such effects would
induce genuinely new contributions to gg — hh, beyond the effective Lagrangian of eq. (3.38)
that, to our knowledge, have not been calculated explicitly. This is particularly relevant
in our case, since our scalar models generate (9( Jysp2 = (DMH YI(DMH) (Qtlﬁ] ) + h.c. and

!We note that this field redefinition does not respect the spontaneously broken SU(2) symmetry of the
SM. Nevertheless, it leads to an action that is equivalent for the leading-order predictions of interest to us.
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O;i>H3 2= (D'H Yo DFH) (Qtaaﬁ ) + h.c., which predict such an interaction with top
quarks proportional to |y¢|. We note that their contribution should be straightforwardly
calculable, since the effective vertex that they introduce has an identical spinor structure to
the SM Yukawa, apart from an additional dependence on the momenta of the external Higgs
bosons. Adding such an effective interaction term to the top quark part of our effective

Lagrangian,
. h h? Oh)?
Lnnit = —mytt (1 + Ct5 + CQt@ + Czt,a(ﬁ4)> , (3.43)

one can check that the ratio of the tthh Feynman rules induced by cot,p and coy is

Poro  CooP3 - P4

3.44
[y e 02 (3:44)

where we label the momenta of the two external Higgs bosons by ps and ps. The form
factors entering the gg — hh amplitudes should therefore be unchanged, and one should be
able to obtain the cy; 9 contribution from that of cy, simply rescaling by the above factor,
where p3 - py = 5 — m?,. An explicit calculation of such a contribution is beyond the scope
of our current investigation, and we leave it for further work.

This neglect is justified in our study of the singlet and triplet scalar models for the
following reason. In both cases, the relevant Wilson coefficient C(;?HSDQ is proportional to
the trilinear coupling of the heavy scalar with a pair of Higgs bosons, kg or k=, for the
singlet and triplet, respectively. These are significantly constrained already at dimension-6
by Higgs signal strength measurements and EWPOs, respectively. Indeed, we find that the
impact of di-Higgs cross section measurements is limited to providing additional sensitivity
to other parameters of the scalar potential for the singlet, and is completely negligible in
the triplet case. Assuming that the inclusive di-Higgs rate is dominated by the threshold
region, where s ~ 4m? — p3 - py =~ m?, we can roughly estimate the contribution of 21,0
by shifting co; — cat — car,9(m?%/9?). In parameter regions of the singlet model where an
interplay between single and di-Higgs data is observed, we found that this approximation
amounts to a 1-2% effect on the di-Higgs production rate. We therefore do not expect such
contributions to have significant impact on the results of the present study, although they
merit future investigation, since they should yield much larger effects in the high-energy
tails of gg — hh.

3.4 Quartic Higgs self-coupling

Further field redefinitions involving higher powers of h: h — h + bh® 4 ch*... can be
performed to remove successively higher-point, 2-derivative Higgs self-interactions in favour
of even higher-point, derivative-free contact interactions, without affecting the lower-point
self-interactions. For example, in order to remove the 2-derivative, 4-point self-couplings
~ h%(Oh)?, one can set

11 Cup\ v2  [CUL+C% < CHD>2 vd
b= [3 <0HD . > = | (7 I ) R RE)

~13 -



In this basis, the corrections to the quartic Higgs self-coupling, d4, defined as:

m2 2 o
T (1 +dy’ 5 + A 1 4> ht, (3.46)
are
50 C 129
(6) _ HD

dy’ = 3 <CHD - 4> e C, (3.47)

) = —5C") Ul 2% vs (C CHD) (11 (C CHD) % )

- — - - 8 - - - .
4 b 2 12;1 H HO 4 HO 4 12,_1 H

(3.48)

However, at dimension-8 and beyond there are four-derivative self-interactions ~ (9h)* that
cannot be removed in this way. These would be relevant for triple-Higgs production at
colliders and are generated by operators like C’SZ and C’Si. Such operators also contribute
to longitudinal vector boson scattering and their coefficients are bounded by recent LHC
measurements at the level of 2-4TeV~—* [60]. Finally, they are also subject to positivity
bounds [61] arising from basic properties of the S-matrix, if one assumes a UV completion
that can be described by a QFT.

4 Experimental constraints

4.1 Input data

The coupling shifts induced by the set of operators considered can be constrained by
the measurements of EWPOs, Higgs boson signal strengths and multi-Higgs production
processes. We take these constraints into account via global fits to the underlying model
parameters using the fitmaker framework [11]. We make use of the EWPOs present in
the public version of the code, which include the pseudo-observables measured on the Z
resonance by LEP and SLD [62], together with a combination of pre-2022 W boson mass
measurements by CDF and DO at the Tevatron and ATLAS at the LHC [63], which we
naively combine in a uncorrelated way with the recent LHCb measurement [64]:>

{PZ7Ugad,7R?JAZFB7A17R07R27AII)T'B7 %‘B?Ava&MW}‘ (41)

Additionally, we implement a private version of the fitmaker code that incorporates the
latest Higgs signal strength measurements by ATLAS [48, 65] and CMS [49, 66], taken
from the respective HEPData records. Finally, for di-Higgs production, we interpret recently
published upper bounds on the total production rate at the LHC as a measurement,
assuming that the SM value is observed and that the upper bound corresponds to a 95%
Confidence Level (C.L.) one-sided upper bound derived from a Gaussian PDF. The ATLAS
and CMS experiments quote upper bounds of 2.4 [67] and 3.4 [49] times the SM, from which
we extract our approximate signal strengths and 1-o uncertainties as /,LiffrfL ag = 1 £0.907
and pff =14 1.29.

#We discuss later some potential implications of the recent CDF measurement [50].
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4.2 Theoretical predictions

Our analysis is simplified by the fact that the operators of interest only lead to shifts of
SM couplings, rather than introducing new Lorentz structures. The predictions for the
EW precision observables in terms of the Z boson coupling shifts of eq. (3.23) are derived
from known, tree-level expressions in terms of generic vector and axial-vector Z boson
couplings to leptons and quarks, assuming the narrow width approximation for the Z (see,
e.g., ref. [68]), and expanding out to dimension 8.

For the Higgs boson signal strengths, we similarly assume the narrow-width approxi-
mation, decomposing the rates into the production cross-section multiplied by the decay
branching fraction into a given final state. As already mentioned, in our restricted scenario,
g9 — h and h — gg/vv/vZ are only modified by top quark Yukawa coupling shifts (cf.
eq. (3.32)). For Higgs production in association with a vector boson, we can account for the
modifications by combining the relative shifts of the Higgs coupling to the corresponding
gauge boson, and of its partial width to a given quark-anti-quark channel, which has the
same coupling dependence ~ ((G¥)? + (G%)?)? as the ¢¢ — Vh amplitude. For Zh produc-
tion, the contributions from coupling shifts of up and down quarks were weighted by the
relative importance of the u@ and dd initial states, computed using Madgraph5_aMCONLO [69],
assuming the SM hypothesis and using the NNPDF3.1 PDF sets [70]. For Wh production,
this approach neglects the effect of the W mass shift. This should not have any impact on
the sensitivity of Higgs data, since that shift is strongly constrained by the EWPO dataset.
We perform a similar computation for Vector Boson Fusion (VBF) Higgs production, which
is complicated by the fact that the process is mediated by both W and Z intermediate
bosons. We approximate the modification of this process by splitting the cross-section into
W- and Z-mediated parts, again using the integrated channel information obtained with
Madgraphb5_aMC@NLO. The overall modification is then a weighted rescaling according to
the respective W and Z coupling shifts. This neglects the effect of couplings shifts on the
interference term between the two amplitudes. Furthermore, shifts of the W mass and W/Z
widths are also neglected. Finally, the tth signal strength modifier is obtained from the top
quark Yukawa coupling shift.

Since we neglect all Yukawa couplings besides that of the top, the only other, tree-level
decay rates that we need to compute are those to four fermions via intermediate W and
Z bosons. For these modes, we assume that they proceed via one on-shell and one off-shell
state, i.e., h — W/Zf'f — 4f. We can therefore combine the rescalings of the relevant
Higgs-W/Z coupling and the fermionic coupling of the off shell-state, as we did for the
V' h production processes. The shift of the W mass is taken into account via numerically
determined dependences derived from the phase space integral for the 3-body decay quoted
in ref. [71]. Finally, we multiply by the branching fraction correction to the relevant final
state for the on-shell W/Z to obtain the net correction. This approach neglects width effects
in the off-shell leg, as well as interference between crossed diagrams mediated by the W and
Z present in certain channels. Photon-mediated diagrams are also not taken into account
and, although they are generically present at tree level in the SMEFT, the relevant operators
are not generated by the models of interest to us, and are therefore not relevant for our study.
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Finally, the inclusive di-Higgs production rates are obtained as functions of the effective
couplings of eq. (3.38). Specifically, we make use of the analytic parametrisation published
in ref. [72], in the form of a quartic polynomial in the effective couplings. We expand this
polynomial in order to isolate the dimension-6 and -8 parts as functions of the parameters
in egs. (3.32), (3.41) and (3.42), truncating the remaining terms. We use predictions for the
inclusive signal strengths as inputs to the statistical analysis, neglecting the impact of the
models on the decay branching fractions that may differ for individual di-Higgs channels.
Branching fraction effects are confirmed to be sub-leading with respect to the total cross
section in the relevant regions of parameter space, given the relatively tight constraints on
the former from single-Higgs data.

4.3 Statistical interpretation

Combining the input measurements and the theoretical predictions, we construct a x?
function:

(0) = (e, = (@) -V (o, = () (12)

which is used as the log-likelihood for the analysis. Here fiops. represents the experimentally-
determined values of the observables, V™! is the associated inverse covariance matrix for the
dataset, and it denotes the theoretical predictions for the observables, as functions of the
parameters of interest, 5, which in our case are the model parameters appearing via the Wil-
son coefficients of the SMEFT. We extract confidence intervals as regions of parameter space
where Ax?, defined with respect to the global minimum of the x? function, x2;, , is below
a critical value, x2, which depends on the number of degrees of freedom, n, in the model:

ACO) =x20) — P < x5 X2 =384,5.99,... forn, =1,2,... at 95% CL. (4.3)

We also define a profiled log-likelihood for particular parameters of interest as the resulting
x? function, having minimised over all other degrees of freedom. We use the same criteria
as above to determine the profiled confidence intervals.

5 Tree-level matching

Having determined the impacts of the relevant Wilson coefficients on our observables of
interest up to dimension-8, the next step is to derive their values in the single-field extensions
of the SM considered in this work. To this end, we match the model parameters to the
SMEFT coefficients at tree level, integrate out the scalar fields in a gauge-covariant way
using the Covariant Derivative Expansion (CDE) method [73-75] (see, e.g., [76, 77] for
more recent reviews and applications to the SMEFT). We briefly review the method before
applying it at tree level to our scalar extensions of the SM.

Consider a UV model with a heavy scalar field ® of mass mg¢ that we would like to
integrate out and match to the SMEFT at some high-energy scale, A. The action containing
® and its interactions with the SM fields ¢ is S[®, ¢], so that the action describing the EFT
at A ~ mg is given by:

etSeril] — /D@eis[‘bv@} ’ (5.1)
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where Seg[p] contains only the SM fields. The effective action can be computed in the
standard way by expanding ® around its minimum, ® = ®. + n, where @, is determined by
solving the classical equation of motion. Expanding the action S[®, ¢] around this minimum
and computing the integral gives [76]:

Sett[p] = S[P.] + ETI" log (—525‘ ) (5.2)
2 0D2 lo=a,
up to one-loop order. We focus here on the tree-level effective action, which corresponds to
the first term in the equation above, which is given by replacing ® by the classical field ®.
in S[®, ¢].
A tree-level contribution to the effective action arises only when the UV Lagrangian
L[®, ¢| contains a term that is linear in the heavy field ¢ [76]. Hence we consider a
Lagrangian

L[®, o] D n[®@T(—=D? —m2 — U(x))®] + [®'B(z) + h.c.] + O(®?) (5.3)

for a UV model containing a real (n = 1/2) or complex (n = 1) scalar field, where B(x) and
U(z) are functions of the SM fields ¢(x). The classical field, ®., is found by solving the
corresponding equation of motion:

OL[P, ¥

5o 0 = (=D*—m? ~U(x))®. = —B(z) + O(®?). (5.4)
Taking the linear approximation yields the solution

1
P2 —m2 —U(x)

P~ — B(x), (5.5)
where P, = i¢D,, is the covariant derivative. Note, however, that mass scales other than
me can also arise in the UV Lagrangian, i.e., within B(z) or in front of the ®3 interaction
terms. Denoting a generic new physics mass scale by M, one can see that, in the absence
of tadpole terms for ®, B(x) can be at most O(M) so that, in the linearised solution of
eq. (5.4), @ is of order 1/M. Substituting ®” back into eq. (5.3) yields the tree-level
effective Lagrangian:

1

Lt tree = — BTCU
it K ()Pz—m%—U@)

B(xz) + O((")%) , (5.6)

where the substitution should also be performed in terms with higher powers of ®(", which
we have omitted here for brevity. One can then perform a CDE to obtain the local operators
that are generated by integrating out the heavy field:

I 1_i(p2_U) _1L_
P2—m2—-U(x) m2 m2 (5.7)
1 1 1 1 1 1
- L Lok Le-oLe-nl-
mg Mg mg Mg mg mg
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The factor 1/ mé is the inverse of the mass-squared matrix, and may not commute with U,
so one needs to be careful about the ordering when performing the CDE. It leads to the
following effective Lagrangian in the inverse mass expansion:

1 1 1
ofitree =1 | BI—B + Bt— (P> —U)—B ) P3) . .
Larie =1 (Bl g B+ B g (P = U)s B .. ) + O(@)) (59)

As B and U depend only on the SM fields, the heavy field ® has been integrated out and
the UV model can be matched to the local operators of a particular SMEFT basis, in which
the effects of the heavy field are encoded in terms scaled by inverse powers of A = mg.

It turns out that this level of approximation is sufficient to perform the tree-level
matching up to order 1/M?, i.e., dimension-6. This is not immediately obvious, since
potential subleading terms in the solution to the classical equation of motion of order
1/M? or 1/M? look like they might generate operators suppressed by 1/M?2. Going beyond
the linearised solution relies on additional details of the model not specified in eq. (5.3),
namely the nature of the self-interactions. If there are none, the linearised solution of
eq. (5.5) is exact. If a cubic or quartic self-interaction is present, the equation of motion
will include a ®2 or ®3 term. A solution can be found iteratively, starting from ® which
generates subleading terms of order 1/M3 or 1/M? from the cubic and quartic interactions
respectively. This indicates that a higher-order solution to the classical equation of motion
is needed to obtain the correct matching conditions up to dimension-8, as has also been
shown to be the case for the 1-loop effective action at dimension-6 [78]. In section 6 we go
through the tree-level exercise explicitly.

Performing calculations in the full UV theory will in general yield predictions that
are more accurate than those obtained using the SMEFT. However, we assume that their
difference can be neglected at the level of the current experimental precision [68]. The
accuracy of the SMEFT depends on the order of the inverse mass expansion in Leg tree (5.8),
and keeping higher-order terms systematically increases the accuracy of the predictions.
The tree-level matching to dimension-6 has already been considered extensively in the
literature [76, 79-81]. However, the possibility of reaching a higher level of precision in
the SMEFT predictions provides motivation to perform the matching to include higher-
dimensional terms. This will allow us to quantify the validity of the EFT expansion given
the data at hand and more accurately reflect how it translates into bounds on the underlying
model parameters.

In the following sections we perform the tree-level matching up to dimension-8 for the
singlet and triplet scalar extensions of the SM, deriving the coefficients of the dimension-6
and -8 operators relevant for our analysis displayed in tables 1 and 2. We have checked that
the coefficients resulting from matching to dimension-6 are consistent with those obtained in
ref. [79]. We also perform a validation of a subset of the coefficients by explicit computation
of the hh — hh scattering amplitude detailed in appendix A as well as explicit computations
of the shifts to Higgs boson couplings and the W-boson mass prediction in the singlet and
triplet models, respectively.
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6 Singlet scalar model

In this section we consider the SM extended by a single real singlet scalar field S with
hypercharge Ys = 0, performing the tree-level matching to the SMEFT up to dimension-8.
A subset of these matching calculations were performed in ref. [43]. We do not consider
one-loop corrections to the tree-level dimension-6 matching, which have been considered
in [78, 82], nor the associated constraints taking into account renormalisation-group evolution
effects [83].

The only possible interactions between S and the SM fields consistent with the SM
gauge symmetry group are the so-called portal interactions between S and a pair of SM
Higgs SU(2) doublets, H'H. Following the conventions of ref. [79], the corresponding model

Lagrangian terms are:

Ly = %(DMS)(D“S) - %MﬁSS — (ks)SHTH

— (\s)SSHTH — k35585 — (k44)5558S,

(6.1)

where we have included terms describing the triple and quartic self-interactions of the S,
and the S couplings have mass dimensions [ks] = (k4] = 1 and [As] = [kga] = 0. In general,
a tadpole term linear in S is also permitted by the symmetries of the model. However, it can
be removed by shifting the S field by a constant and redefining the remaining parameters.
Since the field shift does not affect S-matrix elements, physical observables are unchanged
and the two theories are equivalent. We note, however, that in the above representation
the S-field generically obtains a vev, thereby mixing with the 125 GeV Higgs, and refer the
reader to appendix A for more details.

Since all of the couplings of the scalar singlet to SM states arise via mixing with the
Higgs, it can be directly searched for at collider experiments in the same channels as the SM
Higgs boson. Many searches for scalar resonances have been performed at the LHC with
interpretations in the scalar singlet scenario. The most powerful of these to date, particularly
in the high-mass regime of interest to us, come from searches in the pp — S — Z2* — 44
channel by the ATLAS [84] and CMS [85] experiments. These have been shown to imply
%, as a function of mass [86, 87] at the level of 10~°
for singlet masses between 200-260 GeV, sharply relaxing to 10~2 around 300 GeV and then
to 107! around 400 GeV, gradually weakening to a value of about 0.4 at 1 TeV. We note
that these bounds have been obtained assuming SM-like branching fractions of the singlet

bounds on the mixing angle, sin o ~

state, i.e., neglecting the possibly significant decay partial width of the singlet into a pair of
SM Higgs bosons. This channel can be probed in resonant di-Higgs searches [88], which
provide complementary but weaker information, given the difficulty of reconstructing this
final state. The above bounds can therefore be regarded as maximally optimistic ones that
may relax as a function of the wider model parameter space. As we discuss below, the
relevant coupling provides highly complimentary information in parameter space that we
explore via constraints from non-resonant Higgs pair production cross-section measurements.
Overall, it is clear that the direct and indirect search methods appear complementary for
scalar masses around 1TeV and above, which is the region that we explore in this analysis.
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We focus here on the indirect approach via the SMEFT framework, leaving a detailed
exploration of this complementarity to future work.

For future reference, we note that the following constraints must be satisfied in order
for the scalar potential to be bounded from below [88]:

A kgt >0, [Ag| > —44/Arga . (6.2)

Furthermore, the following constraints can be derived by imposing partial-wave unitarity of
the 2 — 2 bosonic scattering matrix [83]:

8 27

A< Dl <, el < 5 (63)

Moreover, the scalar potential generally admits several minima as well as the EW minimum.
We therefore ensure that, for a given point in parameter space, the EW minimum is the
global minimum, which we do by a numerical procedure informed by the discussions in
refs. [88, 89].

As the Lagrangian contains an interaction term that is linear in S, there are tree-level
contributions to the effective action. We evaluate these using the CDE method described in
the previous section. Writing eq. (6.1) in a form similar to eq. (5.3):

1
L= 5S(—172 — M2 —-U)S —SB — £4385S — (kga)SSSS, (6.4)

we have

U=20\)H'H and B=(ks)H'H. (6.5)

The equation of motion may be written as:
AYS = B4 3(rgs)SS + 4(kga)SSS, (6.6)
where we have defined the inverse propagator
Al=-D*-M2-U. (6.7)
As discussed in section 5, to linear order the solution is
S& =AB+0O(M7?), (6.8)

where M denotes a generic UV mass parameter in the set {Ms, ks, kg3 }. The higher-order
solution needed to obtain the matching through dimension-8 can be found iteratively from
eq. (6.8), and is given by

Se=A|B +3 kg (AB)? +18 k% A[(AB)?|AB + 4k (AB)ﬂ +0(M™%) ., (69)
which introduces a dependence on the heavy scalar self-interactions. The square brackets

emphasise that the differential operator A is acting on the entire expression within. The
first additional term is O(M —3) while the second and third are O(M ~?). Performing an
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inverse mass expansion for S. and plugging it back in (6.1), we find the following tree-level
effective Lagrangian up to dimension-8:

(8) 1 1

_ BB+ —B(P2—U)B B(P*—U)(P>*-U)B+25 BBB
Lerwoes = gqp BB+ oy BIP=U) B gy BIP"=U)(P"=U)B+ 35 6.10
+3”S3BB(P2—U) _s' BBBB+ 9 BBBB+(’)<M*5) "
ME M§ 2M° |

The last term comes from the higher-order solution in eq. (6.9). Evaluating each term in
eq. (6.10) and using the SM Higgs equation of motion:

D*H =y H — 2\(HH)H — y}(@l) — yuei(qu) — y}(dq) (6.11)

to remove higher-order covariant derivatives in order to match the Warsaw basis [1, 2] of
dimension-6 operators and the dimension-8 basis of ref. [17] yields the Wilson coefficients
reported in table 3. Since our basis reduction only involves eliminating dimension-8 operators,
we can safely use the SM equation of motion of eq. (6.11) to this order, which is not the
case for the triplet model considered in the next section.

Besides operators of dimension-6 and beyond, integrating out the S field also generates
a dimension-4 (HTH)? term that shifts the coupling of the quartic potential term, \. This
effect can be absorbed in the definition of A after integrating out the heavy field, and
is therefore unobservable. However, if A appears in the matching at dimension-6, the
redefinition will induce a shift of the matching in terms of the new A at dimension-8. This
does not occur for the singlet model, but does for the triplet model. In the expressions for the
dimension-6 Wilson coefficients of table 3, we have retained higher-order terms, suppressed
by p?/M?2 with respect to the leading contributions, that arise from the application of the
Higgs equation of motion, eq. (5.4). The dimensionful parameter, 12, lowers the effective
dimension of an operator by two units, generating dimension-6 operators from dimension-8
ones involving D2H. These pieces are genuine dimension-8 contributions and form a part
of the complete O(1/M*) corrections induced by integrating out the S field. Extending
the analysis to dimension-8 therefore involves not only calculating the coefficients of the
dimension-8 operators but also corrections to the matching conditions for those of dimension-
6. In an analysis truncated up to O(1/A?), one would not typically include these terms,
however the possibility of including these types of partial higher-order corrections has been
previously considered as part of the so-called “v-improved matching” procedure [90].

In appendix A, we validate our results obtained using the CDE by calculating the
matched SMEFT amplitude for hh — hh scattering and comparing it with that of the
full theory, expanded to O(1/M*). The EFT reproduces the full theory to dimension-8
only when the higher-order solution to the equation of motion is used and the dimension-8
corrections to the dimension-6 coefficients are taken into account. Modulo the additional
contribution from the higher-order equation of motion, our results agree with a matching
calculation of Higgs operators up to dimension-8 reported in ref. [43].
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Table 3. Dimension-6 and -8 Wilson coefficients resulting from the tree-level matching of the
singlet scalar model to the SMEFT. Flavour indices are denoted by Roman letters {w,x,y,z}. The
parameters p? and \ are the quadratic and quartic coefficients of the Higgs potential at the EW
scale, respectively.

—99 _



Using these results, we can evaluate the dimension-6 and -8 contributions to the
normalization of the physical Higgs field (3.10) in the singlet scalar extension of the SM:

252 ~2
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(6.12)
N K202 1 3m?  3k20?
~2M? M2 4ME )

and the trilinear and quadrilinear Higgs self-couplings (3.41), (3.47):

242 2 2 2 9
3 2 3 4\
= [_+1}2 (2/\3_ ﬂSHS3>+ } <_ $H+2>\S <5_ ms2v>

TME| T2 m M?2 M2 2

3Kskgs 8AgD? k2 (15 92 ks
N M? (5_ m +ﬁ§ g—@ 3>\s—4ﬁs4+w(6553—55) (6.13)

_3/1%132 (1 2m?, _ 5&%@2>
2M2 ’

M2 4AME
202 | 25 1207 02 [ 82m? 16502
d4:/€S’U [+U<ASHSKSS>+U 7%+4)\S 91 mSU

~

M} 3 m? M? M? 302 2
Orskgs 32207\ K2 492 3k s
NYE (21— m2 +ﬁ3 22—777% 9>\s—8/€54+ﬁg(12ﬂsa—3fgs) (6.14)

K202 (25 82m? 22/<;§@2>

Fo a3 T3z T Ml

b

In each of the above equations, the final line, indicated by “~”, corresponds to the case

where all the couplings except kg are assumed to be negligible.

6.1 Constraints on model parameters

We see in table 3 that the only dimension-6 operator coefficients that receive contributions
in the singlet scalar model are C'iy and Cyg. The former can only be constrained by a
measurement of the Higgs self-coupling via, e.g., di-Higgs production, while the latter is
relatively much better constrained via Higgs signal strength measurements. To quantify this
sensitvity from the Higgs datasets, we find at the individual, linear dimension-6 level, that the
coefficients are constrained at 95% Confidence Level (CL) to lie within the following ranges:

Comy © [~1.22,-0.055] and  Cy C [~3.82,3.82] [TeV_Q} (6.15)

This highlights the hierarchy in sensitivity between single and double Higgs production as
well as a preference for negative Cyn emerging from the most recent Higgs signal strength
data: the variance-weighted average of all of the Higgs signal strengths input into the fit
is slightly below 1. Since all of the Higgs couplings are shifted proportional to C'yg through
the Higgs field redefinition of eq. (3.10), this is best explained by a negative Cyn. The
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symmetric limits in Cy are an artefact of our assumption that the SM rate was observed
when translating the upper limits into quasi signal strengths for the purposes of our analysis.
Although Cy is less well constrained, unlike C'y that only depends on kg, it also depends
on two additional parameters of the scalar potential, namely Ag and k4. More than that,
it actually requires the presence of at least one of these additional parameters in order to be
generated. We therefore expect di-Higgs data to provide crucial information in pinning down
the singlet model parameters beyond what is possible with only single Higgs measurements.

At dimension-8, a much larger set of Wilson coefficients are generated that could
potentially affect a wider class of scattering processes. Focusing first on Higgs-related
processes, the dimension-8 matching yields operators that modify the Yukawa couplings,
e.g., O, 5 as well as OS%, an operator similar to Oyn that modifies the Higgs boson
kinetic term. A new feature with respect to the dimension-6 matching is that these Wilson
coeflicients introduce a dependence of single Higgs data on Ag and xg3. We therefore expect
this next order in the SMEFT expansion to contribute non-trivially and lead to a richer
structure of the bounds on the parameter space.

The octic Higgs operator Oys is also generated, and introduces for the first time
a dependence on the singlet quartic self-coupling xg44. This could eventually be probed
by future measurements of triple Higgs production. The remainder of the operators
generated involve four fermion fields and are not relevant for the datasets included in our
study, particularly since we neglect light-quark Yukawa couplings, thereby suppressing all

light-quark operators in this model. The only exceptions are the class of two-derivative
(1)

quS D2
arguing that their contribution to inclusive di-Higgs production is expected to be suppressed.

Yukawa-like operators, e.g., O which we have previously discussed in section 3.3.3,

Moving now to fits in the singlet model parameter space, we begin by examining the
dependence on the trilinear SHTH coupling, xs. Since it is linear in the heavy field, this
coupling is essential for generating non-zero tree-level Wilson coefficients, as can be seen
from table 3, where all coefficients are proportional to /@% /M 3 . In general, the results in
table 3 are almost completely independent of the sign of kgs. The only exception is in
terms proportional to K2k s that also involve the singlet self-coupling. The entire set of
results up to dimension-8 are invariant under the simultaneous sign flips, kg — —kg and
kg3 — —kgs. In our subsequent analysis, we therefore only show half of the accessible
parameter space, represented by ks. In cases where both kg and kg3 are probed, it should
be understood that constraints on the other half of the parameter space can be inferred
from the aforementioned symmetry.

Since the dimension-6 contribution to C'yg is negative definite in this model, the single
Higgs data translate into non-zero best-fit values for xgs. The constraints in the simplest
case, where only this parameter is assumed to be non-zero, are shown in the left plot of
figure 1. In the upper panel, the 95% CL allowed regions for |kg|/Mg are shown in green for
the linear dimension-6 analysis, and the dimension-8 counterpart is shown in purple. When
considering only kg at dimension-6, there is a one-to-one mapping between kg/Mg and Cyp,
so one can reconstruct the expected bounds at dimension-6 by translating the observed
interval on Cyp from eq. (6.15) into a bound on the Higgs field-redefinition parameter Ay,
given for our special case in the last line of eq. (6.12).

— 24 —



K53=K54=0 Ms=2TeV, Ks3 =Kgs =

8 . 20
-- Best fit
6l — 95% C.L. upper bound ]
| | — Dim-6 15+
Ks — Nim.
a4l Dim-8
2 I
Bx 10 Dim-8
M & Hnn
- I |
5l Hp only
O0

Figure 1. (Left plot) The range of |rs|/Ms allowed as a function of Mg by the current experimental
data. The green shaded area represents the allowed interval at 95% Confidence Level from a
dimension-6 analysis including only linear (interference) effects, and the purple shaded area is from
an analysis including also linear dimension-8 contributions and quadratic dimension-6 contributions.
The best fit value is represented by the correspondingly coloured dashed line. The subplot shows the
ratio of the dimension-8 and dimension-6 determinations of the upper bounds and best fit points
in solid and dashed, respectively. (Right plot) Ax? as a function of |ks|/Ms for Mg = 2 TeV. The
green (purple) lines indicate the results of a dimension-6 (dimension-8) analysis, while the dashed
lines show the result of excluding the di-Higgs cross-section measurements from the dataset.

The relative impact of including dimension-8 effects is shown in the lower panel, which
plots the ratio of the dimension-8 and dimension-6 determinations of the upper bound as well
as the best-fit point. As expected, the dimension-8 effects are found to be most important
at low masses around and below 1 TeV. Below 500 GeV, they lead to a tighter constraint
on Kg. Interestingly, the dimension-8 bound asymptotes to a constant value slightly above
1, which can be understood as due to the relatively large values of |kg|/Mg being probed
in that region. As shown in eq. (6.12), at dimension-8 A} receives corrections of order
92/M?2 and ©%k2%/M2, and the latter contribution comes to dominate as kg/Mg — Mg /0.
Fortunately, the upper bounds obtained are relatively far from that limit, remaining within
ks/Mg < %M s/0. Nevertheless, from the presence of this term one can show that the
asymptotic ratio of the dimension-8 and -6 upper bounds is expected to be # 1 in the
large- Mg limit, with an exact value that depends on the sensitivity of the Higgs data.

In general, including O(A~*) effects can lead to the appearance of additional minima
in the y? function. One can immediately see from the expression for Ay, that this will occur
for some large kg value, around where the quantity flips sign. The right plot of figure 1
highlights the appearance of such a second minimum in the Ax? for Mg = 2 TeV. The green
and purple lines plot the quantity for the dimension-6 and -8 hypotheses respectively. We
also show the impact of the di-Higgs measurements by plotting the Ax? with and without
these data as solid and dashed lines, respectively. On the one hand, this confirms that
current di-Higgs data have no impact in determining the primary allowed region in this
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simplified scenario where only kg is switched on. On the other hand, we see that taking
Higgs data alone would lead to the appearance of a second allowed region in the dimension-8
analysis, at large kg values. The di-Higgs data bring sufficient additional information to lift
that second minimum and exclude the associated region of kg, strengthening the validity of
our EFT analysis.

So far, we have assumed that the other singlet scalar couplings, namely the second
Higgs portal coupling A\g and the two singlet self-couplings, k¢ and kg4, all vanish. As we
have discussed, the interplay between single Higgs and di-Higgs data at dimension-6 and
dimension-8 is expected to become more interesting as this assumption is relaxed. We begin
by looking at 2-dimensional subspaces, switching on one additional parameter at a time
alongside kg. Due to the fact that the quartic singlet self-coupling, k44 appears only in
di-Higgs rates and at dimension-8, we find that the data included in our analysis is almost
insensitive to its value. We will therefore focus on Ay and kg3, only varying x4« in the last
analysis in which we derive profiled bounds on kg.

In figure 2 we analyze the constraints on |kg| and Ag for Mg = 1TeV and kgs = kga = 0
at the 68% CL (dashed lines) and 95% CL (solid lines), due to Higgs coupling strengths
(upper panels) and also including double-Higgs production (lower panels). In all the panels
we shade in grey the region with Ay < 0, which is excluded because there the effective scalar
potential is unbounded from below when k41 = 0, see eq. (6.2). We also shade in red the
region where the EW vacuum is not the global minimum of the scalar potential, denoted
for simplicity by the legend “(v,vs) unstable”, though we have not checked whether the
electroweak vacuum is truly unstable or merely metastable.

We see in the upper left panel of figure 2 that in the linear approximation for dimension-6
operators the constraint on |kg| due to Higgs coupling strengths is independent of \g, whereas
this constraint on |kg| depends strongly on Ag when the quadratic effects of dimension-6
operators and the linear effects of dimension-8 operators are also included (upper right
panel). On the other hand, we see in the lower left panel of figure 2 that the di-Higgs data
also introduce a dependence on Ag into the constraint on |ks| even in the linear dimension-6
approximation, which is accentuated when the quadratic effects of dimension-6 operators
and the linear effects of dimension-8 operators are also included (lower right panel). We note
also in the lower left panel the appearance of a blue shaded region at large |kg| and positive
Ag that we disregard in the linear dimension-6 approximation because the di-Higgs cross
section becomes negative in this approximation.? However, the positivity of the di-Higgs
cross section is much less of an issue when the quadratic effects of dimension-6 operators
and the linear effects of dimension-8 operators are also included, as seen in the lower right
panel where the problematic region lies far away from the allowed parameter space.

Overall, we see that the ‘complete’ analysis including both single and di-Higgs at
dimension-8 yields the strongest constraints, and that they also overlap the least with
the unphysical regions of parameter space. The inclusion of dimension-8 and di-Higgs
information drastically affects the conclusions that can be drawn about the singlet model

3This region overlaps extensively with the region where the electroweak vacuum is not the lowest-energy
state, and the region where both conditions apply is shaded dark blue.
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Figure 2. Values of (|ks|/Ms, As) for Mg = 1TeV and kg3 = kga = 0 that are allowed at the 68%
CL (dashed lines) and 95% CL (solid lines) by the present Higgs coupling measurements (upper
panels) and also including the present constraint in double-Higgs production (lower panels), as
functions of |ks|/Ms including only the linear effects of dimension-6 operators (left panels) and
including both the quadratic effects of dimension-6 operators and the linear effects of dimension-8
operators (right panels). The grey shaded regions with As < 0 are excluded because the potential is
unbounded below, and the blue shaded regions in the upper part of the lower left panel, i.e., in the
linear dimension-6 case, and at large |ks|/Ms in the lower right panel highlight regions where the
di-Higgs cross section becomes negative in that approximation.

compared to the dimension-6 interpretation. In particular, they allow for potentially larger
values of kg, due to the possibility of cancellations with Ag.

Figure 3 shows how the constraints on |kg|/Ms as functions of Ay vary with My, again
for kgs = kga = 0. The constraints found at the linear dimension-6 level are shown as
dashed lines and those including quadratic dimension-6 contributions and linear dimension-8
contributions by solid lines. The allowed regions found including only Higgs signal strengths
are shaded green and those found including di-Higgs constraints are shaded purple. The
region shaded grey is excluded by partial-wave unitarity constraints on the Higgs self-
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Figure 3. Values of (|xs|/Ms, As) for the indicated values of Mg and kg3 = kga = 0 that are
allowed at the 68% CL (dashed lines) and 95% CL (solid lines) by the present Higgs coupling
measurements (green shading) and also including the present constraint in double-Higgs production
(purple shading) as functions of |ks|/Ms including only the linear effects of dimension-6 operators
(dashed lines) and including both the quadratic effects of dimension-6 operators and the linear effects
of dimension-8 operators (solid lines). The grey shaded regions at large |ks|/Ms are excluded by
the perturbative unitarity constraint A < 87 /3, and the electroweak vacuum is not stable in regions
at large |kg|/Ms that are shaded red.

coupling parameter A\: A < 87/3, see eq. (6.3) and appendix A. As in figure 2, the region
where the electroweak vacuum is not stable is shaded red. We note in all the panels of
figure 3 significant differences between the regions allowed at the linear dimension-6 and
quadratic dimension-6/linear dimension-8 levels, and concentrate below on the latter, which
are shaded and have solid boundaries.

Comparing the green and purple shaded regions in figure 3, we see that they are very
similar for Mg = 500 GeV, and are unaffected by the perturbativity and electroweak vacuum
stability constraints. The di-Higgs data serve to rule out the tip of the cancellation region.
There is a greater difference between the green and purple regions when M = 1TeV (upper
right panel of figure 3), but most of the (green) region that would have been allowed if the
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di-Higgs data were neglected is excluded by the electroweak vacuum stability requirement.
Starting from this mass, a significant portion of the boundary of the ‘complete’ analysis for
this mass now overlaps with the theory bounds. As expected, the sensitivity to |kg|/Ms
degrades with increasing Ms. We can see that the di-Higgs data rule out a second minimum
in the |kg|/Mjy direction for all values of Ay where it exists, except for the Mg = 500 GeV
case, where some values of Ay still allow it.

Finally we note the trend that, at dimension-8, the inclusion of di-Higgs data has an
increasing impact as Mg increases. This can be explained by going back to the matching
results of table 3. At dimension-6, the Ag dependence only enters though di-Higgs data and
the relative importance of including these constraints is independent of Mg, which can be
seen by observing the similarity between the dashed purple and green curves in each panel.
The impact of di-Higgs constraints is only significant for large values of Ag > 1. Going to
dimension-8 introduces a linear Ag dependence in single Higgs rates, while the di-Higgs
dependence can be quadratic, from contributions to C% ~ k£A% and C,s ~ k%A%, At lower
masses, the bounds on kg, Ag from single-Higgs data are strong enough that the enhanced
quadratic dependence does not play a big role. Increasing My yields larger possible values
in this space, allowing for the quadratic Ay dependence from di-Higgs to dominate in certain
regions, leading to the significant differences in the bounds.

Figure 4 shows a corresponding analysis of the Higgs constraints on |kg|/Mg as functions
of kg3 /Mg, now assuming As = kg1 = 0. Since ks is a dimensionful coupling, we choose to
scale it with My in the same way as we did for kg. The upper and lower bounds in kg3 /Mg
are chosen at the arbitrary, large value of +5. Since it is a trilinear coupling, it is subject
to neither stability nor perturbative unitarity bounds derived in the high-energy limit.*

As in figure 2, we see the impact of the constraints on A from vacuum stability and
perturbativity (grey shading) and electroweak stability (red shading). We also note in
the lower left panel that large |ks|/Ms and negative k43 /Mg are disallowed in the linear
dimension-6 case because the di-Higgs cross section becomes negative in this approximation
(blue shading). As in the case of Ag, the constraint on |ks|/Ms from Higgs data is independent
of kg3 in the linear dimension-6 approximation (upper left panel), but strongly dependent on
kg3 When the quadratic effects of dimension-6 operators and the linear effects of dimension-8
operators are also included (upper right panel). As in figure 2, the double-Higgs constraint
introduces kg3 dependence into the constraint on |kg|/Mg, which is accentuated when the
quadratic effects of dimension-6 operators and the linear effects of dimension-8 operators are
also included (lower panels). Narrow regions exist in which the effects of both parameters
approximately cancel, leading to much larger potentially allowed values of |kg| or large,
positive values of k3. These regions start to overlap with the theoretically forbidden regions
due to EW vacuum stability and perturbative unitarity, respectively.

Figure 5 illustrates how the features seen in figure 4 vary as functions of Mg. We see
in figure 4 how the cancellation region in the single Higgs data gradually shifts downward

It is, in general, possible to use partial-wave unitarity to bound trilinear couplings [91-93] by avoiding
the high-energy limit. Since the associated bounds are more involved and depend on the full details of the
parameter space, for simplicity we do not include them in our study, although it would be interesting to
determine their impact in future work.
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Figure 4. Values of (|ks|/Ms, kg3 /Ms) for Mg = 1TeV and Ay = kg1 = 0 that are allowed at
the 68% CL (dashed lines) and 95% CL (solid lines) by the present Higgs coupling measurements
(upper panels) and also including the present constraint in double-Higgs production (lower panels)
as functions of |ks|/My including only the linear effects of dimension-6 operators (left panels) and
including both the quadratic effects of dimension-6 operators and the linear effects of dimension-8
operators (right panels). The grey shaded regions are excluded because A is nonperturbative. The
di-Higgs cross section is negative in the blue region in the lower left panel.

in the (|ks|/Ms, kg3 /Ms) plane with increasing Mg, where it also overlaps more and more
with the region in which the EW vacuum is not the global minimum. Furthermore, the
absolute impact of the di-Higgs constraint is minor in the upper panels of figure 5, but more
important in the lower panels, for the same reasons as discussed before involving Ag, i.e. a
quadratic dependence of di-Higgs rates on xg3 at dimension-8 that becomes increasingly
relevant as larger values are allowed by single-Higgs data. Altogether, this results in the
di-Higgs data being able to rule out a larger and larger part of the cancellation region as Mg
increases. Both cases reflect interesting examples of regions in model space where quadratic
dimension-6 effects are dominant over their linear dimension-8 counterparts.
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Figure 5. Values of (|ks|/Ms, kg3 /M) for the indicated values of Mg and Ag = kg1 = 0 allowed at
the at the linear dimension-6 level (dashed lines) and including quadratic dimension-6 contributions
and linear dimension-8 contributions (solid lines), taking into account Higgs coupling measurements
(green shading) and also including also the present constraint on double-Higgs production (purple
shading). As previously, the grey regions are excluded by perturbativity constraints on Ag, and the
red regions are excluded by requiring the stability of the electroweak vacuum.

Finally, we consider a more general scenario where all of the singlet scalar parameters
are allowed to vary. Since kg is the crucial parameter without which no tree-level effects
would be predicted, we consider the impact of varying the three other parameters on the
derived bounds on kg. From a statistical point of view, such a bound can be seen as a
more robust limit, which is independent of the remaining details of the extended scalar
potential. As we have demonstrated in this section, there is a significant interplay between
the experimental and theoretical bounds on the parameter space. In particular, the relevance
of the theoretical bounds increases as one increases Mg. We therefore also include the
constraints from boundedness, perturbativity, and the requirement that the EW vacuum be
the global one. Specifically, for a given Mg we evaluate the full likelihood as a function of
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Figure 6. Profiled 95 % confidence level bounds on ks/Ms as functions of Mg at the linear
dimension-6 level (solid green lines & shaded area) and including quadratic dimension-6 and linear
dimension-8 contributions (solid purple lines & shaded area). The bounds are obtained by minimising
the Ax? over all other singlet model parameters, subject to theoretical constraints from boundedness,
perturbativity and stability of the EW vaccuum. The dashed lines reflect the upper bound obtained
when enforcing the additional constrain that vy < M.

the other parameters and derive a profiled likelihood that depends only on kg, where 2
has been minimised over all other directions, subject to the theoretical constraints.

Figure 6 shows the resulting 95 % CL profiled bounds on |&s|/Ms as functions of Ms,
where the hat notation denotes our use of a profile likelihood in the remaining parameter
space. Dimension-6 intervals are shaded in green, while those determined including linear
dimension-8/quadratic dimension-6 predictions are shaded in purple. The regions are
bounded by solid lines labelled “vg unconstrained” for reasons that will be explained
shortly. The subplot shows the ratio of the dimension-8 and dimension-6 bounds. The
first observation to make is that the profiled bounds obtained at dimension-6 level are
identical to the individual ones reported in figure 1. This can be understood from the fact
that in this approximation, for a given value of kg, the maximum likelihood point is the
one in which all other parameters are 0. This can be seen in, e.g., figures 2 and 4, where
the dimension-6 bound on kg is maximal when the accompanying parameter is exactly 0,
and only tightens for non-zero values. Physically, this is because C} is the most relevant
coefficient for di-Higgs constraints, since it induces significant deviations in this process
while being unconstrained by single-Higgs rates. However, as previously mentioned, this
operator is only switched on when at least one of g, k43 are non-zero, and we have already
shown that di-Higgs bounds are not relevant in determining the primary allowed region
when the other couplings are assumed to be 0. Hence, one is always in the least-constrained
case when only switching on kg by itself. The theoretical bounds are not found to play any
role in the profiling, as this minimally-constrained point is not subject to any of them.
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The story is much changed at the dimension-8 level, since the parametric dependence
of the observables is richer than that we have discussed so far. We begin by noting the
significant changes in the profiled bounds in this approximation, showing a much greater
impact than for the individual case of figure 1. The upper bound is increased by nearly a
factor 8 at low masses, going down to a factor of around 3 at large masses. Taken at face
value, these results imply that the seemingly robust conclusions that one can draw about
ks at the dimension-6 level are subject to large uncertainties from missing higher orders
in the EFT expansion. One could have guessed that the impact would be large from the
appearance of cancellation regions in the various figures shown previously in this section.
Additionally, the lack of sensitivity to ks from the data has an impact by allowing a wider
theoretically-viable range for a given set of the other parameters. We find that, without the
inclusion of the theoretical bounds, we are not able to find a profiled upper bound on kg.
In other words, using constraints from the data alone leaves flat directions that are only
closed by the theoretical consistency requirements. Even though extreme parameter values
are required in the aforementioned cancellation regions in order to cancel the potentially
large effects from extreme kg values, there is always some narrow space in which the
theory constraints can be satisfied. In many cases this appeared to be quite a fine-tuned
region where kg < 1073, clearly on the edge of the boundary of the theoretically-allowed
parameter space. The true bounds were consequently difficult to determine numerically and
our results were obtained using scipy’s built-in differential evolution algorithm. Since this
is a gradient-free sampling method, there is no absolute guarantee that the upper bounds
obtained correspond to the true global minimum of the profile-likelihood. Nevertheless,
the smoothness of our result as a function of My gives us some confidence that we have
successfully minimised.

We found that the majority of the space in which the cancellations were achieved for
extreme parameter values also corresponded to regions of large singlet vev, vg. As discussed
in appendix A, the singlet field minimisation condition is a cubic equation in vg that can
admit additional real solutions far from the origin. When present, these often provide
the global minimum of the scalar potential, see eq. (A.8). In this limit the correction to
the Higgs self-coupling parameter in eq. (A.12) becomes independent of kg, scaling like
A2 /K g1, making it more likely to satisfy perturbative unitarity, even for very large ks,
especially since k44 is essentially unconstrained by our analysis. However, one of the main
assumptions of the EFT expansion is that vg is a suppressed quantity with respect to the
EW scale ~ v2kg/M2, see eq. (A.9). The vg solutions far from the origin therefore cannot
be approximated by an expansion in the heavy mass scale, 1/M, which would select the
incorrect vg in these cases. The EFT expansion and therefore our experimental bounds are
likely to be invalid in these regions of model space. In these regions of parameter space, the
physical singlet mass receives significant contributions from EW symmetry breaking, and
is consequently quite different from Mg. In these scenarios, it is known that the SMEFT
expansion may not converge and a HEFT expansion is more appropriate [43, 94-96].

In order to assess the amount of invalid parameter space, we performed a second
constrained profiling, with the additional requirement that |vg| < Mg. The upper bounds
on kg determined in this case are plotted with dashed lines in figure 6. They show that an

— 33 —



increasingly large portion of the parameter space seemingly allowed at dimension-8 above
Mg =~ 1TeV corresponds to cases where vg > Mjg. Even in the dimension-6 analysis, a small
slice of the upper region above Mg ~~ 4 TeV is not likely to be well approximated by the EFT.
Nevertheless, interpreting this constraint as an attempt to restrict the parameter space to
regions in which we can rely on the EFT approximation, we can still draw significantly
different conclusions between the dimension-6 and -8 analyses. The observed upper bound
at dimension-8 is significantly modified, and coincides with that obtained at dimension-6
around Mg = 3.5 TeV. We therefore conclude that the dimension-8 contributions represent
important corrections in the singlet model interpretation of LHC Higgs data in the SMEFT
framework, even for Mgy < 1TeV, as seen in figure 6.

6.2 Comparison between the dimension-6 and -8 results and the full model

Since the goal of going to higher orders in the SMEFT expansion is to provide a better
approximation to the full model, it is instructive to compare dimension-6 and -8 SMEFT
predictions with those of the full model. We use the mixing angle, o, between the singlet field
and the neutral component of the Higgs doublet (See appendix A for a precise definition) as
a proxy for testing the SMEFT approximation.® It is well known that the signal strengths
for single Higgs production and decay scale like cos? o. Since mixing with a gauge-singlet
field results in a universal reduction of Higgs couplings, as long as the singlet mass is greater
than half of the Higgs mass (so that the decay channel to a pair of singlets is kinematically
closed) the branching fractions of the Higgs-like scalar remain the same as in the SM. This
means that, in the narrow width approximation, all modifications to the signal strengths
come from the modification of the Higgs production rates, and hence scale with the square
of the global coupling modifier, cos «. As shown in section 3.3, the coupling modifications
to fermions and gauge bosons predicted by the SMEFT depend on a number of different
Wilson coefficients. The fact that these all coincide with the Taylor-expanded expression
for cos av in the limit of large Mg, kg and Kgs:

(6.16)

cosa~1— rsv” <1 (2Asv? — m}) _ 3rsv° (ks — 8,%53)) 7

M\ 2 M? 8ME

provides an additional validation of our matching results up to dimension-8.
We comment now on the importance of squared dimension-6 effects relative to pure

dimension-8 effects in Higgs coupling measurements.® As discussed in the Introduction,

dimension-6 analyses of collider data often include such terms as a window on the validity

5Tt would also be interesting to use a comparison of di-Higgs production rates to assess further the SMEFT
approximation to the full model, since this process probes higher energies than single Higgs measurements
and may also have significant resonant contributions from on-shell scalar production. However, a complete
calculation of the di-Higgs rate in the singlet model parameter space is beyond the scope of this work and
we leave it for future investigations.

SFor observables related to the square of a scattering amplitude, a part of the O(A™*) contribution arises
from the square of the O(A™?) part of the amplitude. We define these contributions as squared dimensions-6
and consider all other (’)(A4) contributions as pure dimension-8. This is the only gauge-invariant and SMEFT
basis-independent way in which the O(A*) contribution can be divided [97, 98].
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of the EFT expansion, since they may provide hints on the size of unknown dimension-
8 contributions. Quantifying the relative importance of squared dimension-6 and pure
dimension-8 contributions in specific models may help develop intuition when neglecting
the dimension-6 squared contributions may be justified.

These contributions are easy to disentangle in the singlet case, given the simple cos? a
scaling of the signal strength parameters. The corresponding exercise for double-Higgs
production is more involved and we leave it for future work. We find that the squared

dimension-6 and linear dimension-8 contributions to eq. (6.16) are:

A

244 2 2
9 _ KgU 9 pure _ KgU" [ 3 Kg Kskg3 2my;
COS a|D62 = m, COS™ «x D8 Mg (4]\43 — Mg =+ 4)\5 — ,02> . (617)

We see explicitly that, since the dimension-8 matching introduces dependences of Higgs
couplings on additional parameters of the scalar model that do not appear at the dimension-
6 level, the importance of the squared dimension-6 contribution relative to the linear
dimension-8 contribution cannot be specified without extra information. If we consider
the limit where kg is large, cos? a|g;re is 3 times larger than cos? a|D62. In general, there
is no discernible hierarchy between the two contributions nor a particular limit in which
cos? a|D62 is dominant. The only way in which cos? a|D62 can be the larger of the two
contributions is when cancellations occur between the various parameters in cos? a‘le;re.
That said, barring the obvious failure to capture parametric dependence beyond kg, one
might still expect the dimension-6 squared contributions to provide an order-of-magnitude
estimate for the approximate size of the full O(A~*) contribution.

Figure 7 compares the SMEFT predictions for this global signal strength modifier
with the true values predicted by the full model. Isocontours of a critical value of the

2 = 0.114 are shown for a selected values of the singlet mass parameter,

mixing angle, sin
M. This critical value corresponds to the maximum value allowed by the Higgs data, i.e.,
the value that the mixing angle takes along the 95% C.L. contour of allowed parameter
values in figures 2-5. The upper panels plot the contours in (ks/Mg, As) plane with
kg3, kgt = 0 for Mg = 500 GeV, 1 and 2 TeV, and the lower panels show the corresponding
contours in the (ks/Ms, kg /Ms) plane taking Ag, kga = 0. In each panel the dimension-6
predictions are shown as solid green lines, the dimension-8 predictions as purple lines, the
dimension-8 predictions approximated by dimension-6 squared term as dotted green line,
and the full model predictions are shown as grey lines. Dashed lines indicate isocontours of
cos? o = 1.114, where the coupling modifier is shifted by the same amount from the SM
value of 1, but in the wrong direction, reflecting an increase in Higgs couplings. Such a
coupling shift is unphysical from the point of view of Higgs-singlet mixing, which can only
reduce Higgs boson couplings, and is therefore labelled ‘wrong sign’. As in the previous
figures, the EW vacuum is unstable in the regions shaded red, and the Higgs quartic
coupling, A, becomes nonperturbative in the regions shaded grey in the lower panels.
Figure 7 shows how the independence of the dimension-6 prediction for the mixing
angle from A\g and kg is a bad representation of the full model prediction, and how the
dimension-8 approximation brings in dependences on both of these parameters. In the
upper panels the dimension-6 prediction as a function of \g diverges from the full model
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Figure 7. Isocontours of the Higgs-singlet mixing parameter sin? o = 0.114 in the singlet scalar

extension of the SM obtained at the dimension-6 (green line) and -8 (purple line) levels compared
with those predicted in the full model (grey line), for My = 500 GeV, 1 and 2TeV. The dotted
green lines show the dimension-8 predictions when approximated by the dimension-6 squared terms.
The upper panels show the prediction in the (ks/Ms, \s) plane, assuming kg3, kga = 0, while the
lower panels show the prediction in the (ks/Mg, kg3 /M) plane, assuming Ag, kg+ = 0. Dashed lines
indicate regions where the Higgs couplings are modified by an equal magnitude but with the wrong
sign (see text for details).

constraint by amounts that increase with Ag but decrease as My increases. On the other
hand the dimension-8 prediction is a better approximation to the full model for almost
all the allowed range of Ay for Mg = 1TeV. One can clearly see that, given the present
constraints on the parameter space, the dimension-6 squared contributions represent a
very small (~ 3%) correction to the dimension-6 result. As such, in the case of the singlet
scalar model, they do not accurately represent the missing higher order terms at complete
dimension-8, nor do they improve the EFT description with respect to the full model. This
is simply due to the fact that they do not capture the additional parametric dependence
arising at the level of actual dimension-8 operators.

For each mass, we can see where the dimension-8 effects start to dominate and eventually
diverge away from the full model prediction, indicating a lack of convergence of the SMEFT
expansion. When Mg = 500 GeV the dimension-8 constraint on Ag is closer to the full
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constraint at small Ag, but is a worse approximation than the dimension-6 constraint
2> 0.5. In the lower panels we see that the dimension-8 approximation to

~

already for Ag
the full model as a function of kgs/Mj is better than the dimension-6 constraint for all
positive values, but is worse than the dimension-6 approximation for negative values when
Mg < 1TeV. In general, the agreement between dimension-8 and the full model spans a
wider range of Ay and kg3 with increasing M. Furthermore, the parts of the contours
where the SMEFT convergence fails get pushed further into theoretically forbidden regions
with increasing Mg, and by Mg = 2TeV the SMEFT at dimension-8 approximates the
Higgs couplings quite well. In each panel, we can recognise the shapes of the constraints
shown in figures 2-5, with the cancellation regions lying in between the solid and dashed
contours at dimension-8.

In order to quantify further the comparison between dimension-6 and -8 predictions
for the Higgs-singlet mixing angle, we can compare the differences over the parameter
space between the EFT approximations at the two expansion orders from the full model.
Specifically we take the absolute value of ratio of the differences between the two EFT

approximations and the full model prediction for cos? o

2 a)ps — (cos? a)gun

(cos? a)pg — (cos? a)gun

(cos

5= (6.18)

If this quantity is less than 1, dimension-8 provides a better approximation to the full
model than dimension-6, while if it is greater than one, the converse is true, which indicates
a non-converging SMEFT expansion. Figure 8 plots isocontours of the critical value of
1 for this ratio for values of My between 500 GeV and 3TeV in the (ks/Ms, \s) plane,
assuming kg3, kge = 0 (left panel) and the (ks/Mg, kg3 /Ms) plane, assuming Ag, K1 = 0
(right panel). The parameter plane for each mass is subject to the theoretical constraints
from perturbativity and stability depicted, e.g., in figures 2-5. When a given line crosses
into the forbidden region, it is drawn with a dotted style. Points marked with a cross
indicate that the line has reached a point where no solution for vg exists in the full model,

i.e. the EW vacuum does not exist.

In the regions labelled by “> 1”7, the dimension-8 prediction is further from the full
model than the dimension-6 one, meaning that the SMEFT expansion appears to break
down and we likely cannot trust SMEFT approximations for Higgs coupling modifiers. The
lines tend to lie between the normal and “wrong-sign” dimension-8 predictions in figure 7.
For each Mg, we can draw similar conclusions to those drawn from figure 7 in that, beyond
a certain value of Ag, the EFT validity is in question for a given value of kKs. We note that
the validity criterion is trumped by the theoretical bounds for Mg above 1.5 TeV, where the
lines are completely within the forbidden regions. The 3 TeV line in the left panel is outside
the plotted range, and in any case is rendered irrelevant by theoretical bounds. We can
now understand how the constraints we have derived do not accurately reflect the bounds
on the singlet model over the whole parameter planes, highlighting, for each Mg, where the
SMEFT approximation fails.
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Figure 8. Isocontours where the dimension-6 and -8 predictions for the Higgs-singlet mixing
parameter, cos? «, differ from the full model prediction by the same amount, for Mg = 500 GeV—
3TeV. The regions where the dimension-8 prediction is closer to (further from) the full model
prediction are indicated by the label “< 17 (“> 1”). The left panel depicts the (ks/Mg, As)
plane, assuming kg3, kga = 0, while the right panel depicts the (kg/Ms, kg3 /Ms) plane, assuming
As, kga = 0. The dotted parts of the lines are excluded by theoretical constraints and the crosses
indicate points beyond which no solution for vg exists in the full model.

6.3 Modifications of the quartic Higgs coupling

We conclude our study of the singlet model by commenting briefly on the prospects
for testing modifications to the quartic self-interaction of the Higgs boson, d4, given in
eq. (6.14). Although a rather distant prospect, studies have show that this coupling could be
constrained in the future by measuring triple Higgs production at a 100 TeV proton-proton
collider [52, 99-103] or a high-energy muon collider [104], or by precision measurements of
double-Higgs production at through the loop-induced modifications due to d4 [105-109].
The projected sensitivities differ in optimism and also depend on the value of the trilinear
Higgs self-coupling, c3. They typically lie in the ballpark of |d4| < 2-20 at hadron colliders
while more promising O(1) sensitivities are expected at high-energy muon colliders.

To explore the scope for modified quartic Higgs interactions given the existing constraints
on this model, we consider a simplified ‘post-LHC’ scenario that represents the projected
constraint set by the input dataset at that time on possible triple-Higgs rate measurements at
future colliders. We assume that the current Higgs signal strengths are already systematics-
dominated (which is true in many cases) and keep them fixed to their current values.
Di-Higgs measurements are, however, expected to improve significantly over the period
of future LHC data taking. The ATLAS experiment has published a projected high-
luminosity LHC sensitivity to the total rate based on extrapolations from their recent Run
2 analysis [110]. Assuming a ‘baseline’ scenario for the evolution of systematic uncertainties,
the signal strength is expected to be measured with a relative uncertainty of -31% and
+34%, which represents about a factor 3 improvement over the current measurement. We
use this estimated measurement as our projected input data for the di-Higgs measurement,
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Figure 9. Contours of the prospective 95% C.L. constraints from HL-LHC measurements of single-
and di-Higgs production in the (ks/Ms, A\s) plane assuming kgs, kg4 = 0 (left panel), and the
(ks/Ms, kgs /M) plane assuming Mg, ksa = 0 (right panel) for specific values of My = 500 GeV,
1TeV and 2 TeV, colour coded to indicate the calculated values of dy.

along with a corresponding projection for the CMS experiment obtained by improving the
uncertainties of the existing CMS measurement by the same factor.

Repeating the fit with the projected di-Higgs data yields moderate improvement in the
prospective 95% C.L. constraints on the parameter space, which are shown in figure 9. These
are given for specific values of Mg = 500 GeV, 1TeV and 2TeV in the (kgs/Ms, \s) plane
assuming kg3, kge = 0 (left panel), and the (kg/Ms, k43 /Ms) plane assuming Ag, kg1 = 0
(right panel). The lines are colour-coded to indicate the predicted values of |d4| along them,
as per eq. (6.14), giving an idea of the possible modifications to the Higgs quartic coupling
at the boundary of the allowed region of parameter space. We note that this is only an
approximation of the true triple-Higgs production rate at dimension-8, since the singlet
extension also predicts other, higher-derivative and higher-point interactions, such as (9h)*,
tt(Oh)? and tth? that would also affect this process. Notwithstanding, we see for the singlet
model that the prospective HL-LHC measurements would not exclude the possibility that
d4 may differ very significantly from the SM value, though we emphasise that the largest
deviations become possible only for relatively low values of Mg < 1TeV where the SMEFT
approximation is generally less reliable. Comparing to figure 8, we see that the very largest
deviations occur in regions where the SMEFT expansion does not appear to converge, e.g.,
in the upper parts of the Mg = 500 GeV line in the left plot or the lower parts of the
500 GeV and 1TeV lines on the right plot.

We do not go beyond My = 2TeV as the corresponding contours are largely excluded
by theory constraints, although this does not preclude the possibility of significant dy
modifications within the allowed parameter space for Mg > 2TeV. A more comprehensive
exploration of the parameter space for d;s may be interesting, as there may be points with
large d4 within the allowed region that we have not shown, and we have not considered the
general case where all singlet model parameters are switched on. We have also neglected
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the singlet quartic coupling, kg4, which is very poorly constrained by the existing data. It
is, however, likely that the validity of the SMEFT approximation to triple Higgs production
may be restricted to smaller regions than those we have determined using cos? o, since the
energy scale of the process is higher than single Higgs production and there is the possibility
of resonant enhancements from on-shell singlet production. Indeed, this process has been
found to be interesting in the context of non-minimal scalar extensions of the SM [111]. Nev-
ertheless, these exploratory results suggest that a measurement of the Higgs quartic coupling
could provide an additional, complementary probe of the singlet model parameter space.

7 Electroweak triplet scalar model

We now move on to study the extension of the SM by a single real electroweak triplet
scalar field =2 with hypercharge Yz = 0. The tree-level SMEFT matching of this model to
dimension-6 has been calculated in refs. [76, 79, 81|, and partial dimension-8 results have
been computed in ref. [22], focusing on operators that modify 3-point interactions between
SM fields. Similarly to the S field, the = field interacts only with the SM Higgs doublet
at the renormalisable level. Following again the conventions of ref. [79], the full model
Lagrangian is:

1 1
Le = 5 (D,E")(DM'E") - 5MEQ(EGEG) — keHTE% H+
) (7.1)
— A=(EEY)(HH) — Zn:(zaza)%

where 0 (a = 1,2, 3) are the three Pauli matrices, and the couplings have the following
mass dimensions [kz] = 1 and [Az] = [n=] = 0. The potential parameters are subject to
theoretical constraints [92, 112] from boundedness:

)\7775 207 |)‘E‘ > _VAnEa (72)
and perturbative unitarity
A < 4, [ne] < dm, [6X+ 5 £ 1/ (6A — 512)2 + 48)2| < 167 (7.3)

In general, the scalar potential can have more than one minimum, and we must ensure that
the EW vacuum is the lowest energy state.

The scalar sector of the Y = 0 triplet model consists of neutral and charged states
that become approximately degenerate in the heavy-mass limit. As in the singlet model,
the neutral state can mix with the SM Higgs when the triplet acquires a vev. As we

discuss below, the triplet vev violates custodial symmetry and is constrained by electroweak
K=U

Mz
most a few times 1072. The direct searches for scalar resonances discussed in section 6 may

precision tests to be at most a few GeV, meaning that the mixing angle, sin o ~ is at

also have sensitivity to for lower triplet masses. The LHC also has a wide programme of
searches for charged Higgs bosons, n*, which can be produced in a variety of ways. The
charged Higgs has gauge interactions with the SM, which always involve a pair of 1+, while
the coupling of a single n* to SM states is controlled by the aforementioned suppressed
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mixing angle. When this mixing angle is non-zero, the n* decays tend to proceed via the
heaviest allowed SM states, either a pair of fermions (cs, Tv, tb) or a W and a Z boson. If
the mixing is exactly zero, there is a Zy symmetry in the scalar potential that stabilises the
lightest scalar state.

Searches have been performed for singly-produced charged Higgs bosons via the vector
boson fusion channel [113, 114] and also in association with a top and bottom quark [115-118].
However, since the mixing angle is so constrained by the EWPO, the sensitivities of these
searches are not very strong in our scenario. Mixing-independent production modes include
n* pair production via the Drell-Yan or vector boson fusion processes and the production of
n* in association with its neutral partner via a virtual W boson. The associated rates are
small in the heavy-mass limit, in view of the EW coupling strength, and we are not aware
of any dedicated searches at the LHC. Charged Higgs bosons can also modify the di-photon
partial width of the SM Higgs at one loop, which has been shown to place bounds of order
200 GeV on the charged Higgs mass [119]. Overall we do not expect the same degree of
complementarity between direct and indirect searches for the charged states of the Y =0
triplet model compared to the scalar singlet.

Writing eq. (7.1) in a similar form to eq. (6.4) defines the parameters:

B® = k-H'0"H; U=2\-H'H. (7.4)

The CDE procedure proceeds identically to that of the singlet, and is simplified thanks
to the absence of a trilinear self-interaction for the triplet. The solution to the classical
equation of motion is found to be

26~ A B+ nzABY(ABY?| + O(M~C) (7.5)

including the higher-order term beyond the linearised solution. Performing the inverse
mass expansion and plugging it back into eq. (7.1), we find the following tree-level effective
Lagrangian up to dimension-8:

(8) _ 1 anpa 1 a(p2 a 1 a/p2 _ 2 a
Loff trees = 2MEQB B + 2M§B (P*+U)B*+ 2MEGB (P*-U)(P*-U)B o)
M= ana)2 -5 '
- (B*B")? +0O(M™°) .
AMS (2177)

This turns out to give the same result as using the linearised solution to the equation
of motion.

The main difference with respect to the singlet matching to the dimension-6 Warsaw
basis is that a redundant operator, O, = HTH(D*H)'(D,H), is generated that must be
eliminated. This is done most efficiently using a Higgs field redefinition,

K2

M2

H—>H<1— HTH>, (7.7)

in such a way that we keep track of the associated corrections out to dimension-8. Alterna-
tively, one can make use of the Higgs equation of motion out to dimension-6, along with an
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additional correction stemming from the second-order variation of the action [120],
soasop 10 PO =HO f = [HPH, £ = (1O (78)

We verified that both methods yield the same dimension-8 correction to the low-energy effec-
tive action. For the dimension-8 terms generated by eq. (7.6), the SM Higgs equation of mo-
tion (6.11) can be used to reduce to the dimension-8 operators defined in table 2. The SMEFT
Wilson coefficients resulting from the matching of the triplet model at dimension-8 are
reported in table 4. The relevant subset of our results agree with the computation of ref. [22].

The other detail that differs slightly from the singlet case is the appearance of the
Higgs self-coupling parameter, A, in the dimension-6 matching result for Cy. Because of the
fact that a correction to this dimension-4 coupling is induced by this model, the X initially
appearing in the matching result is not the same quantity that is expressed as a function of
the input parameters in eq. (3.15). The appearance of SM couplings in tree-level matching
conditions is always a consequence of basis reduction via field redefinitions or employing
equations of motion. This means that any initial (i.e. before basis reduction) contribution
to the coefficient of O, generated by the CDE can be absorbed into the definition of A
without physical consequence. For the triplet, this corresponds to an initial redefintion of

1] DN

K
)\—>)\+2M52. (7.9)

However, subsequent contributions to C',4 generated by the basis reduction lead to the
aforementioned mismatch, requiring a further redefinition of A that gets propagated to the
Wilson coefficients of our basis. Taking into account the required shift:

212k 6tk

A= A= M e

(7.10)

gives a correction to Cy at the dimension-8 level. The results in table 4 are expressed only
in terms of parameters appearing in the SMEFT Lagrangian, i.e., A and p? are defined as
the low-energy coefficients of O,,4 and HTH. As discussed in section 6, this is not relevant
for the singlet case, since A only appears in dimension-8 Wilson coefficients, meaning that
all associated corrections occur beyond the order at which we are working. As in the case
of the singlet scalar, we see that the dimension-8 matching also implies corrections to the
dimension-6 coefficients. We detail in appendix A an analogous calculation of the hh — hh
amplitude that validates a subset of our results at dimension-8, from which we can draw
some confidence that the remainder of the matching results are reliable.

Finally, we can evaluate the dimension-6 and -8 contributions to the normalization of
the physical Higgs field (3.10) in the triplet scalar extension of the SM:

Ap =

292 1 9;@21 K202 (1 3m2 02 9k20?

K
—— |1 — 11
7|1 o =)+ 5 oz 8M§>’ (7.11)
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and also to the trilinear and quadrilinear Higgs self-couplings (3.41), (3.47):

K202 2002 92 3m?2 8=
=1+ - o1 - =
AV T T 2 9% 9m2
2k2 02 M=
=1 — (30— = 7.12
(- (%)) )
z_m§@2<1+3m%_2ﬁ%@2>’
M2 M2 M2

K202 22 12X20%2 92 82m? 32202
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4 35 Tz T\ T e T )
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In each of the above equations, the third line, indicated by “~”, corresponds to the case
where all the couplings except k= are assumed to be negligible.

7.1 Constraints on model parameters

Table 4 shows that the triplet scalar model generates a few more Wilson coefficients at
dimension-6 in addition to C'yg and C'y, namely the Yukawa operators C, 5,9 = u,d, e and
most importantly the custodial symmetry-violating operator C'y; . The latter is commonly
associated to the so-called T-parameter, since it contributes to the Z-boson mass term and
therefore leads to a modified prediction for the W-boson mass as well as shifts in the W-
and Z-boson couplings to the fermion currents with respect to the SM. As a result, the
operator is strongly constrained by EWPOs, which represent by far the most important
bounds on this model. For reference, we note that our dataset constrains the coefficient to
lie within

Cip C [—0.020,0.0040] (7.14)

at 95% CL, assuming A = 1TeV. This bound is completely dominated by the EWPOs,
with the addition of single Higgs data modifying the lower and upper boundaries by 1
and 5%, respectively. Even within the EWPO dataset, the bound is dominated by the
W-mass measurement,’ since removing the Z-pole data only loosens the bounds by 10-20%.
This is 1-2 orders of magnitude more sensitive that the bounds on the Cyg implied by
the single Higgs data, see eq. (6.15). The bias towards negative values occurs because the
inverse-variance weighted average of the pre-2022 W-mass measurements lies about 1.2
standard deviations above the SM prediction of 80.361 GeV used in our analysis, and Cyp
contributes linearly to my, with a negative coefficient.

"Pending scrutiny and confirmation of the recent CDF measurement of my, [50], we do not include it in
our nominal analysis.
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Table 4. Dimension-6 and -8 Wilson coefficients resulting from the tree-level matching of the
triplet scalar model to the SMEFT. Flavour indices are denoted by Roman letters {w,x,y,z}. The
parameters p? and ) are the quadratic and quartic coefficients of the Higgs potential at the EW
scale, respectively.
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As in the singlet model, most of the dimension-6 Wilson coefficients only depend on kz.
From the tight EWPO constraints discussed above, we can expect this quantity to be much
more tightly constrained than the singlet analogue, xg, and consequently for Higgs data to
only have a modest impact on the allowed parameter space. The quartic portal coupling,
Az, only appears in Cy at the dimension-6 level but, given the strong bounds on kz, the
deviations in di-Higgs production are expected to be below the current sensitivity. Overall,
the interplay between the data and the model parameters in the triplet model is somewhat
analogous to that of the singlet with the role of Higgs data being played by the EWPO
and that of di-Higgs being played by single Higgs data. However, judging from the single
operator analyses of Cyp, Cpyo and Cp, in this and the previous section, we can estimate
that the relative sensitivity of EWPO to single Higgs is about 10 times better than that of
single to di-Higgs data. This should result in a much milder impact of the less sensitive
dataset (single Higgs in the triplet case) on the overall results.

At the dimension-8 level, several more operators are generated than in the singlet case,
including the custodial symmetry-violating operator Ogé and an additional four-derivative
quartic Higgs operator Ogi We note that new 2 /M2-dependent terms are now present in
the matching results, due to the dimension-8 corrections from the dimension-6 reduction
to the Warsaw basis operators. Most importantly, Az dependence is introduced into the
EWPOs via Cgé This parameter also appears in coefficients relevant for single-Higgs data.
Finally, as in the singlet model, the quartic self-coupling of the triplet, n=, appears for the
first time in the octic Higgs operator, O,s. Since we are not even sensitive to this parameter
in the singlet case, we can be sure that this will also be true for the triplet. We therefore
do not discuss this parameter any further.

The triplet matching results are insensitive to the sign of xz, so we report subsequently
results in the positive half of the parameter space. Figure 10 shows the bounds implied by
the data on the combination |k=z|/Mz=, assuming the other parameters, Az and 7=, are set to
0. Bounds derived at the linear dimension-6 level are shown in green, while bounds obtained
at the quadratic dimension-6 and linear dimension-8 level are shown in purple. The bounds
obtained in the dimension-6 and -8 approximations coincide almost completely, differing
only at the per-mille level. This is also shown in the subplot, where the ratio of the two
upper bounds is exactly 1. Compared to the analogous parameter in the singlet model, xg,
|k=|/Mz is much better constrained thanks to the better precision of the EWPOs compared
to Higgs data. As discussed in the SMEFT case above, the bounds are dominated by the
W-mass measurement.

We now allow for non-zero values of the quartic portal coupling, Az and examine the
impact of the data on the 2-dimensional parameter space. In the four panels of figure 11
we compare the values of |k=z|/Mz that are allowed as functions of Az by the EWPOs for
M= =0.5,1,2 and 4 TeV assuming 7= = 0, at the 68% CL (dashed lines) and 95$ CL (solid
lines), including dimension-6 operators in the linear approximation (green shading and lines)
and including both the quadratic effects of dimension-6 operators and the linear effects of
dimension-8 operators (grey lines). We also show the effects of including the present Higgs
coupling measurements (purple shading and lines). Regions that do not satisfy partial-wave
unitarity bounds or where the potential is unbounded are shaded in red. These bounds are
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Figure 10. The range of |kz|/M= allowed as a function of Mz by the current experimental data.
The green shaded area represents the allowed interval at 95% Confidence Level from a dimension-6
analysis including only linear (interference) effects, and the purple shaded area is from an analysis
including also linear dimension-8 contributions and quadratic dimension-6 contributions. The subplot
shows the ratio of the dimension-8 and dimension-6 determinations of the upper bound.

obtained in a conservative way, varying over all allowed values of 7z, such that they represent
the absolute maximum available region of parameter space. In the specific case of nz =0,
for example, Az would be constrained to be strictly positive, while non-zero 7z can permit
small negative A\z. We see that at the linear dimension-6 level the constraint on |x=z|/A is
independent of Az, which only enters in di-Higgs production at this level. We confirm that
the di-Higgs data is not sensitive to this parameter, given the EWPO constraints. Instead,
there is a strong dependence on Az when the quadratic effects of dimension-6 operators and
the linear effects of dimension-8 operators are also included, which arises from a cancellation
between the dimension-6 and dimension-8 contributions. We also note that the effects of
including the Higgs coupling measurements at the dimension-8 level are minor, contributing
mainly to rule out a small part of the tip of the cancellation region for Mz = 0.5 TeV.
Between Mz = 0.5 and 1TeV, the tip of this region disappears above the perturbative limit
for Az > 47 /v/3. As Mz increases, the dimension-8 effects gradually decouple.

7.2 Comparison between the dimension-6 and -8 results and the full model

The large differences between the dimension-6 and -8 results signal that the EFT description
may be breaking down in some regions of the parameter space. In order to quantify this,
we compare the two approximations to the full model description, focusing on the my,
prediction that dominates the experimental constraints on the triplet scalar model. As with
the singlet model, the fact that our matched, dimension-8 SMEFT prediction agrees with
the Taylor-expanded full model prediction:

My o D (1 o ()\: 2 e 8’%» , (7.15)

msy Coo ME\2  M2\'F 8¢2 M2
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Figure 11. Values of Az for Mz = 1TeV and nz = 0 that are allowed at the 68% CL (dashed lines)
and 95% CL (solid lines) by the present electroweak precision observables including dimension-6
operators in the linear approximation (green shading and lines), including both the quadratic effects
of dimension-6 operators and the linear effects of dimension-8 operators (grey shading and lines),
and also including the present Higgs coupling measurements (purple shading and lines) as functions
of |kz|/A. The red shaded regions at large Az are excluded by the perturbative unitarity constraint
A < 87/3, and the boundedness of the scalar potential. These are determined by allowing for all
possible values of 7z allowed by perturbative unitarity and boundedness.

provides an additional validation of our matching calculation. Figure 12 depicts the
constraint from the combined, pre-2022 my, measurements in the (|rz|/Msz, A=) plane, for
masses of 0.5,1 and 2 TeV and 7z = 0. The constraint is determined by requiring that the
my, prediction lie no more than 2 standard deviations above (solid lines) or below (dashed
lines) the inverse-variance weighted average of the measurements. Constraints obtained
with predictions at the dimension-6 and -8 levels, shown in green and purple, respectively,
are contrasted with the full model prediction in grey.
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Figure 12. Contours of constant W-boson mass as a function of |kz|/Mz and Az for Mz = 500 GeV
(left panel) 1 TeV (middle panel) and 2 TeV (right panel), all for = = 0. Predictions at the linear
dimension-6 level (green lines) are compared to the linear dimension-8/quadratic dimension-6 level
(purple lines) and those from the full model (grey lines). The contours are plotted to match the 20
upper (solid lines) and lower (dashed line in the left panel) bounds from pre-2022 my, measurements.

The shapes of the constraints in the EFT approximations are very similar to those of
the full fits in figure 11. The dimension-6 bound does not depend on Az, unlike the full
model prediction, whereas a strong dependence is introduced at dimension-8, leading to a
cancellation region that moves up with increasing Mz. In contrast, while the full model
does display a Az dependence, the extreme cancellation displayed in the dimension-8 result
is not present. The dimension-8 approximation very closely reproduces the full model at
moderate Az but starts to diverge significantly at larger Az and smaller Mz, namely around
Az ~ 1 for Mz = 500 GeV and around Az ~ 3 for M=z = 1TeV. On the other hand, when
Mz = 2TeV the dimension-8 approximation is very accurate for all values of Az between
the perturbative upper bound and the stability lower bound, shown as the red lines at
Az >~ 7 and -1, respectively. We see that, in the dimension-8 approximation, the my, shift
changes sign for large Az, which can be traced back to the negative (’)ﬁ% contribution in
egs. (3.17) and (3.18) that depends linearly on Az (see table 4). The full model dependence
is such that this never occurs in reality, so this region is not well described by an EFT
expansion to dimension-8. Fortunately the dimension-8 and full model descriptions agree
better with increasing mass, and at Mz = 2 TeV, the model is faithfully reproduced in this
approximation. We also checked the regions of parameter space over which the dimension-8
predictions for my, are closer to the full model, finding that for Mz > 850 GeV, the 95%
C.L. contours derived from the global analysis lie completely within these regions. Hence,
although the dimension-8 analysis correctly introduces a Az dependence, it is not reliable
for large values of this quartic coupling. For example, for Mz > 500 GeV, the dimension-8
prediction is worse than the dimension-6 one above Az ~ 2.5.

Figure 13 shows the profiled 95% CL upper limits on |x=z|/Mz= as functions of Mz at
the linear dimension-6 level (green) and at the dimension-8 level (purple), showing also
the ratio between the limits, imposing the aforementioned perturbativity and boundedness
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Figure 13. Profiled 95% CL upper limit on |k=z|/Mz as a function of Mz, where |Az| is varied
within the region constrained by perturbative unitarity and boundedness, at the linear dimension-6
level (green) and at the dimension-8 level (purple). The subplot shows the ratio between the limits.

restrictions on Az and nz. Compared to the individual constraint shown in figure 10, the
profiled result highlights the impact of upgrading the analysis to dimension-8. The spike
in the dimension-8 limit, which reaches k=/Mz ~ 0.42 for Mz ~ 900 GeV, arises in the
cancellation region in the upper left panel of figure 11, and the dip at larger |k=|/M=
begins when the tip of this region starts to disappear beyond the perturbativity bound.
However, as we have just discussed, the emergence of such a region is an artefact of the
EFT approximation exaggerating the Az dependence of the m,, prediction. This suggests
that the EFT interpretation used to obtain this result is not reliable below Mz ~ 1TeV.
Above this mass, dimension-8 effects appreciably loosen the profiled bound, while the
linear dimension-6 approximation gradually approaches the dimension-8 value at large Mz,

indicating a nice convergence of the expansion.

7.3 Interpreting the new CDF my measurement

Finally, we comment on the recent measurement of my, by the CDF Collaboration [50],
which is in significant tension with previous measurements and the SM prediction. The scalar
triplet model is one of the extensions of the SM that is favoured as a possible scenario for
accommodating the CDF measurement, or at least mitigating this tension. Accordingly, we
have explored the constraints on this model that are imposed at the linear dimension-6 level
and including quadratic dimension-6 effects as well as dimension-8 operators in figure 14.
The left panel shows the constraints imposed on the parameter space for Mz = 1TeV
in the two SMEFT approximations in green and purple, respectively. For reference, the
constraints on the full model when considering only my, measurements are shown in grey.
The middle panel shows how the preferred region at the dimension-8 level evolves for Mz
ranging between 0.5 and 5 TeV. The right panel shows the analogous preferred region for
the full model, using only the m, measurements as input.
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Figure 14. Left panel: values of |kz|/M= that are allowed as functions of Az for Mz = 1TeV and
= = 0 at the 68% CL (dashed lines) and 95% CL (solid lines) by the present electroweak precision
observables including the CDF measurement of my,. We compare results including dimension-6
operators in the linear approximation (green shading and lines), including both the quadratic effects
of dimension-6 operators and the linear effects of dimension-8 operators (purple shading and lines)
and the full model constraints using only the m,, measurements (grey shading and lines). Middle
panel: constraints on |kz|/M= as functions of Az from the present electroweak precision observables
including the CDF measurement of myy, for the indicated values of M= and nz = 0 at the 68%
CL (dashed lines) and 95% CL (solid lines) as analyzed including both the quadratic effects of
dimension-6 operators and the linear effects of dimension-8 operators. Right panel: same as middle

panel, but for the full model and using only the m,, measurements as input.

The left panel shows that at the linear dimension-6 level, a non-zero value of |kz|/Mz ~
0.1 is preferred, whereas at the dimension-8 level the allowed range of |kz|/Mz increases
as Az increases from negative values, approaching 0.32 for Az ~ 47/v/3. The dimension-8
bounds provide a much better approximation to the full model bounds for Az up to around
4, after which they start to diverge and become incompatible with the true bound above
Az = 6. Again, this emphasises the dominance of the m, measurements in the dataset,
since the full model bounds only take those into account. All of the allowed regions coincide
around Az ~ 0, showing that dimension-8 effects are negligible there and only matter for
nonzero A\z. We see from the middle panel that the preferred value of |kz|/Mz scales linearly
with Mz. The band of allowed |k=|/Mz and Az values for Mz = 0.5 TeV has a similar shape
which is cut off above Az ~ 2, resulting in a spike around |kz|/Mz ~ 0.2. For values of
M= > 2TeV the allowed band is tilted without a spike in the perturbative range for |Az|.
The right panel confirms that the extreme dependence on Az introduced at dimension-8
for Mz < 2TeV is exaggerated with respect to the full model prediction, which predicts a
linear relationship between |kz|/Mz and Az for a fixed modification to my,. Nevertheless,
the dimension-8 conclusions for lower Az are likely to be a good approximation of the
constraints on the full model.
Interpreting the new CDF m, measurement at face value could then suggest the
presence of an EW triplet state with non-zero values of k= ranging from around 20 GeV
for M= = 500 GeV to 2900 GeV for Mz = 5TeV. Our analysis has shown that an EFT
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analysis of the EWPO data presents a more faithful interpretation in terms of the triplet
model when including dimension-8 effects. It has also quantified the regions of extreme
Az in which the convergence of SMEFT expansion appears to break down and a HEFT
description is likely to be more appropriate.

8 Summary

We have explored in this paper the present and prospective experimental constraints on
singlet and zero-hypercharge triplet scalar field extensions of the Standard Model using the
SMEFT formalism with dimension-6 and -8 operators. As a first step, we computed the
effect on gauge and Higgs interactions of the coefficients of the relevant SMEFT operators,
including both the linear and quadratic contributions of dimension-6 operators and the
linear contributions of dimension-8 operators. Using the CDE method at tree level, we
derived matching expressions for the coefficients of the relevant operators in the singlet
and triplet models, using the Warsaw basis [2] at dimension-6 and the basis of ref. [17] at
dimension 8. These generically involve corrections for dimension-6 operator coefficients
as well as contributions to dimension-8 Wilson coefficients. We found that, in order to
perform a consistent matching to dimension-8 order using the CDE, it was necessary to
solve the classical equation of motion for the heavy field beyond linear order. Although
linear order is typically sufficient for dimension-6 and most dimension-8 matching results, in
the presence of trilinear scalar self-interactions, higher orders are needed, which result in an
additional contribution to the octic Higgs operator O,s = (HTH)*. These results enabled
us to include consistently all the O(1/A2) and O(1/A*) contributions to rates for physical
processes, where A is a heavy new physics scale that can be identified with the scalar mass.
We also derived expressions for the model contributions to the deviations of the Higgs
trilinear and quartic couplings from their values in the Standard Model. We cross-checked
our matching results by comparing them with exact expressions for Higgs-Higgs scattering
in both models, as well as expressions for the Higgs-singlet mixing angle and the W-boson
mass in the singlet and triplet models, respectively.

In general, we observed that tree-level dimension-6 matching captures a subset of the
potential parameter dependence of physical observables whose measurements can constrain
such models. Tree-level matching relies on the presence of interaction terms that are linear
in the heavy field. These parameters appear at the lowest-order, dimension-6 matching, and
contribute in a leading way to the Higgs signal strengths and EWPOs for the singlet and
triplet models, respectively. In both models, only modifications to the Higgs self-coupling
via O = (HTH)3 yield any sensitivity to the other parameters in the scalar potential at the
dimension-6 level. At dimension-8, many more operators are generated and the parametric
dependence is enriched. In particular, matching at this order introduces a dependence on
the additional parameters of the scalar potential beyond the Higgs self-coupling, allowing
for a more interesting interplay between Higgs signal strengths, EWPO and di-Higgs data.

In order to quantify this, we performed a global statistical analysis over the model
parameter space, using the SMEFT framework as a bridge to the data. This allowed us to
confront the two scalar extensions of the SM with a dataset comprising EWPO, Higgs signal
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strengths and di-Higgs cross section measurements. Performing this analysis to O(1/A2)
and O(1/A%) allowed us to quantify the importance of dimension-8 effects and assess
the validity and convergence of the SMEFT approximations. In addition, we compared
the experimentally allowed regions with those allowed by theoretical constraints on the
underlying model coming from boundedness, perturbative unitarity, and the requirement
that the EW vacuum be the global minimum of the scalar potential.

We showed how the expectations derived from our matching calculations played out
in the data, demonstrating that the dimension-8 analysis leads to a non-trivial interplay
driven by the balance between two effects. On one side, the dimension-6 effects are the
leading ones, with dimension-8 contributions expected to contribute corrections suppressed
by ~ v2/A2. On the other, the additional parametric dependence is limited to Higgs
self-coupling modifications at dimension-6 order, which is only probed by the relatively
less precise di-Higgs cross section measurements. Moving to dimension-8 order brings a
dependence on these additional parameters into the Higgs signal strengths and EWPO,
which are comparatively much better determined. There is hence a balance between the
relative smallness of dimension-8 effects and the relatively poor experimental precision of
di-Higgs rates with respect to other data.

That said, we did find that di-Higgs data provide important additional information in
the case of the singlet scalar model. At dimension-8 order the Higgs signal strengths alone
yielded flat directions in the parameter space that were efficiently closed by the addition
of di-Higgs rates. In particular, even when considering the linear coupling parameter kg
alone, di-Higgs data served to exclude a region of large xg that would have otherwise
been allowed by Higgs data alone, due to the appearance of a second minimum in the
log-likelihood. Overall, we found that the allowed regions when including di-Higgs data
were much reduced and overlapped significantly less with the theoretically forbidden regions.
In contrast, we found that the EWPO data completely dominated the bounds on the triplet
model parameter space, with Higgs data helping to exclude a very small additional portion
and di-Higgs rates having no impact. Our results would certainly improve with the use
of differential di-Higgs information, at the cost of a more delicate balance with the EFT
validity criterion.

Because of the limited sensitivity of the di-Higgs data, we were unable to place any
meaningful bounds on the quartic self-couplings of the scalar models, which only modify
Higgs self-interactions at tree-level and dimension-8. Nevertheless, since our dimension-8
results lead to a more constraining likelihood over the parameter space, we were able to

obtain profiled bounds on the linear coupling parameters, kg and kz, allowing the other

s
parameters of the scalar potential to vary within the theoretically allowed ranges. As
expected, the significantly different interplay with data at dimension-8 order led to prima
facie very different conclusions on the allowed values, particularly for the singlet model.
This raised the question of the convergence of the SMEFT expansion, given that going
from dimension-6 to -8 led to O(1) or greater changes in the allowed parameter space.
However, we found that much of the parameter space that was still allowed by the data and
theoretical bounds corresponded to regions where the singlet acquired a large vev, vg > v,

in contrast with the SMEFT expectation that this be a suppressed quantity. Repeating
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the profiling analysis with the additional requirement that |vg| < Mg led to less drastic,
but still significant, differences between the dimension-6 and -8 analyses. In the case of the
triplet field, for Mz < 900 GeV, we found that the profiled bounds on k= were exaggerated
due to an unphysical cancellation in the dimension-8 predictions indicating an unreliable
SMEFT expansion at large Az.

In order to explore further the validity of the SMEFT approximations, in sections 6.2, 7.2
and 7.3 we compared our SMEFT predictions at different orders with those of the full

2 o, which controls

models. For the singlet, we used the Higgs-singlet mixing parameter cos
Higgs signal strengths, while for the triplet we used the my, prediction. We chose these
because they are the observables that best constrain each model. As seen in figures 7, 8, 12
and 14, we uncovered the regions of parameter space in which the dimension-8 predictions
represented improvements over dimension-6 ones as well as regions where they diverged
significantly from the full model prediction. In the latter case, such regions of parameter
space are not likely to admit a SMEFT approximation. In both the singlet and triplet
extensions of the SM, several new model parameters appear at dimension 8, and the regions
where the SMEFT approximation converges depend on their values and on the observable
considered.

For example, in the case of the singlet extension of the SM, we see in the upper panels
of figure 7 that the full model prediction for the Higgs-singlet mixing parameter sin? o
(which is the most constraining in this model) is better approximated by the dimension-8
calculation for Ag < 0.4(1.3)(2) when Mg = 0.5(1)(2) TeV when kg3 = kg1 = 0, whereas
the SMEFT approximation scheme breaks down for kgs < 0 when A\g = kg+ = 0 (lower
panels of figure 7). Similar features are seen in figure 8, where we see that the SMEFT
expansion converges for relatively large values of Ag and kg when kg3 = kg1 = 0, whereas
the ranges of kg and kg3 where the SMEFT expansion converges are more limited when
As = Kkga = 0.

In the case of the triplet model, we see in figure 12 that when n= = 0 the SMEFT
expansion converges for the pre-2022 world average value of myy for A=z between the
theoretical lower limit and Az ~ 1(4) and the theoretical upper limit ~ 7 for Mz =
0.5(1)(2) TeV. In the left panel of figure 14 we see that when we assume the CDF value
of mw, nz = 0 and M= = 1TeV the SMEFT expansion converges for A=z between the
theoretical lower limit and Az ~ 6. On the other hand, we see in the middle panel that the
SMEFT expansion clearly fails for Az 2 1 when M= = 0.5TeV and n=z = 0.

As these examples show, the convergence of the SMEFT expansion is not uniform, but
depends on the observable, its value and the model parameters that appear only at the
dimension-8 (or higher) level. In certain cases there may be cancellations between different
terms at dimension 8 (or higher), but they should be taken cum grano salis unless they are
protected by some symmetry against higher-order corrections.

Given the tight constraints from the EWPOs, there is no scope for observable modifi-
cations to Higgs self-couplings in the triplet model. Indeed, even the impact of the single
Higgs data was found to be practically negligible in constraining this scenario. However
for the singlet model, we found an interplay between single and di-Higgs data, and the
trilinear self-coupling measurement already provides useful information in probing this
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extension of the SM. We then explored the scope for a modified Higgs quartic interaction
in this model, which could potentially be probed by triple-Higgs production as well as
indirectly through precision di-Higgs measurements at future colliders. By considering
a simple ‘post-LHC’ scenario using the projected HL-LHC sensitivities to di-Higgs cross
section measurements, we found that significant deviations to the higgs quartic coupling may
be possible within the allowed parameter space, although the most significant deviations
were (unsurprisingly) observed in the regions where the SMEFT approximation is likely to
break down. Within a restricted region where SMEFT predictions for single Higgs rates can
be trusted, deviations with respect to the SM prediction by a factor of a few seem possible.
This suggests that a more comprehensive analysis over the full parameter space may be
interesting, complemented by explicit calculations of di-Higgs and triple-Higgs production
rates in the SMEFT at dimension-8.

Finally we considered the impact of the recent CDF W-mass measurement on the
parameter space of the triplet model, which is known to be one of the possible BSM
candidates that could account for such an anomaly. By comparing to the full model
predictions, we showed how the dimension-8 analysis allowed us to determine more accurately
the preferred regions of parameter space. In particular, the fact that the preferred value
of kg depends on Az is not captured by the dimension-6 analysis. This occurred up to a
point where the SMEFT expansion became unreliable, in line with our previous conclusions
about its validity.

It would be interesting to perform a more detailed comparison of the sensitivities of
the dimension-6 and -8 SMEFT analyses to direct searches for singlet or triplet scalar
bosons. However, any such comparisons would be quite complex, in view of the large
dimensionalities of the full models. We consider such comparisons to lie beyond the scope
of this paper, but envisage making such studies in future work.

The extension of phenomenological applications of the SMEFT approach to include
dimension-8 operators is less developed than the corresponding dimension-6 analyses.
However, explorations of the type discussed here may be interesting in other SMEFT
sectors, e.g., in top physics where the constraints on dimension-6 operator coefficients are
weaker and hence the possible contributions of dimension-8 operators may be more accessible.
It will also be interesting to explore other examples of the possible interplay between present
and future SMEFT explorations of possible new physics beyond the Standard Model.
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A Matching validation: hh — hh scattering

As a partial validation of the matching results reported in table 3, we calculate the amplitude
for hh — hh scattering in both the full theory and in the SMEFT framework.

A.1 SMEFT

In the SMEFT framework, the relevant Feynman rules for the cubic and quartic Higgs

interactions in terms of the input parameters, the relevant dimension-6 and -8 operators
and with all momenta incoming, are as follows:
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We use (A.1) and (A.2) to find the following general expression for the hh — hh scattering
amplitude in terms of the SMEFT coefficients to O(1/A%), i.e., including contributions

that are quadratic in the dimension-6 operator coefficients and linear in the dimension-8
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operator coefficients:
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Where s,t,u are the usual Mandelstam variables and D(s,t,u) is the (s,t, u)-symmetric
Higgs boson propagator combination:

(A4)
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s —m2 +t—m§1 u—m?
We use this expression to validate the non-linear field redefinitions used to obtain eqgs. (3.41)
and (3.47), for the modified trilinear and quartic Higgs self couplings in a basis without
any three or four point, two-derivative Higgs self-couplings.

A.2 Singlet scalar

Combining the general expression (A.3) with the matching results of table 3 to obtain the
hh — hh amplitude in terms of the singlet model parameters, and the SM input parameters
my and 0, we find:

Imi  2Tmik:  36mZ%0%k2As  54mS k% 180mE92KZ g

M = D(s,t, - _
! (5,8 1) | 73 MY T ME MS MS
_ 144m?2, 54 K2 \2 7 36m20%k3kgs  BAdmb ok _ 108m2, 04 kENs
Mg Mg M¢ M§
3600k 270my0°kirgs | 432m3 0 K3Askgs | T2m3 0" ke (Kgs)
M§ M§ M§ M§
720965 sk g 324m20MkER2;  108m%0tkIkgs  3600K%K2,
— — + (A.5)
M10 M1 M1 M12
3my,  25mik% | 360°kINs  T8mywi | 252my0*sils  1920'KZAE
2 M4 M4 MS M?S MS
RSP 4 u?) 360°kERgs | 66m30%(ky)  3T8m0%KIks
Mg Mg M§ M§
1080 kEAs | 5760 KINskgs | 9601 kY (rgr)  4320MKEKZ, N 10804 K5k g5
M? M? M? M0 M10

in the SMEFT.
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To calculate the amplitude in the full theory, we start from the singlet scalar Lagrangian
of eq. (6.1), repeated here for clarity:

1 1
Lo= 50,50,8 — JMES® — kH'HS — \HHS — kS — muSt. (A6)

In order to verify our SMEFT matching calculation, we calculate hh — hh scattering in
this theory taking the EFT limit, i.e., assuming Mg, kg, kgs > v, s, |t|, |u|. Since S has
no quantum numbers, a tadpole term (linear in the field), L9, = bgS, is also permitted.
Under a shift of the field by a constant S — S + ¢, the parameters of the scalar potential
are redefined according to:

W= —cks — s,
bs — bs —c M2 — 3c%kgs — 4%k ga
M2 — M2 +6crgs +12¢% kg, (A7)

/ig — kg + 2c)g,

2

Kgs —> kg3 +4Ckga,

where all unspecified parameters are unchanged and p? is the mass parameter of the SM
Higgs doublet. Since physical observables must remain unchanged under such a field
redefinition, there is an infinite freedom to choose the representation of the scalar singlet
Lagrangian that yields the same physics. This freedom can be used, e.g., to fix the vev of S
to zero, or to eliminate the tadpole term. The latter choice has implicitly been made in
eq. (A.6), meaning that S generically obtains a vev, (S) = vg # 0, in this representation. If
the former choice is made, the minimisation conditions to obtain vg = 0 and (H) = v/v/2,
fix the value of the tadpole coupling to be bs = —v?ks/2.
In the general case where S obtains a vev, the minimisation conditions read

p? = \? + vs(ks + VsAs),

A8
20sM?2 = —v% (ks + 2Asvs) — 6v2kgs — Svika (4.8)
which can be solved in the EFT limit for
2 2 2
Ksv Vs 3V Kgkgs
_ 1— bl . A9
vs 2M§< Mz T2t ) (4.9)

After the fields obtain their vevs, there is mass mixing between the excitations about the
ground state, hg and sg, that is diagonalised by a rotation through a mixing angle «, thereby
defining our two physical scalars:

2

h = hgcosa+ sgsina, s=sgcosa— hgsina: tan2a = %,
y - (A.10)

where x = v(ks + 20s\s), y = M2 —m?% + 6vs(kgs + 2uskgr) + v2)\g,

with masses my and
2 2
e+

m%,phys = m?{ + y Y . (All)
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In the EFT limit, tan 2 ~ 2}\'}52”, so the state h is mostly comprised of the SM Higgs field,
S
ho. The Higgs quartic coupling parameter can be written in terms of the other model

parameters as

1 x?

For the purposes of validating our matching calculation, we stick to a parametrisation in
terms of the original Lagrangian parameters rather than a set of physics inputs.

In addition to a new scattering diagram mediated by the heavy state, s, the mixing
between the fields leads to a modification of the trilinear and quartic Higgs self-interactions.
We then expand our expression for the amplitude in inverse powers of Mg, assuming xg and
Kgs to be of order Mg, and obtain the same result as the SMEFT calculation in eq. (A.5).
As an additional validation, we performed the calculation in both representations of the
singlet Lagrangian mentioned above, where vg # 0 and vy = 0, respectively. Computing
the required S-field shift to translate from one to the other, we confirmed that the two give
the same result up to dimension 8.

A.3 Triplet scalar

Repeating the analysis of the previous section for the triplet scalar case, we combine the
general expression (A.3) with the matching results of table 4 to obtain the corresponding
hh — hh scattering amplitude in terms of the triplet model parameters and the SM input
parameters my and o:

Im? B 18mi k2 36m20%k2 Az 7 54mS k2 162m% 62k2 A2

iM=D(s,t,u) 2 e e NS NS
144m2 04 k2A2 45mA0%kE 144m20*kide 3605k202  18m20*kine
. H ENE H = H == =EN\E H =
6 8 8 8 8
M ME Mz Mz Mz (A.13)
3m?  22m%kr2 360%k2Az T8mEkZ 246mZ0%kINz  19204K2A2
82 M2 Mi MS M - MS
(PP HuP)RE | 63my0°ks 1440k N 240* kin=
M ME M3 M$

To calculate the amplitude in the full theory, we extend the SM Lagrangian with the
scalar triplet interactions of eq. (7.1):

1

Lz = ~(D,Z%)(D'E®) — ~MZ2(Z"Z%) — ke H'Z0 " H +
] 1 (A.14)
— A=(E°E)(HTH) — Jn=(E"2%)?,

1 0 0
HZ\/Q( > ) == €0+/Ut ) (A15)
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since we are only interested in the neutral sector for the purpose of this exercise. The triplet
vev contributes to the W-boson mass term:

2
m2, = QZ( 2 4 402). (A.16)

This, in turn, leads to a relation between the input parameter, Gg, which is determined
from the muon decay lifetime, and the scalar vevs.

1
V2Gr

Given this constrain from the input data, the requirement that v? > 0 restricts the absolute

v? + 4} =

92 ~ (246 GeV)?, (A.17)

value of v; to be less than ©/2. The precisely measured EWPO constrain this quantity to
be much smaller, on the order of a few GeV. The potential has the following minimisation
conditions:

uQ = 02\ — vks + vf)\g ,

v2 ks (A.18)
= 2Ut — '()2)\5 - U?T]E 5

1] no

m

which can be solved for the triplet vacuum expectation value in the EFT limit:

Kzv? Azv? K2 v? K2

After EWSB, there is mass mixing between the excitations about the ground state, hg and

&o, that can be diagonalised by a rotation through a mixing angle 3:

20Kz — 4V g

tan 25 = 3vins — 202\ 4+ v2hs + M2’ (4.20)
thereby defining the two physical scalars:
h = hgcos 5+ & sin g, E=¢&ycosfB — hypsin 3, (A.21)
with masses my and
mg = M2+ \=v® + 3n=vf + V(e = Davi)’ (A.22)

M2+ Xzv? + 3nzvf — m%,
The Higgs boson quartic coupling, A, gets corrected with respect to the SM as follows:

N mii, 1 (k= — 2)\=0?)?
C 202 2 M2+ Mzv? + 3nzvf —mE

(A.23)

We refer the reader to refs. [112, 121] for more details on the phenomenology of the Triplet
scalar model. In the same way as we did for the singlet model, we computed the hh — hh
scattering amplitude in the EFT limit out to dimension-8, finding agreement with the
matched amplitude of eq. (A.13).
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B {agu,mz, Gr} input scheme

The SM Lagrangian parameters g2, ¢’?, v2 and ) appearing in this paper have been expressed
in terms of measurable quantities using the {a gy, mz, G} scheme, following the formalism
defined in ref. [57]. For completeness, we review here the general formalism and results up
to dimension 8.

We define the vector of independent SM parameters as g = {g'?, g, v2, A} and the input
observables to be O = {ag, m%, Gp, m?{}, where my is needed only to fix the value of .
Working order by order in the EFT expansion, each O,, can be expressed as:

FW(g,C)+..., (B.1)

1
On:Fng)(g)—f_ QF(Q)(.Q’C)_{—F n

A

where FT(L )( ) depends only on the parameters g and represents the SM expression, while
the F\\* 4)( ,C) are SMEFT corrections that depend in addition on the Wilson coefficients
C'. The general solution to the system (B.1) is of the form:

K2 (0,0) + FK“”(@ C) + (B.2)

where the leading term is the SM solution, defined by imposing

O, = FO(K(0)), (B.3)
while the following terms are SMEFT corrections defined, up to dimension 8, as:
KO = _(J ) F®, (B.4)

(2) 2 1(0)
OFn™ po@)  LOTFn™ 1(2) (@)

FT(14) + ] 9
dgr, ~ % 20g0g; kT

KM = (7 i (B.5)

where all the terms are evaluated using SM expressions and J is the Jacobian matrix

oF)
Jni = . B.6
30, (B.6)
Eq. (B.2) allows us to express the parameters g as
0gi
9i = Gi l: ] (B?)
i

where §; = K i(o) (O) is the SM expression in terms of the input observables and dg; represents
the corrections depending on the Wilson coefficients.
At tree level, the input observables O,, are defined as:

1 g°¢” 6) 8)
aEA{:Eg2+g/2[1+A OZEM+A OéEM], (B.8)
12\,,2
m? = lg”+97)vr +4g Jvr 14+ A®m2 + A®m2] (B.9)
G 1+ A0Gr + A®GE], B.10
F= va [ F Fl (B.10)
m2 = 2202[1 + AOm2 4+ A®p2], (B.11)
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where A®) and A® represent the dimension-6 and -8 SMEFT corrections, respectively.
Thus, in the notation of eq. (B.1) one has:

2 .12
o 1 99" 1o po) A6 1w _po) A®

= 5 9 (85557 Apnm
XEM A 92 +g/2 ) A2 XEM XEM ’ A4 XEM XEM )

(B.12)

and similarly for the other quantities.
To express the parameters g as in eq. (B.7), we first determine the SM solutions §;:

2
A2 drag A drag ~9 1 5\ . mHGF

) ) = —, , B.13
s T Vaor V2 (1

2
Cuw

where the weak angle 0., is defined as

~12 /
2 s 2 A o g . 1 2\/§7TQE1\/[
S = Sl ew:W—Q{l— 1_T’rn% . (B14)

We can then determine the shifts dg; by computing the Jacobian (B.6),

ck Jam sk JAm
2/4  02/4 92 /Ac2
—1/V20% ’
2N 202

J = (B.15)

and the remaining K> terms (B.4), (B.5) in eq. (B.2).
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