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Physics beyond the Standard Model (BSM) can be described in a consistent and general way through the
Higgs effective field theory (HEFT). Measurements of model-independent HEFT coefficients allow one to
constrain the parameter space of BSM models via a matching procedure. In this work, we show that this
procedure is not unique and depends on the scalings of the parameters of the Lagrangian. As examples, we
consider three BSM models: the real singlet extension of the SM with a Z, symmetry, the complex singlet
extension of the SM and the two Higgs doublet model. We discuss several physical observables, and show
that different scalings of the model parameters with the UV scale in the matching to the HEFT can yield
quite different results. This complicates the interpretation of HEFT measurements in terms of parameters of
BSM models. Additionally, as a byproduct, we report the first matching of the complex singlet extension to

the HEFT.
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I. INTRODUCTION

The discovery of a scalar particle at the Large Hadron
Collider (LHC) in 2012 [1,2]—usually identified as the last
piece of the Standard Model (SM), the Higgs boson—
intensified an old question: is there physics beyond the SM
(BSM)? The absence of any detection of new physics at the
LHC suggests that potential BSM physics should be heavy.
In that case, the general and consistent framework of an
effective field theory (EFT) is ideal to parametrize possible
deviations of the SM at the LHC. The two main EFTs
for physics that could affect the Higgs sector are the
Standard Model EFT (SMEFT) [3-5] and the Higgs
EFT (HEFT) [6-13]; for an introduction to both and to
their comparison, see Refs. [14,15].

Any EFT is constructed on the basis of an expansion; the
set of rules that organizes the order of such expansion—by
determining how the different quantities scale—is known
as power counting (PC). Between the SMEFT and the
HEFT, the former is more widely used given its clear
PC [14]. Indeed, the SMEFT is the default choice in many
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LHC analyses and allows for the inclusion of data from
many different processes (Higgs physics, diboson produc-
tion, electroweak precision measurements and top quark
physics, among others) [16—18]. On the other hand, the
HEFT is more general than the SMEFT, and has been the
object of diverse studies in recent years [19-44], extending
previous LHC analyses of leading and subleading HEFT
couplings [13,45-53]. The larger freedom provided by the
HEFT has also recently motivated the ATLAS collabora-
tion at the LHC to perform an analysis utilizing the HEFT,
in the context of double Higgs production [54]. This
suggests that future experimental analyses related to the
exploration of Higgs self-interactions may also find the
HEFT parametrization useful.

However, the HEFT is a weak scale effective description
of some complete ultraviolet (UV) model. Ultimately, then,
one will need to convert the HEFT parametrization to that
of a particular UV model. The procedure that allows one to
relate the EFT to some higher-energy theory is known as
matching. Matching is essential both in the scenario where
nonzero HEFT coefficients are observed (in which case
one would have found BSM physics, and would seek a
UV model that could accommodate it), as well as in the
scenario where all HEFT coefficients are consistent with
the SM (in which case one uses the constraints of the HEFT
coefficients to constrain the parameter space of UV
models). The HEFT has often been matched to composite
Higgs models [29,55-59]. Up to our knowledge, in 2016
Ref. [60] performed for the first time the matching of
the HEFT to a UV complete model, by considering a
Z,-symmetric real singlet extension (Z2RSE) of the SM.

Published by the American Physical Society


https://orcid.org/0000-0002-9358-6500
https://orcid.org/0000-0003-4712-0424
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.055037&domain=pdf&date_stamp=2024-03-21
https://doi.org/10.1103/PhysRevD.109.055037
https://doi.org/10.1103/PhysRevD.109.055037
https://doi.org/10.1103/PhysRevD.109.055037
https://doi.org/10.1103/PhysRevD.109.055037
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SALLY DAWSON et al.

PHYS. REV. D 109, 055037 (2024)

Very recently, the same exercise has been performed in the
two Higgs doublet model (2HDM) [39,40].

Naively, the matching between the HEFT and a UV
model with heavy particles is done simply by performing
an expansion in inverse powers of the heavy physical
masses. This seems to define an unambiguous expansion,
i.e., a unique PC. In this paper, we question this reasoning.
We show that the existence of a multiplicity of choices for
independent parameters complicates the problem. In fact,
even if one adopts an expansion simply in inverse powers of
the heavy physical masses, very different PCs are obtained
according to the set of parameters taken as independent, as
different sets imply different scalings. More interestingly,
instead of happening that a single PC is always most
adequate for all observables, one should in general use
different PCs to ensure a fast replication of the results in the
UV model for different processes or different regions of
the parameter space. This complicates the interpretation
of HEFT measurements in terms of parameters of UV
models." We illustrate these features by considering three
UV models: the Z2RSE, the complex singlet extension
(CSE) of the SM and the 2HDM. For each one, we present
three PCs, and study the quality with which they replicate
the full model in different observables.

The paper is organized as follows: we start by presenting
the models and the PCs in Sec. II. In this section, we also
discuss how to compare the SMEFT and the HEFT
matchings, and we write all matching relations. We then
present our results in Sec. III, and we summarize our
conclusions in Sec. I'V. The Appendix provides extra details
about the HEFT approach to the CSE.

II. MODELS, COUNTINGS, AND MATCHINGS

In this section, we describe the models discussed in this
article. For each case, we provide the Lagrangian, discuss
relevant choices of independent parameters and relevant
Feynman rules, describe the restrictions to the parameter
space of the model, and present the PCs to be investigated.
Some introductory notes are in order:

(1) In all the three models considered in this paper, we
assume that all the particles beyond the SM are
heavy, so that the SM can represent an EFT of the
model at stake.

(2) The notion of PC is usually employed in the
literature from a bottom-up perspective, where the
EFT is not bound to any particular UV completion
(for an excellent discussion, see Ref. [14]). Here we
use the term in a broader sense, to describe any set of
rules that fixes the different orders of the EFT
expansion. In particular, the notion of PC in that
sense characterizes a certain matching between a UV
model and the HEFT. Different matchings between

'For details on the low-energy HEFT expansion, see
Refs. [61-66].

the UV model and the HEFT therefore correspond to
different PCs.

(3) We follow Ref. [39] in organizing the PCs via a
small auxiliary parameter &, corresponding to an
inverse heavy scale (see also Ref. [67]). More
specifically, if v ~250 GeV represents the electro-
weak scale and A ~ 800 GeV some heavy scale, we
estimate &~ (v/A)?> ~0.1. The effective Lagran-
gian, being an expansion in inverse powers of the
heavy scale, can thus be written as an expansion in
non-negative powers of £. All PCs discussed in this
paper lead to well-defined expansions, in the sense
that the effective Lagrangians do not contain neg-
ative powers of £ (i.e., positive powers of the large
scale). In a certain model, the different PCs differ in
the way they attribute different scalings in powers of
£ to the parameters. In general, the different scalings
do not have a specific physical motivation; they are
considered solely with the purpose of illustrating
different possibilities of matching.

(4) It should be clear that we are not performing an
exhaustive study; that is, we will not consider all
possible PCs that could be considered. Rather, the
goal is to illustrate the multiplicity of possible
matchings between HEFT and a given UV model,
and to discuss relevant features of that multiplicity.

(5) We shall present in all models the decoupling PC.
This is the PC consistent with the decoupling limit of
the model at stake. In other words, the decoupling
PC is such that, on the one hand, the trivial order (&)
of the effective Lagrangian is the SM Lagrangian
and, on the other, the quartic parameters of the
potential do not scale with the heavy masses, in
accordance with perturbative unitarity (for a recent
discussion, see Ref. [39]).2 Then, for the decoupling
PC, the O(&') and O(&%) terms of the effective
Lagrangian correspond to the SMEFT dimension-six
and dimension-eight contributions in that model,
respectively. Such a coincidence of results has been
already observed in the case of the 2HDM in
Ref. [39]. For simplicity, the decoupling PC of each
model will always be represented by the same color
(yellow) in all the plots of this paper.

(6) For each PC in each model, we provide the matching
of the relevant parameters of the HEFT Lagrangian
up to O(&2).

We now turn to the HEFT Lagrangian, which contains an
expansion in the number of (covariant) derivatives. At the
leading order in that expansion, the terms of the Lagrangian
which will matter for the processes discussed in this
paper are

’In principle, there can be more than one decoupling PC for
each model. The investigation of this possibility is beyond the
scope of this paper.

055037-2



IS THE HEFT MATCHING UNIQUE?

PHYS. REV. D 109, 055037 (2024)

v? 1
EHEFT D ZF([’Z)TI‘{D”UTD”U} + 5 (a”h)z - V(/’l), (1)

where v =246 GeV is the vacuum expectation value
(VEV) of the SM Higgs field, D, is the covariant deri-
vative, and F(h) and V(h) are analytical functions, each
one consisting of a series in powers of 4. In general, one has
DU =0,U+igWi%U—igU%B,, with U=1 in the
particular case of the unitary gauge. In the HEFT, % is a
gauge singlet, which allows F(h) and V(h) to contain
arbitrary powers of h:

hoo R
Flh)y=1+2a"+b 5+,
v

1 ho ok

where m;, is the h mass, a, b, k3, and k4 are arbitrary HEFT
couplings, and the dots stand for terms with higher powers
of h. These couplings are normalized in such a way that the
SM limit is obtained for a = b = k3 =k, = 1.

In the case of the 2HDM, we shall also consider the
processes h — bb at tree level, as well as h — yy and
h — yZ at one loop (where the existence of a charged
Higgs boson has interesting consequences for the EFT). For
h — bb, we need to consider the following term:

Lygrr 2 —Q(h>mbl3b, (3)

where m, is the b quark mass and G(h) is another
polynomial function of A, such that

with ¢; another HEFT coupling, with ¢; = 1 in the SM. As
for h — yy and h — yZ, in order for these processes to be
matched to the HEFT, it is necessary to consider the next to
leading order terms in the derivative expansion of Lygpr.
We follow Ref. [40] to write those terms as

h_ ra h I
‘CHEFT D —aypp ;Tr [BIWBIW:I - deszr [WWW’”“]
+ amyy %Tr[UfS’WUTW”’“], (5)

where aypp, agww, and ay, are yet other HEFT couplings
(which vanish in the SM limit), and

N , o ~ o ~ ~ ~
— — a —
Bﬂ —gBﬂ?, Wﬂ —gWﬂ?, B,w_a,,By ayBﬂ,
W, =0,W,-0,W,+i[W, W, (6)

Then, the relevant couplings for 4 — yy and h — yZ are,
respectively,

Apyy = Aypp + dgww — Ayy,
2

m
Qpyz = Aypp + dgww — dy1 + 2—22 (aHl - 2aHBB)~ (7)
myy

Once the matching to HEFT has been performed, we will
express some matching results as Ax = x — 1, where x
represents a generic HEFT coupling. The SM limit is
recovered when Ax = 0. The couplings that we consider in
this work are collected in Tables I, II, III, and IV.
Finally, a note on the relation between the HEFT and the
SMEFT. Since the HEFT is more general than SMEFT, it is
always possible to write any SMEFT in HEFT form, but the

Gh) =1+c¢ h . (4) opposite path is not always guaranteed. It is thus interesting
"y ' to determine when a given HEFT can be written in SMEFT
TABLE I. HEFT couplings for the Z2RSE. All the couplings are shown up to O(&?).
PC Aa Ab Axs Axy
TR e R,
) s +52S2 (Sz - % 0 53 172 o
8% ¥ ”x;i) M £ WX; (3311;5 — 81;) -M?s,(41s, v, — 38v)]
PCk ¢, —1 ch—sic, -1 ¢ —ut_ ] —1 = 19gsg ity
s vy 302
5 (50 J (i)
-V — CXSIU) —¢ 28c2m?s2(c, v, +s,v)?
3IM?v?
2 16¢2m*s2(c, v,+s,v)?
i
R _ 2 _ 2
PC; ¢, =1 —s7 4 &4 (m? 521 + c;( i -s; + 5% (m* = pi3)
22 _ ¥ _ 2
—u3) + & 737445” gszC”z (m* = u3) +£2 3;‘;‘44 (m? — ) [m2(13s)2(
x(m? = 3) —& g (m* = p3) —10) + 43(16 — 1952)]
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TABLE II. HEFT couplings for the CSE. All the couplings are shown up to O(£?), except the ones that are too lengthy. The full
expressions can be found in the Supplemental Material [68].
PC Aa Ab Axs Axy
PCY —24 ~§2si & o (1285 = 3m3) & 5 (90285, — 25m)
ch —gﬁ —525‘% - i} (9]”’1% - 31]2(_3‘23 (9112623 - 3\/_51U€12R
25_’1 +O(§2) 6my 3m
_§2§| +\/_S11)€12R) —25m1) + 0(52)
el - (3mi = 2076y
ch ) — 1 le:_(—/)(lg) 24 2 [36‘1’0(6‘1 - 3S1 — 1)52’% z‘jnb% [S%’U(—6(C% =+ 1)323 -+ d13R
+\/§S1 <_3Cl + Sl + 3)6121{} +d2) + 6’0(—323 - 2\/5()3 S'lelzR]
(2 =362 -
-i-4(c1 3sl+3) 1 +c1(1—1’i)—1+(9(§)
TABLETIL b, k3, and k, HEFT couplings for the 2HDM. All the couplings are shown up to O(£?), except the ones that are too lengthy.
The full expressions can be found in the Supplemental Material [68].
PC Ab AK3 AK4
PC—lr _5236/%*0! —§2Cﬂ —a m2 + 52 1 C[i —a —(;‘12cﬂ - + 52 2 a(lé’i:iy - 11)
PC} —523(,‘/2}_(1 ZYZC/} « é /} a ( /2} _ 1)(Y2 _ MZ) 4YZCIi a (M2 4Y2)

m2ig

+& 2,22‘:» (Ca [M? (1 = 425 +
+m2 t%)
PCY o (1-2c5,
+2¢p_a8p—q COL 2ﬁ)
+0(¢)

+2¢p_, cot2f(1 = mi,)]

1) +2Y,15]

-1+ s[;_a(l + 20[2,_(1) + C/Zj—a [—ZSﬁ_am%z

+E- /’: (ﬂ—l)(M2—12Y2)<M2—Y2)
o)

= L (=7 + 64c5_, — T6¢), +12(1 = 6¢5_, + 6¢)_, )i,

+4cp_oSp_q cOt2B[ =13 +38¢5_, —3(=5+ 12cﬁ o)

+4cj_co2p (3¢5, — 1655, +3(=1+6s5_,)mi,])
+0(9)

TABLEIV. a, ay,, and a;,; HEFT couplings for the 2HDM. All the couplings are shown up to O(£%), except the ones that are too
lengthy. The full expressions can be found in the Supplemental Material [68].
PC Aa AC] Clhy}, ah}/Z

T 2. Chou 2. Am?, Am? | (mZ=2m3,)
PG B S B S, T o) 5W+0(52)

T G ha G (v, - M? (M2=Y2)(2m2, —m2)
PC2 _52 /T éla/nli - 52 /T 5 4%}3}/2 (Y2 [‘24 ) 2 . %HZMZW‘:Z N

& - Col 2 C, m —I}’I
+§ 482 M2 (Y2 M ) +O(§ ) 5 ‘(2/3)(/‘4%:2[342/1"17(2 W z +O(§2)
PA el (o gt e esclp) seclp) (cot2h)eput s (m; = 2miy) =
— (2m3,—m?
+tanfisy,) — 1 Spoa) — 51440—}” (30cot(28)cp_qt 52880;‘:1‘422 = [30 cot(Zﬂ)cﬂ o(m} —miy csc(B) sec(B))+
195_4) +O(&%) sﬂ_a(19mh 30m3, csc(p) sec(B) +2m%)] + O(&2)

coordinates. Recently, new approaches have emerged  The gist of the idea is to study the existence of an O(4) fixed

where EFTs are formulated from a geometrical point of
view [6,69-72]. This framework allows us to ascertain
whether a certain HEFT can be written in SMEFT
coordinates by studying the curvature of the EFT manifold.

point upon which the SMEFT can be formulated. Since the
purpose of this paper is to illustrate different matchings in
HEFT for multiple UV models, we will not further explore
this geometrical interpretation.
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A. Z2RSE

1. The model

We start with the simplest extension, Z2RSE. We present
here a short review of the model, following Ref. [60] (for
details, cf., e.g., Refs. [73,74]). The model is obtained by
taking the SM (whose Higgs doublet we identify as ¢) and
adding a real singlet S to it, which transforms as § — —S
under Z,. The potential reads

2 2
Mg Mo Ao e o
V=-—" — =5+ — =S* =S, (8

SV D= LT+ LS TIPS (8)
where all the parameters are real. The fields ¢» and S may be
parametrized as

- G+ _’Us—f-hz
¢_<%(v+h1+iGO)>’ S = V2 ©)

where G* and G, are, respectively, the charged and neutral
wouldbe Goldstone bosons, #; and &, are neutral scalar
fields (not yet mass states), and v = 246 GeV and v, are
VEVs, which we assume to be real without loss of
generality. The minimization equations read

_/111J2+/13U? 2_ﬂ3U2+/12U%

2
1 2 ’ MZ 2

7 (10)
The mass states 7 and H—with masses m = 125 GeV and
M, respectively—are obtained from /4, and h, by consid-
ering a mixing angle y, such that

h c, —S§ h
)-C G o
H s, ¢ hy
where we introduced the notation s, = sinx, ¢, = cos x.

The model thus contains, besides the SM particles, a heavy
real scalar H. One possible set of independent parameters is

(12)

The relations between 4, 4,, and 13 of Eq. (8) and the
parameters of Eq. (12) read

A :% [M2s2 —m?(s2 - 1)], (13a)

M :% [m?s2 — M?(s2 —1)]. (13b)
2c,s

5 = vf)f( 2—m?) (13¢)

Another relevant choice uses Eq. (10) to replace v with y3:

v, m, ,u%, M, s, (14)

2. Restrictions

The parameter space of the Z2RSE is restricted by many
constraints, both purely theoretical and experimental.
Theoretical consistency requires that the scattering ampli-
tudes satisfy perturbative unitarity, that the couplings in the
Lagrangian are perturbative, and that the parameters corres-
pond to a minimum of the potential [75,76]. On the
experimental side, the limits come from precision electro-
weak measurements, including the W boson mass [75,77],
measurements of the Higgs coupling strengths [78], and
direct searches for the heavy Higgs boson of the model.
Higgs coupling measurements require |[s,| <0.3 for
m < 2M. For M <850 GeV, the most stringent limit
comes from the measurement of the W boson mass, while
for M =z 850 GeV the strongest limit is from the require-
ment that the quartic couplings remain perturbative
(4123 < 8m) [79]. The limit from the W boson mass is
independent of v,. Direct searches for the heavy Higgs
boson in single H production, as well as searches for the
resonant process pp — H — hh, do not significantly
change the bounds for M between 600-800 GeV [79],
which are the typical scales chosen in our plots. We will
only consider |s,| < 0.2, which is allowed by all the limits
listed here.

3. Power countings

We consider the following EFT PCs for the Z2RSE:
() Ple takes Eq. (12) as the set of independent
parameters, and imposes the decoupling scaling

M*~OE"), i~ O0E), s~ 0.

(15)

(2) PCY takes Eq. (12) as the set of independent
parameters, and imposes

M2~ O®ED). (16)

3) PC1§ takes Eq. (14) as the set of independent
parameters, and imposes

M2~ O@E™). (17)

Here and in what follows, any parameter of the chosen set
that is not explicitly mentioned is assumed to scale as O(&°)
in that PC. As mentioned above, it is reasonable to use
all the three PCs of Eqgs. (15)-(17) in the matching, as
they do not lead to positive powers of M in the effective
Lagrangian. PC} was put forward at the end of Ref. [39]
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and is the decoupling PC. In fact, and as discussed in
Ref. [39], Egs. (13a)-(13c) show that the quartic param-
eters in the UV model do not scale as heavy parameters
(i.e., with negative powers of &) if the scaling (15) is
obeyed. We stress that both the scaling of v, as a heavy
parameter and the scaling of s, as a small quantity are
crucial to this end. In contrast, by restricting themselves to
scaling only M, both PCR and PCR do lead to negative
powers of £ in the scaling of the quartic parameters. Note
that PC2R is the PC used in Ref. [60] in the context of the
HEFT. PCX is identical to PCY, except that it takes y3
instead of v as an independent O(£°) parameter. We will
show that this change has significant consequences. Finally,
we checked that, in PC[f, and for the processes discussed
here, the existence of odd powers of v, or s, does not
introduce nonintegers powers of £ in the expansion, as odd
powers of v always multiply odd powers of s,.

The matching results for the different PCs are shown in
Table I up to O(£?), such that the powers of & are explicitly
included. It is straightforward to see that all Ax deviations
vanish in the alignment limit, s, =0, where the SM
couplings are recovered. At leading order in & PCY yields
the results given in Ref. [60].

B. CSE

1. The model

We now turn to the CSE [80-82]. We follow Ref. [83],
and thus include neither a Z,, nor a U(1) symmetry. The
starting point is again the SM, and we add to it a complex
scalar singlet, S.. We write the potential as

Ve g R+ i blsp + 2ggls.
2 4 g 2I%e 2 ¢

1 1 1
+Zd2(|sc|2)2+ {alSC +ZblS%+gele.
+1 S|S|2+1dS4+1dSZ|S|2+15¢*¢S
_e p— — J—

6 209¢|P¢ 8 19¢ 8 3¢ Ve 4 1 c

1
+ 35 ST+ H.c.] : (18)

where 42, A, d,, 8,, and b, are real, while the other
parameters are complex. The fields are written as’

G* S+ iA
¢_<\/i§(v+h+iGo)>’ Se==p - ¥

where v, G, and G* have the same meaning as for the
Z2RSC, and h, S, and A are real neutral fields not yet mass

3SC could have a (complex) VEYV, but this can be set to zero
without loss of generality [83].

states. Requiring them to be free from tadpoles leads to the
minimization equations:

o
u =02, ay = -2 (20)

Then, h, S, and A can be diagonalized introducing the
mixing angles 6, and 6,, obeying4

hl Co, —S, 0 h
]’l2 = S9| ng C9[C92 ng S s (21)
hs 50,59, Co,50, —Co, A

where the fields /; (i = 1, 2, 3) are mass states with mass
m;, such that m; = m = 125 GeV. The model thus con-
tains, besides the SM particles, two heavy real scalars /,
and hy. Taking A, 61, by, and b, as dependent parameters,
their expressions in terms of the independent para-
meters read

2
A= p [m%c% + s% (m%c% + m%s%)], (22a)
\/55101
Or = Y [m% + m% - Zm% + (m% - m%) (C% - s%)],
(22b)
2\/§s $HC
oy = Ul 22 (m3 —m3), (22c¢)
Sap 02
blR = — 31; + %s% +c5 (mzc1 - m%) + s% (m%c% - m%),
(22d)
S 2
by =2cy550, (m% - m%) - 3121] ’ (22¢)
22 4 L 2(n2.2 2 20,2 2 2 G
by = misi + ¢3(m3ci + m3) + 53 (mict + m3) — 5
(22f)

where we used the notation xg = Re(x) and x; = Im(x),
for any x. In the following, we take h, and h; to be
degenerate, and define M = m, = m3. The set of indepen-
dent parameters of the scalar sector then is

v, m, M, 91, 02, 52, 53, dl’ d2, d3, 61, 62.
(23)

“The diagonalization matrix could have a third mixing angle,
which can be removed without loss of generality [83].
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2. Restrictions

Similarly to the Z2RSE, we restrict the parameter space
of the CSE by taking into account electroweak precision
measurements, perturbative unitarity, the perturbativity of
the quartic couplings, boundedness of the potential from
below, Higgs coupling measurements, and searches for
heavy scalars [84]. We follow Ref. [85] in using the con-
straint |s;| < 0.2 and consider M ~ 800 GeV. The param-
eter points chosen for our numerical results satisfy all of
these constraints. We do not make the assumption that
one of the scalars is a dark matter candidate as is fre-
quently done [86].

3. Power countings

All the PCs that we consider for the CSE take Eq. (23) as
the set of independent parameters, such that

(1) PCS imposes the decoupling scaling
M~ O, 5 ~O0(8). (24)
(2) PCS imposes
M~ O™, ~0(8), ~0(E™)
A ~0E™M). (25)
(3) PCS imposes
M2 ~O@). (26)

As before, all these PCs represent consistent approaches
to an EFT. The cubic terms, e, ¢,, and J;, all have the
dimensions of mass in this case. As a consequence, they
can potentially scale in different ways in the limit of large
M. This ambiguity is intrinsically present in the matching
of the model to the HEFT. Concerning the three PCs chosen
in Egs. (24)—(26), PC(I: is the decoupling PC. From
Eq. (22a), indeed, the scaling (24) implies that 4 does
not scale with negative powers of £. This does not happen
in PCS or PCS. The latter performs an expansion only in
inverse powers of M. The former not only imposes a
stronger scaling for s, than PC¢, but also exploits the fact
that e; and e, are dimensionful parameters to scale them as
heavy. We checked that, in the processes discussed here, the
trivial order (£°) of PCS corresponds to the SM, and the
existence of odd powers of Sy, €l, and e, does not introduce
nonintegers powers of £ in the expansion (as odd powers
of e¢; always multiply odd powers of s;).

The matching results for the different PCs are shown
in Table II, where we define dy; =, + S5z and ey =
eir + exr. As before, we present the results up to O(&?)
(writing explicitly the powers of &), except in the cases for
which the expressions are too lengthy. In those cases, we
indicate the order of the terms not included. The complete
matching results up to O(£?) can be found in the

Supplemental Material [68] accompanying this paper. As
in the Z2RSE, all Ax vanish in the alignment limit, s; = 0.

C. 2HDM

1. The model

As a final example, we consider the 2HDM [87] (for
reviews, see, e.g., Refs. [88,89]); we follow Ref. [90]
closely. The 2HDM is built starting again with the SM
(whose Higgs doublet we now identify as @) and adding
a second Higgs doublet, ®,. We take their VEVs to be
v1/+/2 and v,/+/2, respectively, both of which are assumed
to be real. A Z, symmetry is imposed, according to which
D, - Dy, D, » —D,. If the Z, symmetry is exact, then the
model does not have a decoupling limit. The symmetry is
assumed to be softly broken, which means that bilinear
terms that violate the symmetry are allowed. The potential
of the theory thus reads

Vonpm = m%lqﬂq)l + m§2q>§q>2

b A
D,
+2( 1)+2

—m?, (0D, + DD, |
(D)D,)? + 13(D] @ ) (D] D,)

4s

+ 14@)?@2)(‘1);@1) + 5

[(‘bT‘Dz) + (‘D;q)l )2]
(27)

with all parameters real.’ It is convenient to consider a
different basis—the Higgs basis [92-95]—with doublets

H, and H, defined by
K 0]
DICHNC
Cﬁ q)2

()= (5
H2 N _Sﬁ
with /8 defined such that t; = v,/v;. In the Higgs basis, the
potential reads

Voupm = YIH}LHI + YZH;HQ + Y3(HYH2 +H.C.)

Z Z .
+ 55 (HH))? + 52 (H3Ho)? + Z3 (HH) )

2 2

x (HyH,) + Z4(H{H,) (H}H {Z2 (H{H,)?
+Zs(H{H,) (H|H,) + Z,(H}H,) (H}H,)
—|—H.c.}, (29)

where all parameters are again real. The Higgs doublets are
parametrized as

Sm%z and /5 can in general be complex. Taking them to be real

implies that CP is conserved in the scalar sector of the theory at
tree level. It should be clear, however, that this is but a particular
solution of the model with CP violation in the scalar sector, and
not a model in itself [91].
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G* H*
H, = : . Hy= . ,
: (\/Li(u+h?+zG0)> : (%(h%m))

(30)

where v = \/v? + 13 =246 GeV, H* and A are, respec-
tively, the charged and CP-odd neutral scalars with masses
my= and my, respectively. ht! and hY' do not have well-
defined masses; the physical states 4 and H—with masses
m =125 GeV and my, respectively—can be obtained
from those two states via the introduction of a new mixing

angle, a, so that
c/i—a h? (31)
—s hH :
p—a 2

(n) = (2
H c/}—a
We assume 0 < f—a < &, so that 55, = \/ 1- Cé—a > 0.

In the following, we take all heavy masses to be degenerate
|

Finally, the expressions for 7 — yy and h — yZ are can be
found, e.g., in Refs. [88,96].

2. Restrictions

The 2HDM is experimentally constrained by many
results, including LHC data for the 125 GeV scalar,
searches for heavy scalars, Higgs coupling measurements
and B meson decays [97]. Constraints resulting from the
contribution of H" to b — sy force tanf > 1.2 [98]. On
the theoretical side, we restrict ourselves to regions
of the parameter space complying with boundedness of
the potential from below, perturbative unitarity [99-101]
and precision electroweak measurements. We use the
analysis of Ref. [39] to determine the maximum value
of |cs_,| allowed for the different values of tanp, Y,
and M.

3. Power countings

We consider the following possible PCs for an EFT
matched to the 2HDM:
(1) PCT takes Eq. (32) as the set of independent
parameters and imposes the decoupling scaling

and define M = my = m, = mHi.6 One possible choice
of independent parameters of the scalar sector is the
following:

Cpogr Po v, m, Yy, M. (32)

Another choice is the set which replaces Y, by m?, as an
independent parameter:

Cpgr B v, m, mi,, M. (33)
The Z, symmetry is extended to the fermionic sector to
avoid flavor-changing neutral currents at tree level. This
extension can be applied in four different ways, each one
leading to a different type of 2HDM (for details, see, e.g.,
Ref. [90]). In this paper, we consider only the type I, as it is
the most interesting type from an EFT perspective [90].

Two Feynman rules that are relevant in the discussion of
Sec. III C are

Y,~0E")., M =Y,+0)~0(E),

C/i—a ~ O(é) (35)

) PC; takes Eq. (32) as the set of independent
parameters, and imposes

L~ OED),  M~OED).  cp,~ 00,

(36)

(3) PCT takes Eq. (33) as the set of independent
parameters, and imposes

M2~ O@E™). (37)

As before, all PCs are theoretically consistent, as they do
not induce negative powers of £ in the effective Lagrangian.
PCT is the PC used in Ref. [39] and is the decoupling
PC [102,103]; for details, see Ref. [39]. Given that Y, is the
parameter that ensures decoupling when taken to be very
large, its choice as an independent parameter is reasonable

®For details on the general case of nondegenerate heavy
masses, see Ref. [39].
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do Hh—hh do th—hh
a0 ’9:90 (pb) a0 |9:90 (pb)
Z2RSE
35.5 d M = 700 GeV
Vs =300 GeV Vs = 600 GeV v, = 600 GeV
— — 4 .
bo = /4 bo = /8 —— UV model

y r — PCE, 0
l --- PCE, O
i X L L L I Sy
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
FIG. 1. Comparison between the complete Z2RSE and the HEFT approaches to it in the differential cross section of hh — hh, for a

center-of-mass energy /s and a scattering angle 6.

in the decoupling scenario. This choice requires c;_, to be
small, or else the #* coupling would scale with negative
powers of & [39]. This means, in particular, that the choice
of Eq. (32) as the set of independent parameters does not
allow a consistent expansion solely in terms of M [39]. PC}
is similar to PCT, except that Y, and the physical heavy
masses squared are required to be enhanced by an extra
inverse power of the expansion parameter &. Finally, PCT is
the PC put forward in Ref. [40]; it takes advantage of the set
of independent parameters (33) to avoid scaling c;_,. With
Eq. (33), indeed, the /* coupling is well behaved, as it does
not depend on positive powers of M. This allows an EFT
expansion solely in terms of M. In particular, c;_, does not
scale with £ in PC]. Note also that, in the HEFT Lagrangian
with PC], the hbb coupling is identical to that of the full
2HDM model (as a consequence not only of the Feynman
rule for that interaction in Eq. (34), but also of the fact that
PCT does not scale c;_,).

The matching of the 2HDM to HEFT for the PCs of
Eqgs. (35)—(37) is given in Tables III and IV, where we
define mi, = mi,/(mjspcp) and t5 =tanf. In PCY, we
write the expressions in the general case where the heavy
masses are not necessarily degenerate. More specifically,
we follow Ref. [39] and introduce the real quantities Am%i,
Am3, and Ampy., such that m% =Y, + Am%, m} =
Yy 4+ Amj,m3,, =Y, + Amj,.. The results for PC] agree
with those of Ref. [40].

III. NUMERICAL RESULTS

The results that follow were obtained via FEYNMASTER
[104,105] (and its accompanying software [106-111]), as
well as FEYNARTS [112] and FORMcCALC [113]. The results
will be shown in the range allowed by the theoretical
constraints of the model being considered. For each model,

we compare the results of the full UV model with those of
the PCs introduced in the previous section. Unless men-
tioned otherwise, all results coincide in the alignment limit
(Sx = 0 in the Z2RSE, s; = 0 in the CSE, and Chpog = 0in
the 2HDM), which is also the SM result.’

A. Z2RSE

In Fig. 1, we present the differential cross section
hh — hh, for two different values of the center-of-mass
energy: /s = 300 GeV (left panel) and /s = 600 GeV
(right panel). Let us start by discussing the left panel. We
find two very relevant features. The first one concerns the
difference between PCy and PCR. Recall that these PCs
both perform an expansion simply in terms of the heavy
mass M, and differ only in the choice of independent
parameters. Still, the left panel of Fig. 1 shows that they
lead to radically different results. Indeed, whereas PCY
clearly converges to the UV model result as higher orders in
& are considered [such that the O(&") result is a very good
replication], PCY is utterly unable to properly describe the
full model away from the alignment limit, s, = 0, for
the both orders shown.® This demonstrates not only that
the HEFT matching is not unique but also that making
different choices of independent parameters may be cru-
cially important.

Also very interesting on the left panel of Fig. 1 is the
comparison between PCR and PCR. As discussed above,
the latter is the PC introduced in Ref. [60] to describe the
HEFT approach to the Z2RSE, whereas the former is the

"The only exceptions will be the loop processes & — yy and
h — yZ in the 2HDM.

*We checked that the results eventually improve when
PCRO(&%) is considered.
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do’ WW —hh da WW —hh
7}9:0 (pb) *| - (pb)
do o 40 0=00
4 Z2RSE
5
M = 700 GeV
V's =300 GeV V5 = 600 GV vs = 600 GeV
b =m/4 gl O = /8 — UV model
PCT,O(¢h)
PCT,0(&%)
1'30 — PCY,0(&)
- PCL,O(¢)
— PC},0(&")
5
- == PCYLOE

-0.2 -0.1 0.0

FIG.2. Comparison between the Z2RSE and HEFT approaches to it in the differential cross section of WW — hh, for a center-of-mass

energy +/s and a scattering angle 6.

decoupling PC [to recap, O(&!') and O(£%) of PCR
correspond to SMEFT dimension-six and dimension-eight,
respectively]. The panel shows that, in the region of 5, < 0,
PCR outperforms PCY. This holds for both orders shown:
the SMEFT dimension-six (-eight) result is closer to the
Z2RSE one than the O(&%) [O(&")] result of PCY. One
should keep in mind, however, that in terms of the ¢
expansion, the first nontrivial order in the PC} expansion is
one order higher than the first nontrivial order in the PC}
expansion [since O(&°) in PCY corresponds to the SM
case]. Nevertheless, this plot provides an example where a
SMEFT approach might be more convenient to reproduce
the full model than a (HEFT) approach which only scales
the physical heavy masses.

The right panel of Fig. 1 illustrates a scenario where the
EFT expansion starts to break down, as the energies of
the problem are very close to those of the UV theory.’
Accordingly, whereas the differences between PCh at
O(&") and the Z2RSE were around 1% on the left plot,
the differences are larger than 50% on the right plot. It is
also clear that, for s, <0, Ple still constitutes a more rapid
approach to the full model than PCR, which also shows that
such a conclusion does not depend on the energy of the
problem. Finally, the results for PCY are closer to those of
the other PCs than on the left panel.

In Fig. 2, we present similar plots, but now for the
scattering WW — hh. Both panels show essentially the
same features as those of the corresponding plot of Fig. 1
[except that, in the left plot of Fig. 2, PCY at O(£') now
provides a much more faithful description of the full

The scattering angle also changes, for illustrative purposes.
The conclusions do not change if 6, = z/4 is used on the right
panel.

model]. This illustrates that the conclusions derived above
are not restricted to the process hh — hh. Note also that
we investigated different regions of the allowed para-
meter space, and did not find substantially different
conclusions.

B. CSE

We now discuss the same two scattering processes, but in
the context of the CSE. In Fig. 3, we show hh — hh; the
two panels consider different points of the parameter space
and different scattering conditions. Both plots show the
same general features. In particular, the results of the full
model are essentially constant in a broad region around the
alignment limit, —0.1 < s; < 0.1. All the three PCs thus
easily replicate those results. Away from that region,
however, PCS (the decoupling PC) displays a very slow
convergence to the full model, with both the O(£?) and
O(&) yielding a very poor replication of the full model.
PCS shows a faster convergence, although still with large
deviations from the results in shown in red. It is only PC%j
that is able to provide satisfactory results away from the
alignment limit, immediately at O(&").

Similar conclusions hold also for WW — hh scattering,
which we illustrate in Fig. 4 for two different points of the
parameter space. Indeed, PC§ shows again a very slow
convergence away from the alignment limit. For both
hh — hh and WW — hh scattering, therefore, the SMEFT
dimension-eight results [corresponding to PC$ at O(£2)]
are unable to present an accurate description of the full
model. Figure 4 demonstrates that PCS has the same pattern
in WW — hh as in hh — hh scattering, with the O(&?)
results having small deviations from the full UV results.
Finally, PC is again undisputedly the most adequate PC in
both panels of Fig. 4, with O(£°) representing already an
excellent description of the CSE results.
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Whshh do hh—hh
do "™ —lo—g, (PD)
7 —lo_g, (PD) df 0=t
350 F 50T CSE
V5= 260GV 300f Vs =400 GeV ol M = 800 GeV
8y = /8 W fo=m/4 — UV model
250
30| PCY,0()
200 PCT,0(£%)
20| — PCF,0(¢)
150 | ; ¢ o
/ -7 PCLLOE)
e 100 10} a — PC5, 0
\~ ’I . ( 1)
: P ==+ PCC,O(¢
— ; ‘ s : ‘ e s
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
FIG. 3. Comparison between the CSE and HEFT approaches to it in the differential cross section of hh — hh, for a center-of-mass

energy +/s and a scattering angle 6,. On both panels, we use a, = 0,68, = 0765,5; = 0.695 + i0.145,d, = 0.695 —

i7.63,

=10.6,d; = 1.74 — i4.77,¢; = —(28.3 4+ i20.4)v, e, = —(36.7 — i68.7)v. This point is derived from a benchmark point provided
in Ref. [85].
do WW—hh do WW—hh
— b
T7lo-s,  (PD) ~gloca, (D) CSE
i Vs = 260 GeV
08} 12 0o — /8
ork Lol M = 800 GeV
— UV model
0.8 ¢] 2
PCy, 0(¢)
PCT,0(€%)
— PC;.0(¢)
- PCYLO(E)
— PG50
== PCTLO(E)
L 1 ;S
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 02

FIG. 4. Comparison between the CSE and HEFT approaches to it in the differential cross section of WW — hh, for a center-of-
mass energy +/s and a scattering angle 6. The left panel assumes the point of parameter space of Fig. 3, whereas the right plot

uses @, = 0,d, = 0.611,8, = 24.6,8; = 23.5 + i0.00901, d; = —0.0806 + i0.368, d5

= —0.128 — i0.0143, ¢; = —(33 — i28.5)v,

e, = —(99.4 4 i91.9)v. As before, this point is derived from a benchmark point provided in Ref. [85].

C. 2HDM

In Fig. 5, we show the decay width of i — bb (left
panel) and the differential cross section of hh — hh (right
panel). In both panels, we compare the result in the 2HDM
with those of the three PCs introduced in Sec. II C. In the
case of i — bb, the PC] result is obviously preferred over
the remaining ones; in fact, as discussed in Sec. II C, it
exactly replicates the 2HDM result already at O(&Y). PCT
and PC] are identical in this process, since only the scaling
of ¢4_, determines the result (and that scaling is the same in
PCT and PC)). For these two PCs, the O(£°) result is very
poor, as it has no dependence on c4_,, and is thus a constant
equal to the 2HDM result for ¢4_, = 0. In other words, the

O(&°) result of PCT and PC} for h — bb only reproduces
the 2HDM in the alignment limit. The O(&!) result contains
a linear dependence on cg_,, so it already provides a good
reproduction of the 2HDM result within the range of cj_,,
showed.

These results represent a sharp contrast with those of
hh — hh scattering. In this case, indeed, PC] is by far the
most adequate PC. Even though it does not capture the
slight asymmetry in cs_, of the 2HDM result, it is an
excellent approximation to the latter in the entire range of
Cp—q allowed by the theoretical constraints, and immedi-
ately at O(£°). By contrast, PCT represents a poor repli-
cation of the 2HDM result away from the alignment limit.
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do hh—hh

@'a:en (pb)

Vs =260GeV, 0 =n/8
801 v, = (750 GeV)?, 5= 1.2 2HDM

M = 875 GeV

UV model
PCY, O(¢?
PCI, O
PCy, O

Ly (MeV)
5.01
2HDM, Type-1
ty=1.2
4.5¢
4.0f — 2HDM = PC}
PCl,, 0(8)
PCt,, 0(¢h)
3.5f
. . . s cs ‘
-0.2 -0.1 0.0 0.1 0.2 -0.10
FIG. 5.
of hh - hh.

This holds not only at O(&) but also at O(&!); the latter
improves the quality of the replication of the 2HDM result
in the range —0.05 < ¢4, < 0.05, but it fails to do so in the
remaining range. It is only when the O(£?) truncation is
considered that the PC} result properly approaches the
2HDM result away from the alignment limit—albeit still
being worse than PCI at O(&Y). Finally, the yellow curve
represents PCT at O(£2); this result was first shown in
Ref. [39], and shows a relative difference from the 2HDM
larger than 40% for c4_, =~ 0.08. The right panel of Fig. 5
above thus extends the analysis of that paper by including
two extra PCs.

One might wonder if the results of the right panel of
Fig. 5 depend significantly on the region of parameter space
considered. To address this question, we show in Fig. 6
the same observable, but for very different values of Y5:
(325 GeV)? on the left panel, and 0 on right panel. Both
scenarios constitute clear deviations from the decoupling

-0.05

Comparison between the 2HDM and HEFT approaches to it. Left: the decay width of & — bb. Right: differential cross section

limit Y, > v2. Therefore, the observed failure on both
panels of PCT (the decoupling PC) to reproduce the 2HDM
result away from cz_, = 0 was expected. As for the other
PCs, the figure shows that they are very good replications
of the 2HDM. That PC] has such accurate result is
surprising, as it imposes the scaling ¥, ~ O(&72), which
thus seems incompatible with very small values of Y,. On
the other hand, the circumstance that this PC simultane-
ously imposes the scalings cs_, ~ O(€) and M? ~ O(£72)
compensates for that apparent incompatibility, so that the
end result is very accurate. Still, PC] has a less accurate
description of the full model than PCT on the right panel of
Fig. 6. This shows that the conclusions of the right panel
of Fig. 5 do depend on the region of parameter space
considered.

Figure 7 shows the decay width of & — yy (left panel)
and h — yZ (right panel), again comparing the different
possible PCs with the 2HDM result. In both cases, we

d hh—hh d hh—hh
Tlocs (D) los, (D)
0 '0=00 4o '6=bo
Y, = (325 GeV)? Yy = (0GeV)?
80 M = 600 GeV \ 80F M =520GeV 2HDM
Vs = 260 GeV
\ 9 _ 7T/8
60| ts =12
40 F — 2HDM
PCT,0(¢?)
20 — PC;,0(&)
— PC;,0(&")

f 1 1 1 1 C,B*OL

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Cl—a

FIG. 6. Comparison between the 2HDM and HEFT approaches to it in the differential cross section of 74 — hh for nondecoupling
scenarios: with Y, = (325 GeV)? and M = 600 GeV (left) and Y, = 0 and M = 520 GeV (right).
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Ty (keV) r ’Hﬁf(kev)
NG w0 e 2HDM, Type-I
\\ LT VO Ys = (750 GeV)?
- s = -. M = 875 GeV
95 \ ----- tg=1.2
- 6.3} \ — SM
SN —— 2HDM
~ /\
9.0} 6.2} PCT, 0(¢")
— PC3, 0(&")
6.1F === PC3,O(&)
! — pcl, 0(&)
--- pCl, O
| | | > | | ey PO 0
~010  -0.05 0.00 0.05 0.10 ~0.10  -0.05 0.00 0.05 0.10

FIG. 7. Comparison between the 2HDM and HEFT approaches to it in the decay width of 4 — yy (left) and h — yZ (right).

also show the SM result, which is not obtained by the
2HDM one in the alignment limit c4_, = 0. This feature is
related to the well-known nondecoupling effects typical of
these processes, which are caused by the loop of charged
scalars [114—119]. We checked that, in both processes, PCT
at O(&°) generates the SM curve, and not the 2HDM one.
This result is in agreement with the circumstance that PCT
is the decoupling PC. The figure shows that PCT presents a
reasonable description of the 2HDM already at O(¢"). This
means that, even though the loops with charged SM bosons
do not contribute at this order [recall Eq. (34)], the
modification of the Yukawa interactions is sufficient to
provide a decent replication of the UV model result, albeit
with a simple linear dependence on cg_,. Figure 7 also
shows that PCT at O(&°) on both panels is quite deviated
from the 2HDM result, even in the alignment limit. That
curve has an approximately constant relative difference
with regards to the 2HDM throughout all the allowed range
of ¢s_,: around 7% in h — yy and around 3% in h — yZ.
On the other hand, PC} at O(&') describes an excellent
replication of the 2HDM result in both processes. This is
not what happens in PCY, which, despite presenting a
smaller relative difference to the 2HDM result at O(&%)
(in its constant value), does not provide as adequate an
approach to the 2HDM result as PC} at O(&!).

IV. CONCLUSIONS

The HEFT can be used at the LHC to parametrize
possible deviations from the SM. Eventual nonzero HEFT
coefficients should then be converted into coefficients of
specific UV models via a matching procedure. In this paper,
we noted that such a procedure is not unambiguous. Even
if a simple expansion in inverse powers of a heavy mass
is used, very different PCs are obtained by considering
different set of independent parameters. Moreover, different
PCs approach the full model differently for different obser-
vables. We illustrated these aspects by considering three
BSM models with an extended scalar sector: the Z2RSE,

the CSE, and the 2HDM. For each model, we investigated
three PCs, providing the relevant HEFT coefficients. In all
the models, one of the PCs chosen is the decoupling PC,
in the sense that it leads to the same results as the SMEFT.

In the Z2RSE, we showed that two PCs that perform an
expansion just in inverse powers of the heavy physical mass
lead to very different results, due to different choices for the
independent parameters. We also showed regions where
both approach the full theory less rapidly than the SMEFT
results. In the CSE, the decoupling PC leads to a very slow
convergence, so that even the SMEFT dimension-eight
results are inadequate to replicate the full model away from
the alignment limit. Finally, in the 2HDM, we illustrated
how different PCs are more accurate for different observ-
ables. For example, while the PC identified as PC} is most
adequate for two body decays of the Higgs boson, PC] is
clearly more accurate for some regions of processes such
as hh — hh. We also showed that an intuition for the per-
formance of a PC is not always available, as PCT properly
replicates the 2HDM for very low values of Y,, even
though it scales this parameter as a heavy one. As a global
conclusion, we note that the existence of multiple theo-
retically consistent PCs complicates the interpretation of
HEFT coefficients in terms of parameters of specific UV
models.

This paper is the first exploration of the existence of
multiple possible matchings between the HEFT and a UV
model. In the future, other models and other processes
could be considered, and a systematic comparison between
PCs can be put forward. It would be also relevant to
investigate the effect of radiative corrections, and their
impact on the consistency of different PCs. Supplemental
Material [68] accompanies this paper, containing the HEFT
couplings for the CSE and the 2HDM.
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APPENDIX: HEFT APPROACH TO THE CSE

In this appendix, we focus on the integration out of the
heavy scalars of the CSE, as has already been done for the
Z2RSE [60] and the 2HDM [39,40]. We begin by consid-
ering the potential in Eq. (18) in terms of the physical states
hy, hy, and h;. We can split the Lagrangian in the form

Lese = Loy + Loay (A1)

where L',CSE involves only light (i.e., non-BSM) fields. On

the other hand, £{se” involves light and heavy fields, and
we can conveniently write it as follows:

1
Loy’ = (%H“)2 =5 (M) HH" + J{H" + J3"H H
+ JSHOHP HE + J§P Y HOHP HEHY, (A2)

where (M?)? is the diagonal squared mass matrix, H% =
(hy, h3) are the heavy fields, and the J; contain only light
fields. The heavy scalars H* are integrated out at tree level
by solving their equations of motion (EoM):

J$+ (=0% = M? + 2J,)"H" + 3J4*HP H*

+4J4bedgP HeHY = 0. (A3)
As we are only interested in at most 2 — 2 scattering
processes at tree level,"” we neglect terms with more than

four fields in £ggshEt. We also neglect EOM solutions that give
rise to terms with more than four light fields in the EFT
Lagrangian. Since J; and J, have at least two and one light

"Notice that for one-loop amplitudes with three and four
external particles, vertices with more than four fields are also in
general relevant.

fields, respectively, the EoM solutions for H* = (h,, h3)
with two fields are fully contained in

Ha Z(M—2 Zn)uhaZHJh
n=0

= (M~2)Jb + (M=), +---,  (A4)
where J; has terms with two and three light fields. Note that
the full H* solution for (A3) has no terms with zero and
one fields (it starts with the two-light-field terms in H?).
One can thus easily observe that the J, and J5 terms in the
Lagrangian (A2) will give EFT operators with at least five
and six fields, as J, and J; start with one and zero light
fields, respectively. Furthermore, the EFT operators pro-
duced by the J, term in Lagrangian (A2) will contain at least
eight light fields, where J starts with zero fields. Hence, the
resulting EFT operators containing up to four light fields are
simply provided by the first line of Eq. (A2)"":

. 1 .
light 2
Sk <4fields Lose + 2 (9,H°)

+ JeHe,

_ % (M2)ab[:IaHb
(A5)

Now, it is possible to match this effective Lagrangian with
the one given by HEFT in Eq. (1). This matching yields the
coefficients a, b, k3, and k, of the lowest order HEFT
Lagrangian shown in Table II. The expressions for J{ up to
two light fields are

h?
Y L (2m}, W, W} +m3Z, DR (3ch (=30%653

+ 4mh =+ 2m2) + 3S11} ((9C1 - 1)C2523 - 8C1531S2)
+V2530(2s:(3eys + ear) — 9¢ic2e10R)
+V2(c} = 1)v(3cicre10r — 252(3er + )

— 6(36% + 1)C281(2m% + m%)) s (A6)

J’“—Sls2 (2m3, W, W] i 2
1 — myy ,4—|—mZZ )+K 3S11}

X (—90 52523 + (351 + 1)52623 - 8026‘]63])
+\/§U(2C2(C1 _Sl 1)(3€]I+€2])
+ 36132(61 — 357 — l)elzr)

+ 65152(=3¢3 + 53 = 1) (2083 + m3) ). (A7)

"This result is actually general. By construction, indeed, the
terms of (A2) that only contain two heavy fields are included in
(M?)?, while the operators that contain at least one light field in
addition to the two heavy ones are given in J4°. Moreover, if the
H? particles are mass eigenstates and there are no heavy-light
mass mixing terms, J{ will always contain at least two light
fields. These two are the assumptions that we have employed to
extract the four-field EFT operators in this appendix.
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