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ABSTRACT: We revisit the effective field theory of the two Higgs doublet model at tree
level. The introduction of a novel basis in the UV theory allows us to derive matching
coefficients in the effective description that resum important contributions from the
Higgs vacuum expectation value. The new basis typically provides a significantly better
approximation of the full theory prediction than the traditional approach that utilizes
the Higgs basis, particularly for alignment away from the decoupling limit.
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1 Introduction

They say good things come in pairs. This is certainly true in the search for new
particles, where a second Higgs doublet has long been a quintessential candidate for
physics beyond the Standard Model (BSM). The resulting two Higgs doublet model
(2HDM) has been a subject of active study since its introduction in the 1970’s (the
original goal was to provide a model with spontaneous CP violation that could explain
the CKM phase) [1, 2]. Two Higgs doublet models arise in many motivated extensions
of the Standard Model and provide perhaps the simplest realization of a spin-0 sector
that matches the richness of the observed spin-1/2 and spin-1 sectors. Subsequent
exploration of the many facets of 2HDMs has given rise to a vast literature; see e.g. [3]
for a classic review.

The model predicts the addition of four new physical degrees of freedom to the
Standard Model. The existence of these BSM states may be inferred from both their
direct production and their indirect imprints on the couplings of the already observed
Higgs boson. Over time, dedicated searches for these experimental signatures have
been used to constrain the allowed parameter space. This has engendered the generic
expectation that the extra Higgs bosons in the 2HDM are likely to be at least several



hundreds of GeV (barring a number of known loopholes in certain regions of parameter
space). If the new states in the 2HDM are heavy compared to the electroweak scale,
an Effective Field Theory (EFT) description becomes a useful way to characterize the
resulting deviations from the Standard Model at low energies.

Subtleties arise when matching a 2HDM onto an EFT with only one light Higgs
boson. Integrating out the BSM Higgs bosons generically leads to an EFT for the
observed Higgs boson h in which electroweak symmetry is nonlinearly realized, often
referred to as the Higgs EFT (HEFT). Alternately, integrating out an SU(2) doublet
of approximate mass eigenstates can lead to an EFT for a Higgs doublet H in which
electroweak symmetry is linearly realized, often referred to as the Standard Model EFT
(SMEFT). In this case, the misalignment between the gauge and mass eigenstates is
encoded by irrelevant operators in the EFT. Whenever SMEFT is admissible, it is often
the preferred framework due to its compact parameterization and more transparent
power-counting.

In a general 2HDM, there is a global U(2) flavor symmetry acting on the two Higgs
doublets. Hence, there are infinitely many different basis choices one can specify in the
UV description from which an infinite number of EFTs can be derived by integrating out
one doublet. These EFTs are only formally equivalent when the full tower of effective
operators are included; different choices lead to different EF'T Wilson coefficients and
potentially different linearly realized symmetries.

Given the freedom to choose a UV basis, what constitutes a good choice? Among
many possible criteria, two stand out. First, the relative advantages of SMEFT over
HEFT makes it preferable to choose a basis in which the low-energy theory is SMEFT,
provided such a basis exists. Second, a good basis should allow the resulting EFT to
accurately reproduce the effects of the full theory with as few operators as possible
(e.g. at low orders in the EFT expansion).

In previous literature [4-9], satisfying the first criterion has favored a particular
basis for constructing 2HDM EFTs. Integrating out a doublet that acquires a vacuum
expectation value implies that the low-energy theory does not in general contain an
electroweak symmetric point and thus requires HEFT instead of SMEFT. This fate
can be avoided by using the Higgs basis [10], for which the light doublet contains all
of the vacuum expectation value that breaks electroweak symmetry.! Furthermore,
the Higgs basis and the mass eigenstate basis become approximately aligned in the
decoupling limit [11, 12] of CP-conserving 2HDMs, making the Higgs basis sensible for
constructing the 2HDM SMEFT in this limit. However, exclusive use of the Higgs basis

! As emphasized in [6], this definition of the Higgs basis leaves a U(1)pq subgroup of the original
U(2) flavor symmetry intact, leading to a U(1) family of Higgs bases.



to meet our first criterion often makes it hard to meet the second criterion. The Higgs
basis typically results in a poorly-convergent EFT expansion away from the decoupling
limit even when SMEFT is formally appropriate for describing the low-energy theory.
A more convergent EF'T expansion can be obtained away from the decoupling limit by
integrating out heavy mass eigenstates, but this generically yields HEFT. This tension
has been a long-standing obstruction to the general EFT treatment of 2HDM.

For better insight, it helps to recognize that the two criteria involve different points
in field space. The origin in field space (where electroweak symmetry is restored) is
essential for determining whether SMEFT can describe the low-energy theory, while
our physical vacuum determines the composition of the mass eigenstates. It is therefore
useful to rethink the basis choice in terms of a trajectory in field space that connects the
origin, where electroweak symmetry is linearly realized, to the physical vacuum. This
motivates interpreting the field space of the theory in a geometric language where the
EFT defines a submanifold of the UV description, as detailed in [13]. The submanifold
picture presents a new perspective on matching calculations: instead of integrating out
approximate mass eigenstates or fields without vevs, one instead attempts to find a
basis in the full theory that yields a simple parameterization of the EFT submanifold.

In this paper, we follow this strategy and identify a new basis for the 2HDM that
simplifies integrating out the BSM states and matching to SMEFT (when possible)
while also vastly improving convergence away from the decoupling limit. The key
observation is that when there is a charge-preserving global minimum, there exists a
basis choice for which (the zero-derivative part of) the classical solution of the heavy
Higgs doublet is a linear function of the light Higgs doublet; this defines what we
call the “straight-line” (SL) basis.? This basis — which can be defined in any 2HDM
with a charge-conserving global minimum — unsurprisingly simplifies the matching
calculation.

Whether the EFT that results from matching in the SL basis can be SMEFT-
like (linearly realizing electroweak symmetry) or must be HEFT-like depends on the
parameters of the 2HDM itself; the SL basis is useful in either case. Since the vev
of the heavy Higgs doublet vanishes at the same point as the vev of the light Higgs
doublet (preserving an electroweak symmetric point in the EFT even though the heavy
doublet acquires a vev elsewhere on the EFT submanifold), the SL basis satisfies our
first criterion by enabling matching onto a SMEFT-like EF'T whenever the parameters
of the 2HDM admit it. This is not guaranteed in the Higgs basis, for which matching
may lead to a HEFT-like EFT even if the 2HDM admits a SMEFT-like description.

2While SL nominally denotes “straight-line,” four of the five authors would prefer to think of it as
standing for “SutherLand”, after its discoverer. The fifth author is too modest to contemplate naming
a basis after himself. We leave it to the reader to decide.



As we will see, matching in the SL basis also satisfies our second criterion by resum-
ming the zero-derivative Higgs field dependence to all orders in the Wilson coefficients
of the EFT, similar to the so-called “vev-improved matching” prescription introduced
in [5]. When the 2HDM allows it, the resultant EFT is SMEFT-like in the sense that
it linearly realizes electroweak symmetry, but it has a power-counting expansion deter-
mined by counting derivatives and SM fermion fields.® The resummation of Higgs field
dependence leads to improved convergence away from the decoupling limit. In the de-
coupling limit, one can of course expand the field dependence contained in these Wilson
coefficients, thereby obtaining a conventional SMEFT expansion (which is understood
to involve both linearly-realized electroweak symmetry and a power-counting expansion
in operator dimensions). We concretely demonstrate the advantages of the SL basis by
comparing the predictions for three pseudo-observables — the Higgs coupling to gauge
bosons, the Higgs self-coupling, and the Higgs coupling to fermions — between the full
theory and EFTs obtained from matching in the Higgs basis and the SL basis, finding
that the SL basis generically outperforms the Higgs basis by a significant margin away
from the decoupling limit.

The rest of this paper is organized as follows. In Section 2 we begin by reviewing
the general 2HDM parameterization and conditions for charge conservation. We then
define the SL basis and the transformation relating it to the Higgs basis and explore
the circumstances under which each basis admits a SMEFT expansion. We carry out
tree-level matching in the SL basis using functional methods in Section 3. Matching
in the SL basis involves an expansion in powers of derivatives and fermions, which
we carry out up to six derivatives and/or fermions, and all orders in the light Higgs
doublet. Matching to all orders in the light Higgs doublet — a feat enabled by the
simplicity of the SL basis — effectively resums zero-derivative terms in the SMEFT
expansion associated with the physical masses of the heavy Higgs bosons. In Section
4 we compare numerical predictions for key Higgs pseudo-observables between the full
theory, the EFT obtained from matching in the Higgs basis, and the EFT obtained
from matching in the SL basis, demonstrating the improved precision of the SL basis.
We illustrate aspects of the mapping between EFTs obtained from the Higgs basis and
the SL basis in Appendices A and B.

3This combination of symmetries and power-counting is reminiscent of geoSMEFT [14], al-
though our matching procedure incorporates higher-derivative structures that lie outside the scope
of geoSMEFT (and Riemannian field-space geometry in general), and we do not organize the field
dependence of Wilson coefficients geometrically.



2 More Higgses, More Bases

The goal of this section is to introduce the general 2HDM and to provide a discussion
of its vacuum structure. Many intricacies of the 2HDM stem from the ability to change
basis by mixing the two doublets with each other. This freedom allows us to define the
straight-line (SL) basis, for which (the zero-derivative part of) the classical solution of
the “heavy” Higgs doublet will be proportional to the “light” doublet. We will then
provide a map between the SL basis and the Higgs basis, which will facilitate a com-
parison between the convergence properties of the EFTs that result when integrating
out the BSM states for these two basis choices.

2.1 Defining the 2HDM

The 2HDM is defined as the most general renormalizable Lagrangian built out of the
Standard Model fermions and gauge bosons along with two SU(2); doublet complex
scalar fields with U(1)y hypercharge 1/2. We denote them by &%, together with their
conjugate ®! . There are two types of indices on the Higgs fields: a flavor index a = 1,2
differentiates between the two doublets and the upper gauge index « transforms in the
fundamental representation of SU(2).

The Lagrangian comprises a set of kinetic terms (including the minimal coupling
to gauge bosons through the covariant derivative D,,), the scalar potential, and Yukawa

couplings,
L=Lo+ Lo+ Ly, (2.1a)
Ly, = (D,®})(D"'e,), (2.1b)
—Lo = Yo (P} 03) + %Zabcd(cbjlcbb) (l@y) , (2.1c)

—L; =Y2,Qid;®, + Vi1 T(cQ;) Py + Vi, Lie;®, + h.c.

ija

= Jl®, +he., (2.1d)

where we have suppressed SU(2);, gauge indices and omitted terms that are indepen-
dent of the ® fields for brevity. The @, d, u, L, and e represent the three families
of Standard Model fermions. We have expressed the scalar potential in terms of the
mass-dimension-2 couplings Y,, and dimensionless couplings Zg.q introduced in [15]
(see also [16, 17]), which satisfy

Yab - )/btz ) Zabcd - chab - Zl;kadc . (22)



These can be related to the standard 2HDM notation,

(}/1173/1% }/22) = (miv _m?% m%) ) (23&)
(lella Z11127 Z11227 Z12217 Z1212> 212227 Z2222) = ()\17 )\67 )\37 )\47 )\57 )\77 )\2> : (23b)

The Yukawa matrices ) are a prior: arbitrary complex matrices, and together with
the SM fermions they are subsumed into the SU(2), doublet scalar currents J¢, which
couple to the Higgs fields.

The kinetic term L, is invariant under a U(2) flavor symmetry,
b, — Ulvrg, - with U € U(2). (2.4)

Under this transformation, the couplings Y.,, Zaueq, and Y, rotate accordingly. One
consequence of this freedom is that, starting from the 14 real parameters in the scalar
potential (of which 4 are phases), only 11 (of which 2 phases) are physical.*

Within the 11-dimensional physical parameter space of the scalar potential, one
can identify phenomenologically viable subspaces. Requiring ezplicit CP conservation
amounts to turning off the 2 physical phases, which is equivalent to demanding that
there exists a basis, accessed by flavor rotations, where all Y,;, and Z,,.q parameters are
real [18]. If we further require explicit custodial symmetry conservation in the scalar
potential, then this is equivalent to further requiring Z1991 = Zj212 in the basis with
real valued Yy, and Zgpeq [19] (see also [20]). In spite of their explicit conservation, CP
and custodial symmetry may yet be spontaneously broken by the vacuum configuration
of the two Higgses.

Electric charge can be spontaneously broken by the vacuum configuration of the
2HDM with or without explicit CP conservation. It is understood that a vacuum
configuration conserves charge if and only if a unitary gauge rotation can be found to
simultaneously set the upper components of both Higgs vevs to zero [21, 22],

o= () wl= (1) 25

We introduce a complex number (assuming w.l.o.g. that v; is real)

k=2ccC, (2.6)

U1

4Note that the central U(1) subgroup of the U(2), which just rephases both doublets equally, leaves
the parameters invariant.



where |k| = tan 8. This allows us to recast the above criterion in a general gauge basis
as the requirement that the two Higgs vevs are multiples of each other (i.e. aligned in
the gauge space),

5|

= kD (2.7)

vev vev '

On phenomenological grounds, we work with the 2HDM parameter space for which
this criterion is satisfied. Note that if this criterion is satisfied in one flavor basis, it is
satisfied in any flavor basis, but the ratio & is different in different bases.

2.2 The Straight-line Basis

We assume that we are working in a region of parameter space where the BSM Higgs
states are sufficiently heavy for it to be useful to integrate them out. There then exists a
direction in flavor space such that the second Higgs doublet @, is “heavy,” meaning that
its components are sufficiently well aligned with the larger eigendirections of the mass
matrix at the global minimum. Our goal is then to integrate out ®, in order to obtain
an EFT describing the low energy behavior of the “light” doublet ®;. Here, we employ
the functional approach for matching onto the EFT by integrating out the heavy states
in the path integral in the semiclassical approximation (see [23, 24| for recent reviews
of functional matching and implementation). At tree level this amounts to finding
a classical solution to the equations of motion for the heavy doublet, ®,.[®;], and
substituting it back into the 2HDM action to yield the tree-level EFT. This generates
the EFT operators and their Wilson coefficients together and facilitates working to all
orders in the field ®;.

Working order-by-order in powers of derivatives, we require that the zero-derivative
part of the classical solution,

By o[P1] = BLU(D1) + O(0?) , (2.8)

solves the zero-derivative part of ®,’s equation of motion, namely,

oLy

_ — Vi,
0P |9, -0 (a1)

+ Zopea Py (RL D) =0. (2.9)

‘@gzcbg?i(cbl) “Pz:d’é?i(@l)

This is a cubic equation in ®5; in a generic 2HDM basis it yields an EFT submanifold

curve q)g?z(@l) that is a complicated function. Now we will show that one can find a

special 2HDM basis in which the solution curve @é?z(cbl) is simply a straight line as
long as the 2HDM has a global minimum that preserves electric charge. We refer to

this basis as the SL basis.



We begin by noting that Eq. (2.9) must be satisfied at the point corresponding to

the global minimum because by definition this is a point that minimizes the potential,

You®o| ., + Zovea Py (PIPg) | = 0. (2.10)

Let us focus on the first term. The key observation is that it is the lower component
of the “vector”

Yoy (2.11)

vev ’

which transforms in the fundamental representation of the flavor rotation group in
Eq. (2.4). Therefore, one can always find a flavor basis such that its lower component

vanishes,
Yop®y| =0 (SL basis condition) . (2.12)

vev

This defines our SL basis, in which the two terms in Eq. (2.10) both vanish indepen-
dently,

Y@y . = Zoea®y(P[0a)| . = 0. (2.13)

vev vev

Note that if a homogeneous function of ®, vanishes at a certain charge-conserving
point (where their values are multiples of each other), then it vanishes on the whole
(charge-conserving) straight line that connects that point with the origin. Since the
two terms in Eq. (2.9) are both homogeneous functions of ®,, Eq. (2.13) implies that
they both also vanish on the straight line,

Yor®b| gy, = Zabea Py (PLPy 0. (2.14)

)|<1>2:k<b1 -

Therefore, in the SL basis the EOM Eq. (2.9) has the straight line solution

YD) = k®y,  with k= Z—j €C  in the SL basis. (2.15)

Although in the SL basis Eq. (2.15) is always a solution to the EOM in Eq. (2.9),
this straight-line EFT submanifold can only correspond to a well-behaved SMEFT
when Y55 > 0 in the SL basis; see Sec. 2.4.

2.3 Mapping Between the Straight-line and Higgs Bases

Let us write the doublets in the SL basis as ®, (a = 1, 2), and the doublets in the Higgs
basis as ®, (@ = 1,2), adopting a convention of dotting Higgs-basis indices. We seek
the unitary matrix Uy, that relates the two,

Oy = Uy, ®, . (2.16)



The vevs in the two bases are similarly related,
Vg = UgpUp - (217)
As the vevs in the respective bases are defined as
Vs = (8) - (”l> == G) , (2.18)
201+ [k

where v2 = v2 + |v,|?, it follows that

1 E3
Up = —— (_1k kl) . (2.19)
\/ 1+ |E|?

Rearranging the definition of the SL basis in Eq. (2.12) allows us to define & in
terms of quadratic pieces of the SL basis potential,

) Yo
h=—2=_2 2.20
1 Yoo ( )
As U relates the quadratic parameters in the SL and Higgs bases via
Y = Usc Yea U (2.21)
k can also be written in terms of Higgs basis quantities,
_ = 221 _ Zaiii (2.22)
Yii  Ziiii

The last equality comes from the vev conditions in the Higgs basis, which relate

2Y5;5 2Y5;
2o 2L S (2.23)

Ziiii  Zsiii

— v

The map between other SL and Higgs basis quantities that appear in the EF'T matching
is provided in App. A.

We note that both the SL and the Higgs basis are actually a U(1) family of bases.
This corresponds to the freedom to rephase the second Higgs doublet, without affecting
the respective bases’ vev conditions of Eq. (2.12) and vs = 0. The above procedure
details a one-to-one map between equivalent SL and Higgs bases. This means that real
scalar potential parameters unaffected by this rephasing — in the SL basis as in the

— 10 —



Higgs basis — are physical.’

2.4 Matching Onto SMEFT or HEFT

As we emphasized in the introduction, SMEFT is the EFT extension of the Standard
Model that is expressed about the origin in field space where |®;| = 0 such that
electroweak symmetry can be linearly realized. For SMEFT to be well defined, the
EFT must be built from analytic functions of ®;, which admit a convergent expansion
of local operators at this point. If it is not, then the UV theory must be matched onto
HEFT [13]. This invites the question: is it possible to determine which regions of the
2HDM parameter space can be matched onto SMEFT?

Fig. 1 visualizes the charge conserving solutions @g?g(@l) of ®y’s zero-derivative
EOM, Eq. (2.9), by plotting

) s
Versus .
|Dy| v v

(2.24)

In these coordinates, the global minimum lies at (cos /3, sin ), and in the SL basis, one
of the solutions is a straight line of gradient Re k. Fig. 1 shows two different custodially
symmetric UV parameter points in both their respective Higgs and SL bases; custodial
symmetry guarantees that Im (@1@&”) = 0 and Imk = 0. Black contours show the

2HDM potential in the space of ®; and @é?g. The global minimum is shown by a black
dot. The potential contours and global minimum are rotated between the Higgs and
SL bases.

The multiple solutions for @é?c) are the paths that extremize the potential in the
vertical direction. The solutions shown in blue are stable — the mass matrix of the
®, modes (Eq. (3.11)) about blue solutions is positive definite; those shown in orange

(0)

are not. Notably, the solutions @2? in the Higgs and SL basis EFTs are not simple

Cc
rotations of each other. Even when starting from the same UV parameter point, the
resulting Higgs and SL basis EFTs are generally different (truncated to zero derivative
order) and are not both guaranteed to admit a SMEFT expansion.

Following the treatment of [13], consider the behavior of the EFTs in the |®1] — 0
limit. We will first argue that Ys, < 0 is a sufficient criterion for a given basis’ EFT
not to match on to SMEFT. In the SL basis, Y5, < 0 leads to tachyonic modes in ®5’s
mass matrix about the solution @g?g, Eq. (3.11), in the |®;] — 0 limit. This EFT does
not have a region of small p? where the effects of ®, are purely virtual. The sickness

is most apparent when matching at loop level: when |®;| — 0 the Lagrangian would

®We thank H. Haber for pointing this out.
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Figure 1. The Higgs and SL basis behavior for two example custodially symmetric 2HDM

models. Black contours show the potential, and a black dot shows the global minimum, which
has coordinates (cos 3,sin 3) on these axes. The zero-derivative solutions of ®3’s EOM, @éog,
are shown in blue if the o mass matrix is positive definite and in orange otherwise. Top: an
example where Yo < 0 in both bases, and neither matches onto SMEFT. Bottom: Y5 > 0

in the SL basis, whereas Y;; < 0 in the Higgs basis.
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have an anti-Hermitian component corresponding to a rate for tunneling out of the
(0)

false vacuum @, ..

In the Higgs basis, Y35 < 0 generally leads to @5?3 approaching a non-zero constant

as |®;| — 0. This does not yield a SMEFT, as can be verified by substituting <I>§f2 back
into the kinetic term Eq. (2.1b). As |®] — 0, the W mass remains non-zero, which
cannot be reproduced using SMEFT operators.

Of course, whether Y55 < 0 can be a basis dependent statement. If both eigenvalues
of the matrix Y, are negative, then Yo, < 0 is guaranteed in both the Higgs and SL
bases, as is the case for the potential in the top half of Fig. 1. However, if only one
eigenvalue of Y, is negative, the sign of Y5 may vary among bases. In this case,
Eq. (A.1a) guarantees that in the SL basis,

1 detY

S N 2.95
[T IRE Vi (2:25)

Y22

and the SL basis EFT formally admits a SMEFT expansion. (It is nonetheless possible
that the SMEFT expansion does not converge at the global minimum and therefore has
no predictive power for low energy observables we might measure. This will happen if
the inverse of the mass scale, defined in Eq. (3.29), when viewed as a function of v, has
a radius of convergence about v = 0 that is smaller than the true value of v = 246 GeV
13].)

Even if Y25 > 0 in the SL basis, it is possible that, simultaneously, Y55 < 0 in the
Higgs basis, as shown in the bottom example of Fig. 1. Thus, working in the SL basis
improves the chances of matching onto SMEFT as Yss > 0 whenever possible. As we
will see in Sec. 4, working in the SL basis also improves the convergence of the resulting
EFT expansion.

3 Matching in the SL Basis

We will now use the classical solution to the equation of motion for the second Higgs
doublet in the SL basis to integrate out ®5 at tree level. We will include terms in the
EFT up to six derivative and/or fermion order and to all orders in the light field ®;.

3.1 Organizing the EFT Expansion

Since we need to derive terms involving as many as six derivatives and/or fermions
in the EFT, we begin by setting up the expansion of the UV action on the classical
equations of motion for the heavy doublet. We write the UV action derived using the

— 13 —



Lagrangian in Egs. (2.1) as
SUv[(I)Q] == S@ [@Q] + €<SQ [(I)Q] + SJ[‘PQ]) == S()[CI)Q] + ESe[q)Q] s (31)

where S.[®,] is implicitly defined here, So[®2] contains the zero-derivative scalar terms,
So[®2] contains the two-derivative scalar terms, S;[®;] contains the Yukawa interac-
tions, and € is an order parameter which we use to track the sum of the number of
fermions and derivatives,

2e = # of derivatives + # of fermions. (3.2)

Ultimately, we will set ¢ = 1. Note that we are only writing the explicit functional
dependence on ®, here for brevity, but of course Syy also depends on the light Standard
Model fields.

We will denote the Higgs doublet we are integrating out at tree level as

_ [ ¥5(@)
o (1) "

where the z label simultaneously stands for 1) the spacetime coordinate, 2) the SU(2),
index, and 3) the Higgs doublet versus its conjugate, as we need to vary with respect
to all of them. We want to find H, ., the classical solution to the equation of motion
for H,, order-by-order in €,

Hew = f: " HT) (3.4)
n=0
This allows us to derive the EFT action as a semiclassical expansion,
SUEE = Sty [Hes] (3.5)
Substituting the expansion defined in Eq. (3.4) into Eq. (3.1), we find

tree 0q
SEFT =€ SO

|3 (078 MUY HL + (5500, HL + (350)., HE)
.1 1
b 2 T MY + b T L M)



b (T8 ML HE) + (50), HE + (350), MO

c,x
+0(e"). (3.6)
We use a bar to denote quantities evaluated on the zeroth-order classical solution ?—l,(:?g)c,

and we have defined the shorthand

5
OH,

628 539

) = 53 =
(05)a (0°5 )y OH0H,O0H.,

(528)zy =

= S (3.7)

Note that a repeated index implies an integral over the associated spacetime coordinate
as well as a sum over the components of the Higgs doublet and their conjugates.

To find H. ., we expand the equation of motion in powers of €,

_ 0Suy

0= OH,

H.r:Hc,z

= 0 (55p), + € [(556)96 + (625)ay HO)

Y

+62{(52—&)w%£2+(5250>xy“rt£?;+ (0%S0)ay= Hoy Hel | +O(€F) . (3.8)

1
2

Each order in € must independently be zero. This gives

e S 1
(0250)2y HE) + (8250)ay HEY + 5 (8350)mye HEY HLL = 0, (3.9¢)

which can be solved to give H., order-by-order in e. Note that Egs. (3.9) imply an
immediate simplification of Eq. (3.6),

— I =
SglgeT =Sy + €' S+ € [ 3 (6250) 2y Hgla)c HS@)/]

1 j—
+é [5 (850)y HUL LY + & (0750)eye HEL HE, %gg} . (3.10)

We thus only need to compute Hg%, which amounts to solving Eq. (3.9b). This requires
inverting the mass matrix (025),,, as described in the next section.
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3.2 Inverting the Mass Matrix

The general expansion derived in the preceding subsection is valid in a general flavor
basis. As mentioned above, deriving the EFT to the desired order requires solving
Eq. (3.9b). We therefore must invert the mass matrix. To do so, we now specialize to
the SL basis as defined in Eq. (2.15), for which

(3250)ay = —W (2 — y) 201,91}, (Yor + Zo|1[*)37, + Z5 @], @/
' (Yor + 2|1 )35 + Z3 @105 21970
(3.11)
where
Zioa 4 1
Zy = Zyors + 2k* Zroos + (K*)? Zazan = (1 k*) < 1212 1222) ( *> (3.12a)
Zi22s Za2a) \k
o [ 21122 Z1222
Zy = Z112z + 2Re [k Zyga]| + |k|* Zagoo = (1 k) 7oz (3.12Db)
2122 £2222
7. — 7 2 _ o (21221 Zi222
5 = Zigm + 2Re [k Z1ggs] + |k|? Zaga = (1 k7) (3.12c)
Zo122 Z2222

Note that Zy and Z3 are real valued. Consistency with the SU(2), structure implies
an ansatz for the inverse,

. AD DY B& +C ol P
(6250),2 = —6W(y — 2) s U (3.13)
By +Co},0] A ] 0]

with B = B* and C' = C*. The solution is given by

Z*
A=— L : (3.14a)
[Y22+(Z2+Zs)’q)1m — | Z1 ]| @4 ]!
_ 1 (3.14b)
Yoo + Zo| @12’ .
1 Z3|Yoo + (Zy + Z3)|®1 | — | Z1]2|®1)?
O —_ 3[ 22 ( 2 3)’ 1’ } ’ 1’ ‘ 1‘ (3.14(3)

Yoo + 2|1 [y, + (ZQ+23)|¢1\2]2 AR
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as can be checked by explicit matrix multiplication. With the result in Eq. (3.13), we
obtain an O(e) solution to the EOM,

af) = [a (@{R)* +C(oR)| @ - BR, with R=kD*®i+J.  (31)

These results simplify in the custodial limit, for which, without loss of generality,
all potential parameters and therefore k are real, and Zj991 = Zj212 [19] (implying
Zy = Z3). The coefficients of the inverse mass matrix defined in Eqs. (3.14) therefore
simplify to

A
A=0C=— , 3.16a
(Vs + Za101P) Vs + (s 22081 T] (3.162)
1
(3.16b)

B=—"
Yoo + Z5| D4 |?

when the UV 2HDM respects custodial symmetry.

3.3 The EFT Result

We now have everything we need to determine an EFT action for the light doublet ®;.
Combining Eq. (3.10) with Egs. (2.15) and (3.15), we have

1

Lorr = — (1 + [k]?) m% |@1]* - 5 (1+ k) Aegr | @4]*

+ (14 |2 | Dy | — [(JI + ng) o, + h.c.]

2

1 2
+BIR" +C|®[R[" + 5 {A* (cpiz-z) 1 h.c} + )D@g}g

- |21 (alof) [of

i +h.c.] | (3.17)

where A, B,C are given in Egs. (3.14); @élg and R are given in Eq. (3.15). We have
also introduced the notation m?; and A,

(L4 |k?) me = Ya (,:) (;)b , (3.18a)

(1+ |’€|2)2 et = Zabed (k;l*)a (2)17 (;)C (Dd : (3.18b)
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as well as Z, which populates the elements of (635).y.,

* A
Zy = Zhozo + k" Zogas = (1 k*) ( 1222) . (3.19)

Z2222

3.4 EFT Predictions for Benchmark Pseudo-observables

We will use the matching result Eq. (3.17) to compute three pseudo-observables: the
shift in the AW W~ coupling relative to the Standard Model sy, the shift in the Higgs
self-coupling h® relative to the Standard Model k), and the shift in the hff coupling
relative to the Standard Model x;. We will compute all of these to leading non-trivial
order.

We can drop the last line of Eq. (3.17) — which originates from the second 0(63)
term in Eq. (3.10) — because it does not contribute to our pseudo-observables at the
truncation order imposed in this section. Note also that the kinetic term for ®; is not
canonically normalized. Rewriting with the normalized field,

1/2

H=(1+]k?)"" @, (3.20)

we get

1 _ A .
Lovr O [DHI = mig |HF = v [HI' = (1+ k) [(Jj +kJ)H + h.c.}

2

+B|R[ + C|HIR) + % A(HTR) e + (14 k2) D8, (3:21)
with a variety of rescaled quantities,

Voo = (1+ [E[?) Yoo, (3.22a)
Ji= 1+ k)T, (3.22b)
A= (14 k) PA= —— & . , (3.22¢)

(Yoo + (Z2 + Z3)|H?]” — | Z1]?|H|*
B=(1+k?) "' B= . (3.22d)
Yoo + Zo|H|?
O = (1+|k‘|2)720: 1 Z3[Y22+(Z2+ZS)‘H‘2} —|Z,P|H|? . (3.22¢)

Yoo + ZolHI2 [Voy + (Zo + Zs)|H[2)" — | Z0 2| H|*
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R=(1+k?)"*R=kD°H + Jy, (3.22f)
Oy = (1+[k*) " @) = — [A(HTR)* + C”(HTI%)} H-BR. (3.22¢)

We see that when restricted to two-derivative/fermion order, i.e., the first line of
Eq. (3.21), the matching result is the Standard Model as expected. Therefore, correc-
tions to the pseudo-observables come from terms at the four- and six-derivative/fermion
orders presented in the second line of Eq. (3.21). To compute these corrections, we will
take Eq. (3.21) and expand around the physical vacuum where H has a non-zero vev.
We will only keep terms that are relevant for sy (to six-derivative/fermion order), k¢
(to potentially six-derivative/fermion order), and «, (to four-derivative/fermion order).
We also need the propagator residue factors for all the external legs of these amplitudes.
It is clear that the four- and six-derivative/fermion terms in Eq. (3.21) do not yield
nontrivial corrections to the propagator residues of the gauge bosons or the fermions,
but they do modify the Higgs propagator residue factor Zj,.

In summary, when we expand Eq. (3.21), we would like to keep all the terms of the
forms

R2O™, R3O, WiIW, ho",  jiho", (3.23)

where 0" denotes an arbitrary power of derivatives (up to our truncation order) and i
are the neutral components of .J;,

J; D (5) : (3.24)

Note that all the four- and six-derivative/fermion terms in Eq. (3.21) are quadratic in
R. For finding the terms listed in Eq. (3.23), it is therefore sufficient to keep only part
of Z%,

i i 0
.2 R
RS (fk_Q [(9%h) — 5 g3v W W] +j2> ) (3.25)

and make the replacement

H— % (U 3 h> : (3.26)

for all the other factors of H fields in the four- and six-derivative/fermion terms in
Eq. (3.21) (including the implicit ones in A, B, C'). Performing these substitutions, we
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obtain

1 1 m? 1 1 v+h - .
L —(0h)® —=m’h* — — P+ - oo W, W *h — ———— (j1 + k*j» + h.c.
EFTDQ( ) 2m %0 +2921) p \/§1+‘k|2 (]1‘|‘ J2 + C)
Lo 2 2 - Joone oo 4 2712
+b4§(3h)[(8h)—921)W:W “}jt[ﬁk*b(@h)—i-h.c. + = h(9°h)
1 —v f6 Sx
+ b 5 (0,0°) [(aua%) — oMWW )] - {W 3t (8*h) +h.c.] . (3.27)
where the coefficients are
m? = Aegv® = —2m?s, (3.28a)
1 2 | v v? 2, U
b4 = MélL ’k’ }/22 + (ZQ + 23)5 —Re | k£ Zl? s (328b)
Re fy = by, (3.28¢)
I fy = 1 (k22,2 (3.28)
mjq4 = MélL m 1 9 ) .
0
M =—D> 3.28
4= 5,0 ( e)
1 5 N v? 02
be = —5 (L+ k) [k Yoo+ (Zo+ Z3) = | — k" Z{—| , (3.28f)
Mg, 2 2
Re fi = bs (3.28)
2
Im fo = —= (14 k%) [Ym + (Z9 + Zg)“—] Im (k*Z10%) . (3.28h)
Mg, 2
Note the appearance of the mass scale
. v2]? vt
Mg, = {3/22 +(Z2+ Z3)E} — |2 1 (3.29)

which is closely related to the determinant of the mass matrix for the heavy Higgs
doublet. (The only difference is the factor of (1 4 |k|?) in Yiy, which comes from
canonically normalizing ®; to H using Eq. (3.20).) Mgy, includes both the explicit mass
parameter Yso and the vev-dependent contributions to the mass through the quartic
couplings.
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From Eq. (3.27), the terms that are quadratic in h with no other fields determine
that the dispersion relation for A is

—m® +p* + byp* +bp° + O(p°) =0, (3.30)

which implies that the pole mass m? can be determined by solving

m* = mj, + bymy, + bemj + O(p%) (3.31)
and that the residue is
Z7t = % (=m® + p* + bap® + bsp° + O(p%)) e
=my,
= 14 2bymj, + 3bgmy, + O(p°) . (3.32)

Note that by including higher order momentum terms in the dispersion relation, we
are effectively resumming a class of EFT corrections into the propagator. This is one
of the systematic improvements that is facilitated by working in the SL basis. Using
Eq. (3.27), we have

kv = Z3 (1 + bym? + bgm?) + O(mj) =1- %mi (bs — b3) + O(my), (3.33)

and P

In particular, we note that the quantity appearing in sy is non-negative,

1 ~ vt vt L
L

2 N [%2 Im(k?QZl)r} >0, (3.35)

which guarantees that the correction ky — 1 < 0 has the correct sign.

Determining sy is complicated by the fact that there are different possibilities for
the fermion couplings to the two doublets. It is most transparent to write the couplings
to fermions in the Higgs basis, for which the neutral components of the currents are

= (fi) R (JZ) ' (3:36)
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Using the mappings given in App. A, the SL basis currents are then

1 1 —k*
Jy = (k X ) in,. (3.37)

\/ 1+ |k

This implies

= Ji = ks, (3.38a)
Jo = kji+Js - (3.38Db)

The part of Eq. (3.27) containing fermions can be expressed in terms of Higgs basis
currents as

Lot D ——ji (vt h— f;0%h+ f10'R) — =2 (2P 1 f20M) +he.. (3.39)

1
7 Vak

We see that matching the fermion masses determines j; and places no constraint on
Js; this is why it is useful to write the Lagrangian in terms of these quantities. The
amplitude for a Higgs to decay to a particular chirality of fermions is then proportional
to the matrix element of the unconjugated currents,

4) <>
kf

:—E 1—%(b6—bi) 1—i—z%[mhlmﬁ;—l—mh(lmﬂs—b4Irnf4)}

_ M3/ [bami, + (b — b3) my] + Zlfzj_\;% [mh Im f; +mj (Im fo — by Im f4)}

+0(mj), (3.40)

<Ji> Zl/z

A fun = VR (L+ fimg + fem Z,” (fimp + femy) + O(mp)

where we are using a shorthand (j) = < frfzl j|0>

To calculate ¢, we then need to specify j;. There are a wide variety of possibilities
with rich phenomenological implications, including conventional choices satisfying the
Glashow-Weinberg condition [25]. In this work, we consider two specific choices. For
both, we require the UV 2HDM potential to be CP-preserving; this means Im f; =
Im f¢ = 0. For our first example, we set j; = 0, such that the fermion currents only
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couple to the linear combination of Higgses that gets a vev. In this case,
1
K= 1—§(b6—bi)m%:/€v. (3.41)

In other words, to this order in the EFT expansion there is simply a universal rescaling
of all Higgs couplings for this scenario. This is the unique choice for which x; does
not receive a contribution at leading order. For our second example, we set j; = jj, in

which case,

b
kg :1+?4mi, (3.42)

where we have truncated to the leading order correction. Note that both of the possi-
bilities we consider automatically ensure that there are no FCNC’s at tree level.

4 Numerical Comparison

We will now provide the results of a scan in the 2HDM parameter space in order to
compare the efficacy of the SL basis EFT with the Higgs basis EFT. We will provide
results for the three pseudo-observables derived in the previous section: the shift in
the hWHW ™ coupling kv, the shift in the h® coupling xy, and the shift in the hff
coupling xy. For ky, we consider specifically the case when the Yukawa couplings of
both doublets are the same in the Higgs basis; see Eq. (3.42). We will present the
results in terms of the fractional error of the EFT prediction as compared to the UV
prediction,

OKiEFT = Fper = Moy ; (4.1)

kiuv — 1

where k; yyv use the couplings computed in the full 2HDM; both the UV and the Higgs
basis EFT results are taken from [6].

To make this comparison, we reduce the general 2HDM down to a four-parameter
space of models. We first impose custodial symmetry and work in the resulting Higgs
basis for which all parameters are real and Zj5i5 = Zjs3i- We then scan over the 4
parameters

Yig, Vi, Ziiii, Ziis- (4.2)
Of the remaining parameters, Yj; and Zjjj; are fixed by the Higgs basis vev conditions
Eq. (2.23); the others we fix to satisfy

Zisyy = Zizia =03 Zassy = Ziiii » (4.3)
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for simplicity. Note that it is important that Yjs # 0 for the Higgs and SL bases to be
distinct.

The four free parameters, Eq. (4.2), are scanned in units of v = 246 GeV via
a Markov Chain Monte Carlo (MCMC) method, which samples from the Gaussian
likelihood of approximate current experimental constraints on mj, and ky = sin( — «).
Here « is the familiar Higgs mixing angle and sin(8 — ) — 1 is known as the alignment
limat. Explicitly, we take

2

Tk — 0.2587 +0.0007, (4.4a)
v
Ky =1.040.1. (4.4D)

The MCMC is seeded on a grid of inert 2HDMs, where

Yis =0, (4.5a)
Yoy =miy(1—f), (4.5b)
Ziiii = 0.2587, (4.5C)
2
m
Ziins =25 (4.5d)

where m? is the heavy Higgs mass at the global minimum and f is the fraction of it
which comes through the cross quartic interaction 1 Zjj350*. We sample m7; and f from
the discrete sets

2

mH
= {4 4.
Gov {400, 500, 600, 700,800} , (4.6a)
f=40.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9} . (4.6b)

Discarding all models with unbounded potentials, we are left with ~ 7000 2HDM model
points in the following analysis.

The performance of the SL basis EFT can be understood primarily by looking at
two parameters: the alignment of the 2HDM and the mass scale from the mass matrix
of the heavy doublet, Mgy, defined in Eq. (3.29). Recall from Sec. 3.1 that the SL basis
EFT is an expansion in powers of derivatives (and fermions). We thus expect the n'!
order corrections to our pseudo-observables to scale as

(D*)" ~mp" ~ ™" (4.7)
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Figure 2. This figure shows for which models the SL basis EFT makes an accurate estimate
of ky. Blue points are those for which dxy,gr, < 0.1 and orange points (shown on top of the
blue points) are those for which dky,g1, > 0.1.

By dimensional analysis, the n'® order corrections must also scale as some mass scale
to the power of —2n. From Egs. (3.9), these powers of mass dimension come from
the inverse of the mass matrix for the heavy doublet; the n'* order corrections to our
pseudo-observables thus scale as Mg>". The corrections therefore scale as

2n
SL basis power counting ~ (ML) , (4.8)
SL

and we expect that the SL EFT expansion will provide a good approximation when
Mg, is large.

We plot our pseudo-observables in the cos(a — ) versus Mgy, plane in Figs. 2 to 4,
where « is the Higgs mixing angle, § = arctan(ve/v;), and the combination cos(a — f3)
is a measure of the alignment limit for the 2HDM. In the figures, we separate the points
into those for which the fractional error is above or below 10% to provide a proxy for
when the SL basis EFT prediction is accurate. As expected, we find better performance
for larger values of Mgy, In addition, sy and xf are highly correlated with the measure
of alignment; this is because xyyy and xyyy depend only on the alignment of the
2HDM (and, for x, the Yukawa couplings of the Higgs doublets, which we have fixed).
For k), the behavior is more complicated as a larger number of parameters affect the
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Figure 3. This figure shows for which models the SL basis EFT makes an accurate estimate
of k). Blue points are those for which dky g, < 0.1 and orange points (shown on top of the
blue points) are those for which dry g, > 0.1.
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Figure 4. This figure shows for which models the SL basis EFT makes an accurate estimate
of ky. We have taken the Yukawa couplings to the two Higgs doublets to be equal. Blue
points are those for which ks g, < 0.1 and orange points (shown on top of the blue points)
are those for which dk g, > 0.1. If the Yukawa couplings of the heavy doublet are instead
set to zero, ky = Ky
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Figure 5. This figure shows the accuracy in computing kv for each of the EFTs. The straight
orange line denotes equality between the accuracy of the two EFTs, with points above the
line being those for which the SL basis EFT performs better than the Higgs basis EFT.

value of k).

A comparison of the performance for the SL basis EFT against the Higgs basis
EFT is given in Figs. 5 to 7. The SL basis EFT typically outperforms the Higgs basis
EFT by a significant margin (around 1-2 orders of magnitude smaller fractional error)
for all three pseudo-observables; this is the case whether the SL basis EFT performs
relatively well or relatively poorly. We do find parameter points for which the Higgs
basis EFT outperforms the SL basis EFT, so the SL basis EFT is not universally better.
In addition, for a significant minority of points the Higgs basis EFT catastrophically
fails with a fractional error of several orders of magnitude; these catastrophic failures
include many points on which the SL basis EFT performs quite well. By contrast,
while points exist for which the SL basis EFT performs poorly, the Higgs basis tends to
perform poorly as well, and none of the points included in our scan show a catastrophic
failure of the SL basis.

The difference in performance of the two EFTs can be understood by looking at
the mass scales involved in the power counting. As we saw in Eq. (4.8), higher-order
corrections in the SL basis EFT are suppressed by powers of Mgy,; this mass scale is
comparable to the physical mass of the second Higgs doublet, so the EFT produces
reliable results when the second Higgs doublet is heavy. The higher-order corrections
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Figure 6. This figure shows the accuracy in computing k) for each of the EFTs. The straight
orange line denotes equality between the accuracy of the two EFTs, with points above the
line being those for which the SL basis EFT performs better than the Higgs basis EFT.
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Figure 7. This figure shows the accuracy in computing xy. We have taken the Yukawa
couplings to the two Higgs doublets to be equal. The straight orange line denotes equality
between the accuracy of the two EFTs, with points above the line being those for which the
SL basis EFT performs better than the Higgs basis EFT. If the Yukawa couplings of the
heavy doublet are instead set to zero, Ky = Ky
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Figure 8. This figure shows how the performance of the SL basis EFT and the Higgs basis
EFT prediction for ky depends on the ratio of the mass scales in the two EFTs.
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Figure 9. This figure shows how the performance of the SL basis EFT and the Higgs basis
EFT prediction for k) depends on the ratio of the mass scales in the two EFTs.
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in the Higgs basis EFT are suppressed by powers of Yss. If the second Higgs doublet
receives a large contribution to its mass from the vev, then Yj; can be significantly
smaller than the mass of the second Higgs. We show how the relative performance of
the two EFTs depends on the ratio of their respective mass scales in Figs. 8 to 10.
We indeed see that when the mass scale of the Higgs basis EFT is significantly smaller
than that of the SL basis EFT, the Higgs basis EFT is significantly less accurate. In
addition, for all those points on which the Higgs basis EFT is more accurate than the
SL basis EFT, the mass scales of the two EFTs are comparable, as expected.
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Figure 10. This figure shows how the performance of the SL basis EFT and the Higgs basis
EFT prediction for x; depends on the ratio of the mass scales in the two EFTs. We have
taken the Yukawa couplings to the two Higgs doublets to be equal. If the Yukawa couplings
of the heavy doublet are instead set to zero, Ky = Ky

5 Conclusions

In this paper, we have derived the tree-level matching coefficients by integrating out
the BSM states in the 2HDM. The novel aspect of this work is the introduction of the
SL basis, which is an optimal choice for performing the matching calculation. Working
with the SL basis allows us to match a far broader parameter space of 2HDM models
onto SMEFT and to resum all orders of the light Higgs field into the EFT Wilson
coefficients in a systematic way. This leads to significantly improved predictions when
compared to the computation performed using the Higgs basis in the UV across most of
the 2HDM parameter space. This demonstrates the utility of the EFT derived using the
SL basis. In particular, this is the basis to use if one is interested in exploring the EFT
predictions for the 2HDM for models that have alignment away from the decoupling
limit. This brings the 2HDM fully into the EFT fold, extending the validity of EFT
interpretations of Higgs coupling measurements across a wider range of 2HDMs.
There are many future directions to explore. As we have worked strictly at tree
level, extending the SL basis EFT matching calculation to loop level (potentially with
functional matching techniques) is a natural next step. Although we have focused our
numerical studies on CP-conserving 2HDM, the SL basis is applicable in the fully gen-
eral CP-violating 2HDMs, where further numerical studies are likely to be informative.
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It would also be instructive to extend the SL basis to models with extra scalar fields
beyond the 2HDM.

There are also more phenomenological studies that could be done. Our expressions
shed light on the physical combinations of parameters that can appear in the low energy
virtual effects of the heavy doublet. However, since we only explored the properties of
pseudo-observables here, it would be important to compute a set of full LHC observables
which would serve as inputs to provide constraints on the 2HDM parameter space. It
is possible that one could then identify novel indirect searches that could be performed
which would be particularly sensitive to the effects of the 2HDM. And in the event that
an indirect signal of BSM physics would be discovered, the results here would facilitate
our ability to interpret such a signal in terms of the 2HDM parameter space.

Acknowledgments

We thank Howie Haber and Carlos Wagner for useful conversations and thank Howie
Haber for useful comments on the manuscript. The work of I. Banta and N. Craig
is supported by the U.S. Department of Energy under the grant DE-SC0011702. The
work of T. Cohen is supported by the U.S. Department of Energy under grant number
DE-SC0011640. X. Lu is supported by the U.S. Department of Energy under grant
number DE-SC0009919. D. Sutherland has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie
grant agreement No. 754496. The work of T. Cohen, N. Craig, X. Lu, and D. Sutherland
was performed in part at the Aspen Center for Physics, which is supported by National
Science Foundation grant PHY-1607611. The participation of D. Sutherland at the
Aspen Center for Physics was supported by the Simons Foundation.

Appendices

A  Mapping EFT Quantities from SL to Higgs Basis

Using Egs. (2.19), (2.20) and (2.22), quantities appearing in the EFT derived using the
SL basis can be written in terms of Higgs basis parameters as

Yoy = (14 |k[*)Yas = Vi + k*Yai + kYis + [K°Yi4

2
Yis|

:YQQ_—YH
1

= Yiy — |K[*Yii , (A.la)

Zy = (1 + |k|2)Ziziz
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72 .
= Zisis — —Zlm = Zisis — (k*)Ziiii (A.1b)
1111

Zy=(1+ ‘k|2)21122

| Zii15)
= Ziis — Z1112 Ziis |k| Ziiii » (A.lc)
iiii

Z3 = (1 + |k5|2)Zi221

| Zii15)
= Ziiéi an 1221 |k‘ Zl111> (A-ld)
iiii

Za =1+ 1K* Zi2:

2|k| 21112 + k* Z1221 + k*Z1122 + kZ1212 + Zl222

A.le

1+ |I<;| ( )

msz = }/ii ) (Alf)
Aeft = Ziiij - (Alg)

In terms of the more conventional 2HDM parameters in Higgs basis (see Eq. (2.3)), the
map is given by

k= —i—f : (A.2a)
Yoy = mj — |k| my (A.2b)
Zy =X — (k)% (A.2c)
Zy = A3 — |k|* A1, (A.2d)
Zy =M — |k]PA (A.2¢)
7, = 2|k|2/\6+k*/\3+k*;\4+k>\5+)\7 (A.26)
1+ |k

Mg = mj , (A.2g)
Aeft = A1 - (A.2h)

Armed with these expressions, we can expand our expressions for our pseudo-observables
in the SL basis EFT and check that they agree with the Higgs basis EFT. The Higgs
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basis EFT is an expansion in inverse powers of m3; from Eq. (A.2b), we see that this
is equivalent to an expansion in inverse powers of Ya (to leading order), so we should
expand our expressions for kv, Ky, k¢ in the SL basis EFT to leading order in Yae and
then convert to Higgs basis quantities. We have

1
by~ — |k|?, (A.3)

Yoo

1
bg =~ — k)2 (14 |k]?), (A.4)

22

1
N v [W(Zz + Z5) + Re (kQZl)} , (A.5)
22
which gives
1 1|2 A2g vt 1| \g|*0*
=1—=(bg—02)mpt 1 — e~ 0 A6
RV,SL 9 ( 6 4) my, 9 }/,222 2 m% ) ( )
b k* g2
/ffSL:1+_4m}2121+A_)\eﬁ"U221—6_1;, (A.7)
7 k 22 my
k2>\e 2 /{2)\2 4 by 2,4
st = 1 — 2bym? — Agom? ~ 1 — 2B g G RPAge | 62| -
Y5 Ymm% mamy,

(A.8)

all of which agree with the corresponding Higgs basis EFT expressions in Ref. [6].

B Equivalence of Decoupling-Limit SL and Higgs Basis EFTs

The SL basis and Higgs basis EFTs are generally two different EFTs, equipped with
their own power counting, and regimes of validity. However, in the decoupling limit,
we can expand in inverse powers of large Y3, = m3 to reproduce the same effects.

At the Lagrangian level this manifests as a field redefinition equivalence between
the two EFTs. Whereas the two bases are related by a simple non-derivative field
redefinition in the UV, in the EFT this requires a more complicated field redefinition
with derivatives [26]. Here, we show the equivalence explicitly within the scalar parts
of the two EFTs, working in the custodial limit and up to dimension 8 order, i.e.,
O(1/m3).
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Expanding the SL Basis EFT Eq. (3.21) in the custodial limit, we find

1 k2 k*m? k*Z
L=~ H'D*H - md|H[? - S| H* + (—2+ ”Zl) R Ll
2 m m
2

k*Z, o KA1+ k)
~ S (H'D*H +h.c.)” — —
2 2

(D*H") (D*H) . (B.1)

We have used Eq. (A.2) to convert the Wilson coefficients to Higgs basis parameters.
Under the substitution

0oy {FN B [42 27, — (4= k)N ] |H|*H
om2 | 4mi U7 2
k2 ) .
+ ot (821 +42 — (4 — o)\ | 1H'H
K2 KA1+ K*)m? k?
D*H 27, — (2 — K\ ||H*(D*H
g + SR (21— oz, - 2 w02
K247, 4 k2\y) 2
D, HI’H — 27, — (2 — k? D*|H*)H
g IDHPH = o[22 - 2 ] (1)
2 2 2
A (4 — k?) 5 RA+E),
D,|H|*) (D"H) — "2 (D*H B.2
i (DulH[") (D" H) Sml (D°H), (B.2)
and with the use of the identity
2|D,H” = D*|H)> — (H'D*H + h.c.) (B.3)
and the integration-by-parts relations
2 2 w712\ 4 (21172
—2|H|* (D,|H|?) (D" HI") = |H|" (D*|HI") , (B.4a)

2|/HPH'D? (|HI’H) = |H|' (H'D*H +h.c.) + [H|* (D*|H|?) , (B.4b)
(DuIH?) [(D“H)T (D*H) +h.c.] — —2|HP*|D*H]’
—|H]? [(D#H)T (D"DH) + h.c.] , (B.4c)
(D*H?) (H'D?H +h.c.) = 2|H)’| D*H|*

+2HP [(D#H)T (D"D*H) + h.c}
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+|H (H'D*H +h.c.) , (B.4d)

together with the subsequent rescaling

HoH ll CKmi EPmi(d+ k;2)}

2ms3 8mj
the expanded SL Basis EFT in Eq. (B.1) can be reduced to

k

)\2 4
- —(m2 - k2m1 H|?

L=—-H'D*H - |H| (D HJ?) 2 k=
my 5

1
-5 [Al AR2N 1 +2k2m1

m2 m2

(20 + A3 — 3)\1)} \H|!

A2 A2

[k?m— — kN —i (4N + 223 — 3)\1)} |H|® — k> =5 (20 + s — M) |HIP. (B.6)
2 my 2

We have used Eq. (A.2) again to write Z; = Z3 = \y — k*\; and Zy = A3 — k?)\; in the
custodial limit.

We can compare Eq. (B.6) to known results in the Higgs basis EFT. Assuming
custodial symmetry, the scalar sector of the general results in [6] reduce to

: 2m3\
L= <1+@> D HP + ”;}; ° { (0./HP) (91H?) + ]H|2|DMH\2}
my 2

)\2
o [2IHP uHP) (941HP) + |H|'| DLHP

m? 1 4Am2,\ 2(A\3 + 2\, )m?
_ <m% 122> |H’2 _ - |:)\1 _ 7;22 6 _|_ ( 3 m4 4) 12:| ‘H|4
5 2

2 2 2 2 2 ;
N {ﬁ 2+ >\4)m12)\6} |H[® — Mmﬁ (B.7)

m3 m; m;
This can be canonically normalized to O (1/m3) to give

2m2 >\6 1
= D+ 2 2 @, HP) (0¥ ) + 1P, P
)\g 2 2 2 4 2
o [21HP @ HP) (21 HP) + 1HI'|D, P
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T m; s

1 Tom? 1 dmiNe  2(A3+2Ms — A)m]
2 2

A2 2(A3 4 20)mi N Az + 2\
R L [ (B.5)
my my 2
Using IBPs and the field redefinition
A A2
H— H— ml? “|HPH - o [HI'H, (B.9)
2my

we obtain

AZ 4
£ = D HP - 25 1] (D HP) - (m% LT m””“) HP?
2myg ms m

1 [}\1 B 4m3, N . 2(A3 42X — 3)\1)m‘112} \H*

2 m3 ms
A2 23 + 44 — 3A A3+ 2X — A)A2

p |28 - Bt B e (L2 R e, (o)
2 2 2

where we have used m?\¢ = m3,)\; (a consequence of the vev condition in the Higgs
basis). As both kA\; = —)\g and km? = —m?, (in the custodial limit), we see Eq. (B.10)
and Eq. (B.6) are equivalent.
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